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ABSTRACT
Millimeter-Wave Base Station Diversity and Human Blockage in Dense
Urban Environments for Coordinated Multipoint (CoMP) Applications
The demand for mobile wireless access has seen an exponential rise in recent years and
is expected to increase further as virtual-reality (VR) and augmented-reality (AR)
applications become omnipresent. The growing demand has crowded operation in the
sub-6 GHz bands typically used for mobile wireless access, which has motived the use
of higher frequencies and wider bandwidths for future devices and data-driven applications. Millimeter-waves (mmWave) are vast and relatively underutilized and are
an attractive option for meeting the extreme data demands for fifth-generation (5G)
wireless systems. Fundamental propagation characteristics of the carrier frequencies
in various operating environments are vital for producing realistic channel models
that engineers can faithfully use for the design and simulation of future networks. At
mmWave, channel characteristics are much different than at microwave frequencies,
and thus legacy measurements and channel models are not adequate as a substitute for mmWave bands. Therefore, new measurements, channel models, and system
analyses are required at mmWaves and for much wider bandwidths than traditional
cellular systems in order to successfully deploy 5G mmWave networks.
This technical report describes the necessary requirements for a mmWave channel
sounder in order to accurately develop channel models for mmWave bands. Various
mmWave channel sounder architectures and their specifications are compared, which
is useful when designing a flexible and robust system. The report presents a novel
ultrawideband spread spectrum mmWave channel sounder that supports both a wideband sliding correlation mode and a real-time spread spectrum mode, also known as
wideband correlation or direct correlation. Using propagation theory, several methods
are presented herein to calibrate and verify the accuracy of the channel sounder. The
sliding correlator configuration facilitates long-distance measurements with angular
spread and delay spread for up to 185 dB of maximum measurable path loss, and the
real-time spread spectrum mode is capable of supporting short-range and small-scale
temporal measurements, which are vital for mmWave channel characterization.
This report also presents two human blockage measurement campaigns with the
real-time channel sounder that are used to characterize and model human blockage events at mmWave with directional antennas. First, a simple double knife-edge
diffraction (DKED) model that accounts for antenna directivity is developed and is
vii

shown to accurately predict attenuation caused by human blockers when compared
to measurements. Next, outdoor peer-to-peer measurements were conducted along a
busy walkway to capture rapid fading events caused by pedestrians. The measurements are used to develop a four-state Markov model that is useful for simulating
real-world dynamic fading events when developing network and higher-layer algorithms for future 5G mmWave systems.
A large-scale mmWave base station diversity measurement campaign at 73 GHz
is also presented for which urban microcell (UMi) path loss models are developed,
and multipath dispersion is characterized. Hypothesis testing with cross-validation is
used to reveal that large-scale shadow fading of directional and omnidirectional path
loss at an RX from nearest neighbor base stations can be modeled independently.
Furthermore, simulated human blockage traces are superimposed on the base station
diversity measurements to show that multiple base stations serving a user can reduce
outage in the presence of rapid fading events compared to a single serving base station. Specifically, the percentage of users that experience outage with a -5 dB SNR
threshold is shown to reduce from 24.7% when served by one base station, to 12.2%
and 6.3% when served by two and three base stations, respectively, when the user
employs selection diversity. Thus, network coordination and transmit diversity with
directional beams at mmWave is shown to be useful when a user experiences signal
degradation due to rapid fading events caused by humans.
This technical report concludes by examining downlink precoding techniques
in a 2 × 2 coordinated multipoint (CoMP) setting by utilizing the base station diversity measurements. Results show that when both users in a network experience
interference, performance gains in network spectral efficiency are achievable by 81%
of the networks that employ coordinated downlink precoding, and 90% of the networks achieve spectral efficiencies of 9.3 b/s/Hz or less, compared to 8.1 b/s/Hz or
less for uncoordinated networks. While coordination is shown to improve network
performance by suppressing interference when it exists, nearly half of the 680,000
CoMP networks (∼ 43%) resulted in no interference for either user, meaning that
CoMP may not be useful for interference coordination at mmWave with narrow directional beams. Therefore, mmWave UMi networks may not need to expend vast
network resources for interference mitigation, since users and networks are shown
to have marginal improvement when implementing downlink CoMP precoding due
to the sparse existence of interference when employing narrowbeam and directional
antennas at the base station and user.
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Chapter 1
Introduction
The overwhelming demand for broadband wireless communications is expected to
have an explosive increase in the next decade as enhanced mobile broadband (eMBB)
is realized with 10-Gb/s peak throughput projections, as the Internet-of-Things (IoT)
expands with machine-to-machine (M2M) communications, and as the use of multiple
smart devices becomes commonplace for consumers [1,2]. According to Ericsson, data
traffic per active smartphone in North America was 6.9 GB/month in 2017 and is
expected to reach 26 GB/month in 2022 [3]. Furthermore, global data traffic grew
70% from Q1 2016 to Q1 2017 with the trend continuing to increase as shown in
Fig. 1.1. Each new generation of wireless communications demands the search for
new spectrum to increase system capacity and to create a ten-fold or more increase in

Figure 1.1: Ericsson smartphone data traffic projections and data traffic growth from
quarter to quarter [3]

1

2
mobile data rates. The limited availability of crowded sub-6 GHz spectrum and the
vast amount of unused spectrum at millimeter-wave (mmWave) frequencies – many
Gigahertz wide – provided motivation for the investigation of mmWave bands for
fifth-generation (5G) wireless systems [4, 5]. Millimeter-wave bands typically refer
to frequencies from 30 GHz to 300 GHz which range in wavelength from 10 to 1
millimeters; however, for convenience in this report, frequencies from 6 GHz to 300
GHz will be referred to as millimeter-waves.
The use of mmWave bands for wireless communications is nothing new, as Local
Multipoint Distribution Services (LMDS) at 28 GHz and 38 GHz [6] were considered
for point-to-point broadband wireless in the 1990’s but never commercialized due to
the growth of fiber and less expensive technologies. Additionally, the federal communication commission (FCC) adopted rules in 2001 for 7 GHz of unlicensed spectrum in
the 60 GHz band to promote commercialization and innovation of wideband mmWave
products for high-data rates, mainly since 60 GHz was seen as a “dead-zone” due to
high atmospheric attenuation and rain absorption in the band [7]. Only in recent
years, however, have 60 GHz products and applications been gaining traction in consumer markets [8]. In order to meet the impending spectrum crunch and bandwidth
demands, and with more advanced technologies and silicon processes, researchers
began to intensely explore the viability of many mmWave bands for 5G cellular [4,5].

1.1
1.1.1

Background on MmWave Research
Misconceptions at MmWave

Smaller wavelengths at mmWave frequencies have often been thought to result
in higher attenuation (due to oxygen absorption and precipitation) through air, than
that observed at today’s cellular bands. It is true that mmWave frequencies undergo greater free space attenuation in the first meter of propagation once leaving

3
Rain attenuation at 70 GHz band:
• Heavy rain (25mm/hr): 10 dB/km
Cell size: 200 meters

Heavy Rainfall @ 28 GHz
1.2 dB attenuation @ 200m

(a)

(b)

Figure 1.2: a) Atmospheric attenuation at different frequency bands [11–13]. The
white circle shows that 28 GHz and 38 GHz air attenuation is very small, providing
feasibility of mmWave communication at such frequencies. The green circles show
similar but slightly larger attenuation than frequency bands in the white circle and
current communication systems. The blue circles indicate frequencies with high attenuation, thus more suitable for indoor communication. b) Rain attenuation at
different frequency bands, highlighting the 28 GHz and 73 GHz bands [12].
an antenna, compared to today’s Ultra High Frequency (UHF) cellular frequencies;
however, atmospheric attenuation across most of the mmWave spectrum only induces
a fraction of a dB to just a few dB of additional loss at a 1 km distance, compared to
UHF bands [8,9]. Fig. 1.2a for example, shows that atmospheric absorption at 28 GHz
and 38 GHz (0.06 dB/km and 0.08 dB/km, respectively), as well as in the 70 GHz
to 90 GHz, 120 GHz to 170 GHz, and 200 GHz to 280 GHz bands, is negligible for
distances within 1 km. Only at certain frequency bands, such as 60 GHz, 180 GHz,
or 380 GHz, do molecular resonances create high atmospheric attenuation causing
signals to attenuate much more rapidly with distance than today’s UHF/microwave
bands [10]. These high-attenuation mmWave bands are better suited for local or
personal area communications, or “whisper radios” with coverage distances of a few
meters (m) [8]. For precipitation, rain only contributes a few dB of attenuation at
mmWaves compared to free space when considering inter-site base station distances
of no more than a few hundred meters, implying that the impact of rain will be mollified through the use of high gain, steerable antennas [10,14]. For example, Fig. 1.2b
shows that 28 GHz and 73 GHz signals experience 1.2 dB and 2 dB of additional
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attenuation, respectively, during heavy rainfall at distances of 200 meters.
Friis’ free space transmission formula describes the received power at a distance
d in meters from a radiating antenna as calculated by [15]:

Pr (d) = Pt Gt Gr

λ
4πd

2
(1.1)

where Pr is the received power in milliwatts (mW), Pt is the transmit power in mW,
Gt and Gr are the linear gains of the TX and RX antennas, respectively, λ is the
wavelength in meters, and d is the 3D Euclidean distance in meters between the TX
and RX. Friis’ transmission formula in (1.1) is often re-written in log-scale as [15,16]:

Pr (d)[dBm] = Pt [dBm] + Gt [dBi] + Gr [dBi] + 20 log10

λ
4πd


(1.2)

The square exponent in (1.1) and the “20” before the log-term in (1.2) indicate that
free space path loss is proportional to the square of the carrier frequency when unity
gain antennas are used. For instance, 40 GHz signals experience 32 dB more attenuation in the first meter of propagation than 1 GHz signals when the transmit and
receive antennas are isotropic with sizes on the order of the carrier wavelength. The
large increase in free space path loss at higher bands helped to extend the misnomer
that mmWave channels are too lossy in free space compared to UHF and microwave
bands.
An interesting note about (1.1) and Friis’ transmission formula is the relationship
between antenna gain, the size of the antenna aperture, and the carrier wavelength. In
general, antenna gain G is a function of the effective aperture area Ae and wavelength
λ:
G=

Ae 4π
λ2

(1.3)

Therefore, if one increases the frequency and keeps the same physical size of the
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antenna aperture at the TX and RX, then received power in free space is greater at
higher frequencies than at lower frequencies. That is, received power can be boosted
at mmWave without increasing the antenna aperture size compared to microwave
bands. The received power gain in free space can be expressed as a function of the
two frequencies:

Gincrease =

f2
f1

2
(1.4)

where f1 is the lower frequency and f2 is the higher frequency, with identical TX and
RX antenna apertures at the two frequencies.
The increased antenna aperture size / antenna array at mmWave relative to the
carrier wavelength inherently makes the antenna more directive in nature, thus acting
as a spatial filter at the TX and receiver (RX) that results in fewer clusters and multipath energy captured at the RX. A benefit of this directionality is the reduced effect
of intersymbol interference (ISI) that an omnidirectional system would experience due
to multipath at various time delays from numerous angles of departure and arrival,
and therefore shorter cyclic prefixes in OFDM-based communications systems. More
importantly, hybrid beamforming (HBF) architectures can take advantage of the directional nature at mmWave [17–19]. Due to the shorter wavelengths at mmWave, it
is possible to pack hundreds to thousands of antenna elements into a small form factor that can work together in various beamforming architectures for high-resolution
electronic beam steering and beam tracking [20].

1.1.2

Pioneering Research for MmWave Cellular

Pioneering research for 5G mmWave cellular was conducted in 2011 and 2012
by UT Austin and NYU WIRELESS researchers to investigate the propagation characteristics of 28 GHz, 38 GHz, and 60 GHz in urban macrocell (UMa) and urban
microcell (UMi) environments [12, 21–27]. It was these mmWave studies and vi-
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sionary outlooks in [28–34] that have made mmWave a possibility for future wireless
generations. Work in [12,22] showed that propagation characteristics at mmWave frequencies were favorable for UMi cell radii on the order of 200 to 300 meters with the
use of high-gain directional steerable antennas, even under non-line-of-sight (NLOS)
conditions when the RX was around a few building corners from the transmitter (TX).
The premise behind the measurements in [12] was that if mmWave propagation is possible under some of the harshest and highly shadowed conditions in downtown urban
Manhattan, then it would be feasible in most other urban cities as well. Measurements
at 73 GHz in the same Manhattan environment as the 28 GHz measurements also
showed promise for mmWave UMi cellular systems with favorable path loss and multipath time dispersion characteristics with high-gain directional antennas [16, 35, 36].
Cellular simulations based on a channel model [37] from the measurements in [35]
at 73 GHz showed that the large mmWave bandwidths (2 GHz) could be used to
exploit peak data rates greater than 10 Gbps and cell-edge rates greater than 100
Mbps, along with a new null cyclic prefix for single carrier modulation and a dense
deployment of mmWave access points [38].
The work at UT Austin and NYU showed the importance of implementing directional beam steering and the capacity improvements possible at mmWave bands with
enormous bandwidth real-estate [26, 39], and stimulated interest in other mmWave
research topics such as new channel sounding methods [12, 40], mmWave power consumption [31, 34, 41], and the effects of mmWave on the human body [42–44]. Additionally, extensive mmWave channel modeling efforts were made based on real-world
ultra-wideband measurements by numerous researchers in various scenarios in order
to accurately represent and simulate realistic mmWave channels for the development
of future wireless systems and networks [45–51]. These past works captivated the
world’s interest in mmWave and helped to frame and motivate the studies and body
of work presented in this technical report.
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1.1.3

Influence on Standards Bodies and Regulatory Agencies

The work by NYU WIRELESS and many other research institutions motivated the FCC and the World Radiocommunication Conferences (WRC) to consider
mmWave bands to meet the bandwidth and capacity needs for future 5G networks.
After notice of inquiries and requests for comments, the FCC adopted new rules for
10.85 GHz of spectrum in mmWave bands above 24 GHz and proposed similar rules
for an additional 17.7 GHz of spectrum as part of the Spectrum Frontiers R&O and
FNPRM [52]. As part of the spectrum frontiers, an additional 7 GHz of spectrum was
made unlicensed around the 60 GHz band resulting in 14 GHz of contiguous bandwidth from 57 GHz to 71 GHz, for innovation to create ubiquitous wireless broadband
coverage for everyone. Government agencies such as the United Kingdom’s Office of
Communications (Ofcom) similarly worked to adopt the use of mmWave spectrum
for 5G cellular [53, 54].
Shortly after the seminal paper on mmWave for 5G cellular in 2013 [12], many research groups began to develop and update channel models for mmWave frequencies,
including Mobile and Wireless Communications Enablers for the Twenty-twenty Information Society (METIS) [55], Millimetre-Wave Evolution for Backhaul and Access
(MiWEBA) [56], Millimetre-Wave Based Mobile Radio Access Network for Fifth Generation Integrated Communications (mmMAGIC) [57], European Telecommunications
Standards Institute (ETSI) [58], IEEE 802.11ad [59], and IEEE 802.11ay [60]. In addition to these groups, NYU WIRELESS along with numerous academic institutions
and industry partners worked together to create a unified 5G channel model known
as the “5GCM”, or channel model for bands up to 100 GHz [61]. The 3rd Generation Partnership Project (3GPP), the global standards body of the wireless industry,
then released its initial study on channel models for frequencies above 6 GHz in summer 2016 in 3GPP TR 38.900 V14.2.0 (Release 14) [62], which was largely based on
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work in the 5GCM [61]. The measurement campaigns used to develop these models
were focused on building a broad channel model for many different environments and
scenarios including urban microcell (UMi), urban macrocell (UMa), indoor hotspot
(InH), and rural macrocell (RMa), for LOS and NLOS environments [16, 37, 62–74].
Furthermore, 3GPP released an additional channel modeling document, 3GPP TR
38.901 V14.2.0 (Release 14), as a means to harmonize a complete channel model for
frequencies from 0.5 GHz to 100 GHz; however, this channel model incorporated sub-6
GHz assumptions to be applied at mmWave frequencies, and which are still not proven
by field measurements in mmWave bands [75]. The International Telecommunication
Union (ITU) also released a channel modeling document for evaluating radio interface technologies for IMT-2020 that includes high frequency spectrum and mmWave
bands. The channel model in ITU-R M.2412-0 is taken largely from 3GPP TR 38.901
V14.2.0, and similarly specifies that the model supports frequency bands up to 100
GHz, large bandwidths, 3D modeling, large antenna arrays, blockage modeling, and
spatial consistency [76].

1.1.4

Channel Modeling at MmWave

Path loss models for radio propagation are one of the most fundamental components for predicting coverage and interference in wireless networks. Numerous
path loss models were developed and used for 3G and 4G systems that include the
Okumura-Hata model, the COST231 model, and the Stanford University (SUI) model
to name a few. Additionally, more simplified models such as the floating-intercept (FI)
and alpha-beta-gamma (ABG) path loss models were included in 3GPP standards for
Long-Term-Evolution (LTE) [77]. However, many of these models do not account for
the physics of true free space propagation, rather they simply fit the best line with
minimum error to measurement data when deriving model parameters. Work in [10]
was one of the first at mmWave to show the differences and discrepancies between
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Figure 1.3: Comparison of CI and FI based path loss models for LOS UMi-Street
Canyon (SC) from [79].
the FI and ABG path loss models, that can result in unrealistic predictions that over
estimate path loss at close-in distances and that underestimate path loss at very far
distances. Subsequently, a more robust, stable, and accurate close-in free space reference distance (CI) path loss model with a standardized 1 meter close-in reference
distance was proposed in [16] as a universal standard as a means for researchers to
faithfully and accurately compare path loss models in a more unified manner. The
work in [68] and [78] showed that CI-based path loss model parameters exhibit more
stability across frequencies and distances and yield smaller prediction error and better
accuracy in sensitivity tests as compared to FI and ABG model parameters. Additionally, Fig. 1.3 displays the sensitivity of the FI model depending upon the dataset,
where the α value for the 73 GHz LOS FI model is negative and the 28 GHz LOS FI
model severely underestimates free space path loss at close-in distances, which both
defy logic and the physics of true free space propagation. The CI path loss model is
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written as [16, 78]:


CI

PL (fc , d)[dB] = FSPL(fc , d0 ) + 10n log10

d
d0


+ χσ ; for d0 = 1 m

(1.5)

whre fc is the center carrier frequency in GHz, FSPL is the free space path loss at fc
at the close-in reference distance d0 = 1 m, n is the PLE, d is the 3D T-R separation
distance in meters, and χσ is the zero-mean Gaussian random variable with standard
deviation σ in dB that represents shadowing.
A key difference in channel measurements and models from sub-6 GHz to mmWave
bands is the use of high-gain directional and steerable antennas that act as spatial
filters. High-gain antennas or large antenna arrays are necessary at mmWave frequencies to overcome the additional free space path loss in the first meter of propagation, as
compared to microwave and traditional cellular bands. For example, 73 GHz signals
experience approximately 31.7 dB more attenuation in the first meter of propagation
than 1.9 GHz signals, when the radiating TX is on the order of the carrier wavelength
and has unity gain, as depicted by the path loss difference between 1.9 GHz and 73
GHz at the close-in reference distance of 1 m in Fig. 1.4. This fundamental fact is
well-known by Friis’ free space transmission formula which specifies that free space
pass loss, the ratio of transmit power to receive power in free space, is proportional
to the square of the carrier frequency [15, 81]:
Pt
FSPL(fc , 1 m) =
=
Pr



4πfc
c

2
(1.6)

Therefore, directional path loss models at mmWave bands are better suited for predicting coverage and interference, although omnidirectional path loss models can still
be synthesized from directional path loss measurements as presented in [16, 82, 83].
One caution for the mmWave regime is that one cannot simply apply a directional
antenna pattern with omnidirectional path loss models, since the omnidirectional
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Figure 1.4: Comparison of 73 GHz omnidirectional path loss models in Manhattan
from [16] and the 1.9 GHz omnidirectional NLOS path loss model in San Francisco
from [80].
path loss includes received power from scatterers and multipath components (MPCs)
from all angles of departure and arrival, and which can result in overestimating coverage and underestimating interference. Traditional path loss models were developed
from omnidirectional and sectored transmitters and omnidirectional receivers, which
are suitable for base stations and handsets that employ omnidirectional and sectored
antennas in 3G and 4G deployments. However, mmWave cellular deployments will
consist of high-gain narrowbeam antennas at both the base station and mobile handset, which will effectively overcome additional free space path loss, but which act as
spatial filters that result in fewer MPCs and lower received power (without antenna
gains) compared to omnidirectional antennas.
The use of extremely wide bandwidths at mmWave will also increase the effective
noise power in a receiver chain. For example, the noise power at room temperature
across 1 GHz of bandwidth is -84 dBm and with a modest receiver noise figure of 10
dB, the noise floor is -74 dBm, 10 to 20 dB higher than smaller bandwidths on the

12
order of tens of MHz at LTE bands, therefore, also necessitating high gain antennas
at mmWave instead of omnidirectional antennas with low gain. The added gain from
narrowbeam antennas will enhance the received signal-to-noise ratio (SNR) when
using directional path loss models, and simulations for coverage and interference
using such models will be more accurate and reliable for future 5G networks [84,
85]. To allow researchers to investigate the performance of path loss models, NYU
WIRELESS provided open-source omnidirectional path loss data in [70] from a UMa
measurement campaign conducted at UT Austin in summer 2011 at 38 GHz, and
omnidirectional path loss data from 28 GHz and 73 GHz measurement campaigns
conducted around NYU’s downtown Manhattan campus in summer 2012 and summer
2013, respectively.

1.1.5

Outage Studies at MmWave

In order to determine coverage distances and network deployment layouts for
mmWave communications systems, extensive outage studies are needed. It is predicted that mmWave cell radii will be approximately 100 to 200 meters, which are
much shorter distances than traditional cellular deployments and necessary due to
the higher attenuation in free space at mmWave bands. Outage studies in the 1990’s
for LMDS bands revealed poor coverage distance, high signal attenuation, and deep
fades for cell radii of 300 meters or more [86]. Seidel and Arnold showed that at 28
GHz, building obstructions would be a limiting factor for cell sizes on the order of
kilometers [87], but more recent work and the concept of cell densification provides
more optimistic outlooks [12, 23]. A 28 GHz outage study in downtown Manhattan
showed that only 33.3% of RX locations within 200 m of the transmitter experienced
outage when using directional antennas at the TX and RX, and 64.9% of locations
experienced outage for distances less than 425 m [16, 24]. Similarly, a study at 73
GHz in the same environment showed that only 13.9% of locations within 200 meters
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Figure 1.5: 28 GHz outage probabilities in downtown Manhattan for T-R separation
distances up to 425 m [16, 24, 88].
of the transmitter experienced outage when using directional high-gain antennas [16].
3GPP channel models typically use LOS probability models based on 2D raytracing to determine LOS and NLOS conditions, but do not include outage probability [75, 88]. Therefore, a new outage probability with three states, LOS, NLOS,
and outage, was derived from the 28 GHz and 73 GHz mmWave propagation measurements conducted by NYU in downtown Manhattan [16]. The three state model
determines LOS, NLOS, and outage probabilities as a function of T-R separation
distance with the following form [88]:

poutage (d) = max 0, 1 − exp−aout d+bout



(1.7a)

PLOS (d) = (1 − poutage (d)) exp−alos d

(1.7b)

PN LOS (d) = 1 − poutage (d) − pLOS (d)

(1.7c)

The parameter values for the 28 GHz and 73 GHz outage probability models are given
in Table 1.1, and Fig. 1.5 displays the 28 GHz LOS, NLOS, and outage probability
models derived from the 28 GHz measurement data [12, 16].

Fig. 1.5 reveals that

mmWave coverage is achievable for distances up to and beyond 200 meters when
using high-gain and directional antennas.
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Table 1.1: 28 GHz and 73 GHz outage probability parameters for (1.7) [16, 88].

1.1.6

Frequency

1/aout

bout

1/alos

28 GHz
73 GHz

50 m
45.5 m

1.8
3.3

50 m
37 m

Beam Combining and Directionality at MmWave

Work in [89] has shown that the use of numerous directional antennas in mmWave
base stations and handsets can be exploited to reduce inter-symbol interference, to
shorten cyclic-prefixes, and to use beam combining to increase coverage ranges. The
concept of a distance extension exponent (DEE) was introduced in [89] in order to
determine distance extension curves as a function of T-R separation distance when
combining multiple beams at a mobile handset. Distance extension is realized by
considering two mean path losses: PL(best beam or arb.

beam) (d1 )

at distance d1 for the

single best beam or arbitrary beam and PL(multibeam) (d2 ) for multiple combined beams.
Both path loss values are equivalent such that:

PL(best beam or arb.

beam) (d1 )

= PL(multibeam) (d2 )

(1.8)

The DEE is derived based on the CI model with a close-in free space reference distance
d0 = 1 m since it provides a standardized 1 m reference for all measurements and
models. The value of d2 can be solved for in terms of d1 in (1.8), which remains
valid for all (d1 , d2 ) pairs. Given a PLE n1 for best beam or arbitrary beams and
PLE n2 for multiple combined beams, one can estimate PL(best beam or arb.

beam) (d1 )

and PL(multibeam) (d2 ) with the corresponding CI path loss models as follows:

PL(best beam or arb.

beam) (d1 )

= FSPL(d0 ) + 10n1 log10


PL(multibeam) (d2 ) = FSPL(d0 ) + 10n2 log10

d2
d0

d1
d0


(1.9)


(1.10)
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Figure 1.6: Beam combining distance extension curves at 73 GHz with 7° HPBW and
27 dBi gain TX/RX antennas for coherently and non-coherently combining the best
beams compared to the single best beam. 28 GHz beam combining distance extension
follows the same trend as the 73 GHz data [89].
where FSPL(d0 ) is the free space path loss at the reference distance d0 = 1 m.
After substituting (1.9) and (1.10) into (1.8), the relationship between d2 and d1 is
determined:
n1

(d2 ) = (d1 ) n2 , (n1 ≥ n2 , always)
where

n1
n2

(1.11)

defines the DEE. DEE values were calculated for both coherent and non-

coherent beam combining in [89] and the resulting distance extension plot in Fig 1.6
which displays the increased distances for which a user would experience the same
path loss for beam combining compared to the single best beam at 73 GHz with 7°
HPBW and 27 dBi gain TX/RX antennas [16]. Furthermore, the DEE may be used
to determine the effective distance extension factor (DEF) for a given T-R separation
distance d1 (PLE = n1 ) when combining the best beams compared to the single best
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beam, that results in d2 (PLE = n2 ) which may be computed by using the DEE:
DEF(d1 , DEE) = d1 (DEE−1)

(1.12)

For example, the DEE was 1.152 for the four best beams compared to the singlebest beam at 73 GHz with directional antennas in [89]. Therefore, the DEF for a d1
distance of 200 meters is calculated as:

DEF(200, 1.152) = 200(1.152−1) = 2.24

(1.13)

such that the same path loss experienced at 200 m for the single-best beam would
equivalently be experienced at 200 × 2.24 = 447.5 meters when coherently combining
the best four beams, resulting in extended coverage with beam combining.
Additionally, mean RMS delay spreads in LOS and NLOS at 28 GHz and 73 GHz
were shown to be significantly lower when considering the single strongest antenna
beam power between each TX and RX compared to omnidirectional delay spreads,
indicating that the use of directional and narrowbeam antennas at mmWave have
the advantage of reducing ISI and frequency selective fading. For instance, mean
omnidirectional RMS delay spreads in LOS were 46.6 ns and 14.6 ns at 28 GHz
and 73 GHz, respectively. However, the mean RMS delay spreads in LOS were only
slightly greater than 1 ns when considering the single strongest beam power between
the TX and RX with directional antennas at both 28 GHz and 73 GHz, showing that
directionality at mmWave can significantly improve connectivity and data throughput
in a LOS mmWave network [89, 90]

1.1.7

Indoor MmWave Channel Measurements and Models

The 2.4 GHz and 5 GHz WiFi bands have been widely used for indoor wireless communications in typical office environments, restaurants, and hotels since the
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early 2000’s, but dense deployment of indoor hotspots and new wireless multimedia
devices have led to increased congestion and traffic over indoor networks [91, 92].
Indoor wireless traffic will increase even more as offices “cut the cord” by investing in numerous wireless multimedia devices for video, AR, and VR applications
that require low latency and high bandwidth capacities for seamless and uninterrupted experiences [93]. Therefore, after dense urban outdoor mmWave propagation
measurements at 28 GHz and 73 GHz, NYU WIRELESS conducted ultra-wideband
mmWave propagation measurements at the 28 GHz and 73 GHz frequency bands in
a typical indoor office environment in downtown Brooklyn, New York [47, 70]. The
NYU WIRELESS measurements were certainly not the first at mmWave bands, as
many studies were conducted around 60 GHz in the early 1990’s. Smulders et al.
performed frequency-domain measurements in 1992 across 2 GHz of bandwidth centered at 58 GHz in an indoor environment and employed biconical horn antennas with
omnidirectional radiation patterns at the TX and RX [94]. The wideband mmWave
measurements yielded RMS delay spreads between 15 ns and 45 ns in small rooms
and between 30 ns and 70 ns in larger rooms indicating that more paths with similar
energy arrived at the RX over a longer time delay in larger rooms, with the largest
delay spreads around 100 ns.
Xu et al. studied the 60 GHz indoor channel using a directional horn antenna
with 7° HPBW in the azimuth plane and 29 dBi of gain at the RX, and an open-ended
waveguide with 90° HPBW in the azimuth plane and 6.7 dBi of gain at the TX [95,96].
A sliding correlator channel sounder was utilized with an RF null-to-null bandwidth
of 200 MHz and a 10 ns time resolution, with power-delay-profiles (PDPs) or channel
impulse responses (CIRs) captured at discrete pointing angles while rotating the RX
antenna. LOS measurements resulted in a PLE less than 2 (theoretical FSPL) when
utilizing a 1 m close-in free space reference distance. The findings by Xu et al. were
similar to those at lower frequencies in indoor environments, where ground and ceiling
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bounce reflections and a waveguide effect increased power at the RX such that the
measured path loss was less than theoretical FSPL [76].
Indoor 28 GHz measurements with a pair of 26 dBi gain horn antennas and a
VNA by Lei et al. resulted in FI path loss model α slope values of 2 in free space,
2.2 in a hallway, 1.2 in a corridor, and 1.8 in an office [97]. A MIMO measurement
campaign and ray-tracing study at 24 GHz and 2.55 GHz by Wallace et al. showed
that the 24 GHz band could be used in place of the 2.4 GHz band for short to
medium-range distances in NLOS in order to increase capacity in indoor wireless
networks [98]. Similarly, Qualcomm conducted co-located measurements at 2.9 GHz
and 29 GHz in an office building with omnidirectional and scanning directional TX
and RX antennas, which revealed similar path loss exponents at both bands for near
and far transmit-receive scenarios in addition to similar delay spreads of 30 ns and
40 ns at 2.9 GHz and 29 GHz, respectively [99].
The 28 GHz and 73 GHz co-located mmWave indoor measurements at NYU
WIRELESS were conducted with a 400 Mcps ultra-wideband sliding correlator channel sounder with directional TX and RX antennas that scanned in the azimuth and
elevation planes and which recorded PDPs at each and every unique antenna pointing
angle between the TX and RX [70]. Single frequency directional and omnidirectional
CI path loss models were provided in addition to a new multi-frequency close-in free
space reference distance with frequency dependent path loss exponent (CIF) path loss
model. The CIF model employs the same physically-motivated FSPL anchor at 1 m
as the CI model and is written as:
CIF

PL


(fc , d)[dB] = FSPL(fc , d0 ) + 10n 1 + b



fc − f0
f0




log10

d
d0


+ χσ ; for d0 = 1 m
(1.14)

where n denotes the distance dependency of path loss (e.g. the path loss exponent
or PLE), b is an intuitive model-fitting parameter that represents the slope of linear
frequency dependency of path loss, f0 is a fixed reference frequency that serves as
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Figure 1.7: Multi-frequency combined polarization omnidirectional CIF LOS and CIF
NLOS path loss models [70].
the balancing point or center of the linear frequency dependency of the PLE which
is based on the weighted average of all frequencies represented by the model, and χσ
is the zero mean Gaussian (in dB) random variable that describes large-scale signal
fluctuations about the mean path loss over distance. We note that the CIF model
in (1.14) reverts to the CI model when the slope b = 0 or when data from just
one frequency is used. The measurements in [70] showed that directional path loss
beyond the initial loss in the first meter of propagation increases with frequency more
drastically in LOS and NLOS indoor environments compared to outdoor channels likely due to the pronounced impact of the indoor environment where the TX and RX
are in very close proximity to one another which likely induces frequency-dependent
diffuse scattering and weaker reflections at smaller wavelengths [16]. Fig. 1.7 displays
path loss data with combined V-V and V-H polarization data (V-V and V-H data are
not distinguished) in LOS and NLOS at 28 GHz and 73 GHz and the corresponding
CIF path loss models.
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For LOS channels, large directional XPD factors of 24.7 dB and 31.4 dB were
found for cross-polarized V-H antenna scenarios at 28 GHz and 73 GHz, respectively,
which indicate large polarization isolation in LOS with directional antennas. The
73 GHz measurements resulted in omnidirectional isolation between co- and crosspolarized antenna configurations with a LOS XPD factor of 22.8 dB and a NLOS XPD
factor of 15.4 dB, encouraging the use of dual-polarization modulations and antenna
polarization diversity applications for indoor mmWave communications systems. The
28 GHz measurements exhibited smaller omnidirectional isolation than 73 GHz, with
14.0 dB and 10.4 dB for LOS and NLOS, respectively, but may still be good enough
for polarization diversity. Similar to measurements by Qualcomm at 2.9 and 29 GHz
in [99], time dispersion characteristics using directional antennas showed that 90% of
the RMS delay spreads in both LOS and NLOS environments were under 40 ns and 30
ns at 28 GHz and 73 GHz, respectively. Furthermore, mean RMS delay spreads were
significantly reduced in LOS and NLOS for the TX and RX antenna pointing angles
that resulted in the strongest received power, compared to arbitrary pointing angles.
For instance, the mean RMS delay spreads for the single strongest pointing angles
were reduced from 17.3 ns to 4.1 ns in LOS and from 17.7 ns to 13.4 ns in NLOS at
28 GHz with V-V antennas, and were reduced from 12.8 ns to 3.6 ns in LOS and from
12.3 ns to 11.3 ns in NLOS at 73 GHz with V-V antennas, compared to the mean
RMS delay spreads averaged over all arbitrary antenna pointing angles. Detailed
descriptions of the NYU WIRELESS indoor mmWave measurement campaign and
data analysis are provided in [100].

1.1.8

Rural Macrocell (RMa) Path Loss Models for MmWave

During the channel modeling development in 3GPP and the International Telecommunications Union-Radiocommunication Sector (ITU-R), it became apparent that
little was known about mmWave propagation in rural macrocell (RMa) scenarios.
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Work in [101] and [102] showed that the 3GPP/ITU-R RMa path loss models were
derived for frequencies below 6 GHz, yet were asserted for use up to 30 GHz and
hastily adopted without substantial empirical evidence. The only effort to validate
the 3GPP/ITU-R path loss models above 6 GHz was from a small measurement
campaign at 24 GHz conducted over limited two-dimensional (2D) T-R separation
distances between 200 m and 500 m [103]. The work in [103] indicates a reasonable
match between the measurements and model between 200 to 500 m, but LOS and
NLOS path loss data were combined together and best-fit indicators (e.g. RMSE)
were not provided, leading one to question the comparison validity. Given the fact
that other 3GPP models suffered from errors that required mathematical corrections
for relatively small T-R separation distances, leading to much higher path losses for
large T-R separation distances [68,78], NYU WIRELESS conducted a rural macrocell
measurement and modeling study in clear weather at the 73 GHz mmWave band for
LOS and NLOS conditions [104].
The empirical data from the measurement campaign in rural Riner, Virginia
helped to generate reliable RMa path loss models for frequencies above 500 MHz and
beyond 100 GHz that could be easily used by 3GPP, ITU-R, and others. Simple
CI path loss models developed from the measurements resulted in a LOS PLE of
2.16 (σ = 1.7 dB) and a NLOS PLE of 2.75 (σ = 6.7 dB) which indicated that a
simple one-parameter model could faithfully estimate path loss in a much simpler
form than the 3GPP-style RMa path loss models with numerous correction factors.
A novel path loss model with a height-dependent path loss exponent (CIH model)
was shown to be accurate, stable, and frequency-independent beyond the first meter
of propagation, and effectively modeled path loss dependence on base station height
in rural channels. The CIH model was developed to accurately account for the base
station height dependence on path loss as noticed in existing RMa path loss models,
and is similar in form to the CIF model in [70] with a d0 = 1 m close in reference
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distance. The CIH model in generic form is written as:
PLCIH (fc , d, hBS )[dB] = FSPL(fc , 1 m)[dB]



(1.15)
hBS − hB0
+ 10n 1 + btx
log10 (d) + χσ ; for d ≥ 1 m
hB0
where hBS is the RMa base station antenna height in meters, and hB0 is the default
base station height or is taken as the average of all TX heights from a measurement
set. The distance dependence of path loss is denoted by n (identical to the PLE from
the CI model), and btx is a model parameter that is optimized and which quantifies
the linear base station height dependent PLE about the average base station height
hB0 . An effective PLE (PLEef f ) results from the scaling of n by btx and the TX



hBS −hB0
. Thus, the CIH model only
heights such that: PLEef f = n · 1 + btx
hB0
requires two optimization parameters, the PLE n and btx .
The best-fit empirically-based LOS (PLCIH-RMa
) and NLOS (PLCIH-RMa
) CIH
LOS
NLOS
RMa path loss models in 3GPP form were derived from the measurements with a
base station height (hBS ) of 110 meters and a default base station height hB0 = 35
meters, and are written as:
PLCIH-RMa
(fc , d, hBS )[dB] = 32.4 + 20 log10 (fc )
LOS



hBS − 35
+ 23.1 1 − 0.03
log10 (d) + χσ ;
35

(1.16)

for d ≥ 1 m, σLOS = 1.7 dB, and 10 m ≤ hBS ≤ 150 m
PLCIH-RMa
(fc , d, hBS )[dB] = 32.4 + 20 log10 (fc )
NLOS



hBS − 35
log10 (d) + χσ ;
+ 30.7 1 − 0.049
35

(1.17)

for d ≥ 1 m, σLOS = 6.7 dB, and 10 m ≤ hBS ≤ 150 m

Using the NLOS CIH model in (1.17), Fig. 1.8 shows the decrease in path loss
for various T-R separation distances and the average decrease over all of the T-R
separation distances as a function of TX height. The figure shows that for large T-R
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Figure 1.8: Relationship between TX base station height and decrease in NLOS path
loss for T-R separation distances of 150 m, 500 m, 1 km, 2.5 km, and 5 km, and the
average over all T-R distances, for the CIH RMa NLOS path loss model in (1.17) [102].
The mobile height (hU T ) is 1.5 m.
separation distances (5 km), path loss can be reduced by up to 22 dB for a TX height
of 150 m compared to 10 m. The CI and CIH RMa based path loss models were
shown to have the same mathematical form as the optional UMa, UMi, and InH path
loss models in the 3GPP standard [75], and are proven to offer superior prediction
accuracy when applied to new frequencies, distances, or use cases [78]. While it is
suitable to extrapolate the CI and CIH RMa path loss models for 0.5 GHz to 100 GHz
from the 73 GHz measurements, more measurements at various base station heights,
environment scenarios, weather conditions, and frequencies above 6 GHz and in the
mmWave bands ares needed for both further validation and a more robust model.

1.1.9

Material Penetration at MmWave

The increase in carrier frequency at mmWave and subsequent decrease in wavelength have an impact on other propagation properties such as material penetration loss, which is important to understand for site-specific planning tools such as
ray-tracers [105, 106] and for designing mmWave wireless communications networks.
Zhang and Hwang tested two types of interior walls from 900 MHz to 18 GHz in [107]
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Table 1.2: Average penetration loss values with respective standard deviations. “Pol.”
represents the TX-RX antenna polarization configuration, “No. of Loc.” is the total
number of measured locations for a material type, “Loss” is the average penetration
loss in dB, σL is the standard deviation of the penetration loss over all materials of
the same type in dB. “Norm. Avg. Atten.” is the normalized average attenuation in
dB/cm, and σN is the standard deviation of the normalized average attenuation over
all materials of the same type in dB/cm. The XPD factor of 27.1 dB was subtracted
from the cross-polarized antenna measurements to calculate the V-H penetration loss
values [110].

Material

Penetration Loss of Common Building
Materials for 73 GHz V-V and V-H
Norm.
No. of
Loss
σL
Avg.
Loc.
Pol.
(dB)
(dB)
Atten.
(dB/cm)

Glass Door

5

Clear Glass

3

Wall

4

Closet Door

3

Steel Door

4

Whiteboard
W. Wall

2

V-V
V-H
V-V
V-H
V-V
V-H
V-V
V-H
V-V
V-H
V-V
V-H

5.1
23.4
7.1
18.3
10.6
11.7
32.3
16.3
52.2
48.3
73.8
58.1

1.2
7.1
2.3
3.4
5.6
6.2
8.2
4.2
4.0
5.6
9.8
3.0

5.1
23.4
7.1
18.3
0.8
0.8
4.6
2.3
9.9
9.2
3.5
2.7

σN
(dB/cm)
1.2
7.1
2.3
3.4
0.3
0.4
1.2
0.6
0.9
0.5
0.5
0.2

and showed that penetration loss does not necessarily increase linearly or monotonically with respect to frequency. Measurements from 30 GHz to 50 GHz in [108]
showed that concrete slabs induce 4.5 dB/cm of loss with vertical-to-vertical (V-V)
and horizontal-to-horizontal (H-H) antenna configurations, whereas solid wood had
4.19 dB/cm loss and 2.42 dB/cm loss for V-V and H-H antenna configurations, respectively. Zhao et al. from NYU WIRELESS conducted penetration loss measurements
at 28 GHz and found average attenuation through clear glass to be between 3.6 dB
and 3.9 dB for different buildings and found that tinted glass induces much more
attenuation: 24.5 dB to 40 dB [109]. A simple and accurate parabolic building penetration loss (BPL) model was also introduced in [63] with simulation results that
matched well with measurements from 0.5 GHz to 100 GHz.
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To better understand material penetration losses at E-band, wideband (1 GHz
RF null-to-null bandwidth) 73 GHz penetration loss measurements at 21 different
locations and for 6 different materials were performed to characterize the effect of
penetration loss for materials with similar composition [110]. Attenuation through
common materials ranged between 0.8 dB/cm and 9.9 dB/cm for co-polarized antennas, while cross-polarized antennas exhibited similar attenuation for most materials,
but up to 23.4 dB/cm of attenuation for others. A summary of the average penetration losses through each material type for V-V and V-H antenna polarizations is
provided in Table 1.2 along with the standard deviation of penetration losses for all
locations which tested a common material type and is given by σL in dB. Normalized average penetration loss values with their respective standard deviations (σN in
dB/cm) are also provided in Table 1.2 from [110]. It was observed that glass doors
and clear glass are sensitive to polarization and exhibit similar loss around 5 to 7
dB for V-V antennas. Walls experienced low penetration loss of 0.8 dB/cm and were
polarization independent. Thick whiteboard writing walls experienced the highest
overall penetration loss of 73.8 dB for V-V antennas, but with a much lower normalized loss of 3.5 dB/cm for V-V antennas. The penetration loss measurements in [110]
will be useful for site-planners and network engineers without the need for expensive
measurement systems and campaigns [111, 112]. The large penetration losses while
on the surface seem inhibiting for a wireless communications network, can potentially provide interference isolation between rooms and partitions that could actually
enhance an indoor wireless network.

1.1.10

Channel Dynamics and Blockage at MmWave

The impact of blockages and obstructions at mmWave cannot be understated,
as human hands, heads, and bodies can significantly block mmWave signals. Since
diffraction is a much less dominant propagation mechanism at mmWave [113], specu-
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lar reflections become more important for maintaining coverage, thus mmWave links
are more sensitive to blockages and obstructions in the environment [114]. An additional factor that enhances blockage at mmWave is the fact that systems are envisaged
to employ directional antennas/antenna systems, which result in greater blockage effects caused by humans, cars, and street furniture, compared to current omnidirectional or quasi-omnidirectional wireless systems [16, 39, 115]. A majority of research
on the effects of human blockage and channel dynamics have been conducted at 60
GHz and in indoor environments [116,117] in-part by the development of the 802.11ad
and WiGig standards for short-range multi-Gbps communications [59, 118].
Early work by Lu et al. showed that human blockers can cause up to 50 dB of
attenuation at 60 GHz with narrowbeam and directional antennas [119]. An indoor
laboratory experiment at 60 GHz with horn and patch antennas showed that 1 to 5
people can result in 100 ms median fade durations whereas groups of 11 to 15 people
caused 300 ms median fade durations with fade depths greater than 20 dB [120].
Living room and conference measurements with 10 degree HPBW TX/RX antennas
at 60 GHz were shown to result in 550 ms fade time durations in a LOS setting with
a signal decay rate of 1 dB per 16 ms [121]. In an outdoors experiment with 60
GHz omnidirectional antennas, Weiler et al. observed fading events on the order of
hundreds of nanoseconds where the LOS path experienced greater than 40 dB of attenuation, while secondary paths were unaffected [122]. More recently, an experiment
at 28.5 GHz in an outdoor open square showed that single fading events were a few
hundred nanoseconds long, whereas large vehicles could induce fading events from
several hundred nanoseconds to multiple seconds with LOS paths that experienced
20 to 30 dB of attenuation [123]. Although there are studies and experiments that
characterize fading events and channel transients, more extensive studies, analysis,
and modeling are needed.
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1.1.11

Base Station Diversity - Macrodiversity

1.1.11.1

Background on Traditional Macrodiversity

The concept of base station diversity or macrodiversity is not something new or
particular to mmWave, as it has been shown to be a key technique to combat outage due to large-scale shadow fading in cellular networks at UHF/microwave bands.
Macrodiversity works by exploiting either independent or highly uncorrelated propagation paths between two or more base stations and a mobile device. Simply put,
if two base stations are sufficiently separated in space and have a large angular separation relative to a mobile, then the individual propagation paths to the mobile will
likely experience independent fading. Therefore, if one path experiences a deep fade,
then the second independent path may experience little fading or an even stronger
signal than the mean signal strength. Such a technique has been shown to reduce
outage probabilities and to increase average SNR by more than 20 dB [81].

1.1.11.2

UHF/Microwave Experiments on Base Station Diversity

There are typically two types of shadow fading correlation studies. The first
type is the correlation of shadow fading from multiple base stations to a single RX
which provides insight into diversity gains. The second type is the autocorrelation
of shadow fading for a mobile traversing along a route while being served from a
single base station in order to determine the distance for which fading is correlated
and relatively unchanged, for spatial consistency analysis. Some of the earliest tests
on shadow fading correlation involved both of these tests in order to gain an understanding on spatial and angular separation of base stations and receivers for diversity
to combat shadow fading at UHF and microwave bands. Graziano analyzed propagation correlation measurements at 900 MHz in the Washington-Baltimore area and
Chicago-Schaumburg area for omnidirectional and sectored antennas, which showed
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a high and positive correlation between the mean path attenuation at a mobile from
multiple base stations for angle of arrival differences close to zero degrees [124]. Intuitively, this makes sense since the propagation paths from two or more base stations
with small angle of arrival differences (AAD) at the RX are likely the same. Graziano
also showed that mean received power correlation decreased as the angular separation
between two base stations increased.
Gudmundson introduced a simple autocorrelation model for shadow fading in
wireless channels, with a decreasing correlation function [125]. The model fit well
with measurement data at 900 MHz in suburban areas and 1700 MHz in urban areas,
where high correlation for shadow fading was found for distances up to 500 m and 10 m
in suburban and urban environments, respectively. Using the basis of autocorrelation
in [125] and cross-correlations in [124], an explicit model was derived in [126] for the
cross-correlation function of shadowing components that affects the link between two
base stations and a mobile user.
Saunders and Evans provided additional analysis in [127] on spatial correlation
compared with the same 900 MHz measurement set used in [124]. It was identified
that the strong shadowing correlation for zero degrees AAD depended upon the difference in base station to mobile distances, where the correlation was equal to one
when the distances were equal [127]. Zayana and Guisnet observed similar phenomena of base station diversity with measurements and simulations at 900 MHz in a
small-cell environment in an urban French city [128]. The measurements consisted of
two base stations separated by 700 m, each with a half-wavelength omnidirectional
antenna 30 m above ground level (AGL) and 10 m above surrounding buildings. A
vehicle used for measurements had a quarter-wavelength antenna mounted on the
roof and simultaneously recorded received power from both base stations. Shadow
fading was shown to have high correlation when two base stations were observed from
the mobile with a similar angle of arrival (minimal AAD between 0 and 30 degrees).
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Consequently, the shadow fading was often found to be fully decorrelated when the
mobile user was between both base stations (AAD greater than 30 degrees).

1.1.11.3

MmWave Experiments on Base Station Diversity

Base station diversity studies at mmWave frequencies are not new, but early
experiments mainly focused on fixed wireless and backhaul. When local multipoint
distribution services (LMDS) were showing promise, the use of cell-site diversity was
studied as a method to mitigate the effects of rain attention and attenuation caused
by foliage and vegetation. Various studies and analysis were performed via measurements, simulations, or analytically, to understand how diversity could mitigate outage
and to enhance system coverage [129–135]. Space diversity measurements to combat
vegetation attenuation at 26 GHz were conducted by Takahashi et al. using a 90degree beamwidth TX antenna acting as an access point and two cassegrain-antennas
with 4-degree beamwidth as receivers for downlink analysis [136]. Similarly, uplink
analysis was performed with two APs as receivers and one cassegrain-antenna as the
TX. Space diversity was shown to offset attenuation through vegetation with both
broad and narrowbeam antennas at the AP and RX, with an 8 dB improvement in the
CDF distribution of the received signal levels. Additionally, the spatial correlation
coefficient between received signal levels was between -0.4 and 0.4, indicating effective
space diversity reception.
Significant diversity gains are possible with simultaneous transmissions from multiple base stations; however, system performance and overall gains are susceptible to
added co-channel interference. In early LMDS studies, polarization interleaving between neighboring base stations was shown to increase signal-to-interference (SIR)
by several dB, such that depolarization from foliage and rain resulted in limited improvement or even degradation [137]. LMDS simulations in [138] revealed that using
highly directional antennas at the base station and mobile station could dramatically
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improve system performance by reducing co-channel interference. Directional antennas also demonstrated improvements by using selective diversity, which reduced the
probability of system outage by one order of magnitude.
While earlier studies on LMDS diversity focused on polarization diversity, Le et
al. studied base station diversity for links of less than 1 km in order to overcome
adverse affects from rain at centimeter-wave (cmWave) and mmWave bands [139].
Measurements were conducted at 25 GHz over 20 MHz of bandwidth and at 38 GHz
over 200 MHz of bandwidth using 29 dBi and 32 dBi high-gain antennas at 25 GHz
and 38 GHz, respectively. Results in [139] showed that as the spatial separation
between base stations increased, site diversity gain increased. Diversity gain was
also shown to increase as angle separation between the mobile and two base stations
increased, a conclusion also made for lower UHF bands.
Aside from the point-to-point experiments described here, there is little work
in the literature on base station diversity or macrodiversity in UMi scenarios for
mmWave mobile or cellular networks from an experimental standpoint. Numerous
works have used random shape theory models, a LOS ball model, and a Poisson
line model for modeling large-scale shadowing objects for simulating performance in
future mmWave networks, but with little to no experimental validation [140].
A site-to-site correlation study based on ray-tracing at 2 GHz and 28 GHz was
presented in [141] for LOS routes and NLOS routes, each with two TX sites. Site-tosite shadow fading correlation at both bands was comparable for common routes and
ranged from -0.33 to 0.57. The authors in [141] concluded that shadow fading diversity
has no frequency dependency since correlation observations were similar at 2 GHz and
28 GHz and that sub-6 GHz shadow fading correlation parameters could be used for
mmWave. The authors in [141] also contest that the standard site-to-site correlation
value of 0.5 in 3GPP [142] might be too high since ray-tracing results revealed lower
correlation estimates. Due to the lack of shadow fading diversity measurements for
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mmWave macrodiversity, part of the work in this report provides experimental results
on fading diversity in a UMi scenario at the 73 GHz mmWave band in Chapter 6.

1.1.12

Coordinated Multipoint (CoMP)

1.1.12.1

Background on CoMP

Coordinated multipoint (CoMP) was first introduced by Foschini and Karakayali [143, 144] as a type of network coordination to increase efficiency and throughput
in cellular communications systems and is often referred to as network multiple-input
and multiple-output (MIMO) where multiple base stations (BSs) or access points
(APs) work together with the notion that user terminals may receive signals from
neighboring base stations either simultaneously or in a coordinated fashion. Coordinated base stations aim to serve multiple purposes: to reduce intercell interference, to
increase capacity, and to improve cell-edge throughput, all of which result in higher
spectral efficiency. In cellular systems, downlink is limited by intercell interference;
however, the use of coordinated transmissions with a centralized backbone can mitigate or take advantage of the adverse effects of interference. Through base station coordination, signal-to-interference-plus-noise ratio (SINR) can potentially be improved
by coherently combining signals where multiple base stations act as a multi-antenna
transmitter.
CoMP is primarily used to mitigate interference, especially at the cell edge, with
the methodology of sharing channel state information (CSI) between base stations
in order to coordinate downlink transmissions while jointly processing mobile uplink
signals. A high-speed backbone network is necessary for transferring uplink data and
CSI between base stations for reliable coordination [145]. Cooperative MIMO channel
models were primarily developed from existing point-to-point MIMO and mobileto-mobile (M2M) channel measurements and models. In generating these channel
models, two typical system-level correlations were studied: intra-site and inter-site.
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Intra-site correlation refers to the correlation between mobile terminals connected
to a single site (base station) whereas inter-site correlation refers to the correlation
between one mobile terminal connected to multiple sites (base stations). Essentially,
intra-site is coordination within a cell site and inter-cite is coordination between two
or more cell sites. Due to the large potential theoretical gains of CoMP and with
growing technologies for high-speed fiber backhaul connections, particularly the X2
interference, CoMP was included as a study item in 3GPP for 4G and long-term
evolution (LTE) systems and was eventually added to the standard [142, 146].

1.1.12.2

CoMP in 3GPP for 4G/LTE

Coordinated multipoint was introduced as a study item for the physical layer
evolution of LTE systems in 3GPP TR 36.814 Release 9 [142] and was then added as
a new feature for LTE-Advanced (LTE-A) in 3GPP TR 36.819 Release 11 in order to
improve network performance at the cell-edge [146]. Downlink CoMP was specified
for increasing SINR and reducing co-channel or intercell interference. In the uplink,
CoMP was deemed useful for ensuring successful and reliable transfer of feedback CSI
back to the network via geographically separated base stations or reception points,
while limiting uplink interference. For 3GPP CoMP nomenclature, a “point” is a set
of co-located transmit antennas (same geographical location), but where sectors of
the same site correspond to different points [146].
The 3GPP Release 11 standard defined the following CoMP categories and their
sub-categories for downlink transmission, all of which require CSI [146]:
 Joint Processing (JP): data for one mobile or user equipment (UE) is available

at two or more points in a cooperating set.
– Joint Transmission (JT): Multiple points simultaneously transmit data to
a single UE or multiple UEs, in the same time and frequency resource
block.
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– Dynamic point selection (DPS): Data transmission from multiple points
to one or more UEs is coordinated such that only one point transmits at a
time, while others are muted. The switching of transmission and muting
from separate points is fast, potentially between subframes or resource
blocks (RB) within a subframe.
 Coordinated Scheduling/Coordinated Beamforming (CS/CB): data is only avail-

able at the serving point but user scheduling/beamforming decisions are made
through coordination with all the points of a cooperating CoMP set, with transmission points chosen and changed in a semi-static manner.
 Hybrid versions of JP and CS/CB are also possible, but are not provided in

Release 11.
JP with simultaneous transmission can be performed coherently or non-coherently
in order to improve a mobile’s received signal quality, as depicted in Fig. 1.9b. DPS
includes dynamic cell selection (DCS) where multiple cells coordinate with each other
such that UE downlink data is simultaneously available at multiple points. Fig. 1.9c
displays an example of DPS where a single point (blue line) is dynamically selected to
transmit to a mobile user, but where another point can be dynamically switched to for
transmission (dashed purple line). CS/CB is depicted in Fig. 1.9d where two points
coordinate with each other to beamform towards their intended users and to steer
nulls towards unintended users in order to mitigate interference. It is possible for DPS
and JT to be combined together in a situation where a time/frequency resource block
contains transmitted data from multiple points. For each of the CoMP categories,
points that are geographically separated but that work directly or indirectly with the
coordination of transmission are called a CoMP cooperating set or cluster.
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(a) Downlink CoMP sketch legend.

(b) Downlink CoMP Joint Transmission (JT)

(c) Downlink CoMP Dynamic Point Selection (DPS)

(d) Downlink CoMP Coordinated Scheduling/Coordinated Beamforming (CS/CB)

Figure 1.9: (a) Downlink CoMP legend. (b) JT with solid blue and purple lines indicating simultaneous transmission from two points to one mobile user. (c) DPS with
solid blue line and dashed purple line indicating points that are selected dynamically
for switched transmission to one mobile user. (d) CS/CB with the solid lines indicating coordinated beamforming transmission to one mobile from a single point, and
with dashed lines indicated interference mitigation to neighboring cells/users through
scheduled beamforming.
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1.1.12.3

CoMP Experiments for LTE

Numerous measurements were conducted at sub-6 GHz bands to learn about
correlation properties in multi-cell environments for UMa and UMi, 4G/LTE networks [147–149]. Extensive field-trials and experiments were also performed to test
various CoMP algorithms for 4G/LTE systems. One of the most comprehensive
CoMP-based studies for LTE-Advanced (LTE-A) was with the Easy-C Project, in
order to develop and evaluate physical layer algorithms for next generation multicell
wireless systems [150]. The initial stage of the Easy-C testbed consisted of a single
base station site with three cells, and the final stage had 10 sites and 25 cells, in addition to surrounding interferers [150, 151]. Backhaul (backbone) connections between
sites were configured with microwave links at 5 GHz with up to 300 Mbps throughput.
In multipoint field trials, multi-cell channel state information was shared from each
terminal to its serving BS and then to each other through cooperative backhaul. Two
terminals were used in two neighboring cells for indoor, outdoor-to-indoor (O2I), and
outdoor scenarios. Average throughput gains by factors of 4 to 22 were measured
during the CoMP transmissions, and outage was no longer observed at the cell-edge
by using full frequency reuse [152]. In one scenario, the average throughput increased
from 5.8 Mbps in an interference-limited system, to 109.3 Mbps by using CoMP in
the downlink, more than an 18.7 times average improvement in throughput. The
resulting 109.3 Mbps mean rate with CoMP realized 78% of the expected throughput
for an isolated cell [152].
Mikami et al. with Softbank developed a prototype and performed multi-cell
MIMO transmission measurements for two asynchronous base stations in Tokyo,
Japan [153]. A mobile with two receivers (one for each BS) operated in the 3.3
GHz frequency band with various data modulations via OFDM transmission. Simultaneous PDPs were recorded with spatial fading correlations and were compared
for specific mobile locations. Received power from both base stations showed that
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cooperative MIMO could improve throughput at cell boundaries in addition to an increase in spectral efficiency. Earlier work by the same group showed that UEs at the
boundary of two cells were able to benefit from inter-sector cooperation [154] where
median throughput increased from 4 Mbps without cooperation, to 21 Mbps with
cooperative power combining. Additional CoMP field trials in various environments
and scenarios for single-user and multi-user MIMO can be found in [155–158]

1.1.12.4

MmWave CoMP and Experiments

There is active discussion about using CoMP techniques for 5G wireless networks, however, much of the discussion is for continuing to develop CoMP for sub-6
GHz bands and not necessarily for mmWave. One argument against CoMP is that
the overhead is too much for obtaining and sharing channel state information (CSI)
between multiple transmission points, which requires a low-latency ultra-fast backhaul connection. Inaccuracies and impairments in CSI have also been shown to impair
CoMP performance in real-world networks [159]. Furthermore, the rapid growth of
massive MIMO as a key-enabling technology for 5G has made many to question
whether or not CoMP is needed for 5G [160]. Massive MIMO has been shown to
provide beamforming gains so large that intercell and inter-stream interference is significantly reduced while attaining spectral efficiencies as high as 100 bits/s/Hz or
more [159, 161].
Although there is no official CoMP standard for mmWave, or evidence to prove
that it is necessary for mmWave due to the very directional narrowbeams that will
likely mitigate interference, some experimental measurements were conducted to learn
of potential gains for using CoMP at mmWave for 5G networks. A 5G multipoint
field trial was conducted at the 15 GHz frequency band in the parking lot of NTT
Docomo in Japan with a 5G prototype system in a 100 m × 70 m cell and a 20
m × 20 m small-cell. The experiment was used investigate throughput gains using
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multipoint coordination between two transmission points (TPs) each with two-90◦
sectored-beam antennas with 14.5 dBi of gain, as a UE with eight omnidirectional 0
dBi antennas placed on a circle with a radius of 9 cm traveled along a route [162].
The UE antennas were mounted on the roof of a vehicle with 3.1 m height and a
wagon with 1.6 m height. The measurement system was modified from an earlier system that was used to study downlink CoMP and MIMO for LTE-A. Two methods of
CoMP were studied: JT where TPs transmitted simultaneously to the same mobile,
and DPS/muting where the transmission of user data from a specific TP depended
on CSI and received signal strength, while pausing transmission from un-selected TPs
was used to mitigate interference. In the trial, downlink and uplink antennas were
configured specifically for lower and higher frequency bands for an FDD setup. The
multipoint trial used CSI received signal strength from both TPs as an indicator of
which TP to lock onto if a given threshold was met. If the individual signal strength
from either TP did not reach the threshold, then both TPs transmitted together,
otherwise the weaker TP was muted while the stronger TP was used. Periodic unmuting was conducted to pole whether JT was needed or if hand-off was necessary.
Various co-locations of TX antennas were used for the measurements and included a
predefined single direction track of a mobile for the small-cell area where throughput
gains of 70% were achieved, reaching over 5 Gigabit-per-second (Gbps) speeds for
multipoint transmission with two separate MIMO streams. In the larger cell area, a
30% throughput gain was achieved through multipoint coordination. Channel rank
probabilities were provided for the 4 × 4 MIMO transmission where rank 2 was selected a majority of the time due to dual-polarized antennas. On occasion, rank 3
and rank 4 channels were possible when signals from multiple antennas became uncorrelated, allowing for higher layer MIMO streams. Additional measurements with
the 5G prototype by Kurita et al. in [163] showed that spatial multiplexing gains
and throughput significantly improved as the spacing between transmission points
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increased, where overall performance exceeded 10 Gbps when TPs were separated by
50 m.
Ericsson conducted one of the first 5G radio access prototype measurements
in [164] using two transmission points at 15 GHz in order to measure coverage and
penetration losses. A total bandwidth of 200 MHz was measured through carrieraggregation (CA) of two-100 MHz channels, with 1 Watt of total transmit power
from two TPs at heights of 8.5 m and 12 m and which were separated by 82 m.
The TPs consisted of multiple elements that each had 15 dBi of gain and 90-degree
azimuth HPBW and 8.6-degree elevation HPBW. The mobile terminal elements were
omnidirectional with approximately -3 dB of gain. CoMP was not a focus of the
measurement campaign, but results revealed noteworthy propagation characteristics,
such as a 20 dB drop in signal strength as a mobile terminal transitioned from LOS
to NLOS. Outdoor-to-indoor coverage was also shown to be minimal, indicating the
opportunity for frequency reuse indoors. The same system was used in [165] and
transmitted over a bandwidth of 400 MHz using 4 component carriers with CA in a
4 × 4 single-user MIMO configuration. Multiple mobile routes were tested for a single
base station in order to measure antenna correlation properties along each route.
Since the antennas were spaced so closely together, antenna correlation was high most
of the time. Therefore, rank 2 with 2 × 2 MIMO was achieved through polarization
diversity from the co- and cross-polarized TX/RX antennas. Under certain conditions,
rank 3 and rank 4 were selected when antenna correlation was low. Since this work
showed that antenna correlation was high at 15 GHz from a single transmission point,
coordinated multipoint transmission and reception with distributed MIMO techniques
might be better suited to provide low antenna correlation [165].
Ericsson conducted a study in Stockholm, Sweden with the same 5G prototype
system in a similar 4 × 4 setup at 15 GHz over 200 MHz of bandwidth and with two
TPs to test distributed MIMO and cooperative multipoint [166]. Spatial multiplexing
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gains were achieved in LOS where throughput improved from 1.1 Gbps (5.7 bps/Hz)
to 2.5 Gbps (12.6 bps/Hz). For large angular separation between the two TPs and
the UE (appears to be 180◦ ), rank-4 transmission was consistent with a maximum
achievable spectral efficiency of 13 bps/Hz [166]. A median throughput gain of at
least 15-25% was reported on top of that already achieved through dual-polarization.
Aside from the measurement campaigns described here, little work has been done
to investigate base station diversity and distributed MIMO and CoMP at mmWave
frequencies for future UMi 5G networks. The lack of mmWave base station diversity
measurements was one of the motivations for conducting such measurements as a
main focus for the work in this report. The base station diversity measurements
in this report are used for analysis on outage, coverage, interference, and shadow
fading, to gain a better understanding of the propagation environment and potential
CoMP applications for future 5G UMi mmWave networks. Chapter 6 incorporates
the real-world directional beam measurements to realize millions of potential beam
combinations among multiple base stations and mobiles for mitigating outage caused
by human blockers and for investigating the impact of coordination on interference
at mmWave bands in a downtown urban environment.

1.2

Contributions of the Technical Report

In order to develop accurate and reliable channel models for mmWave bands,
real-word propagation measurements are needed with a robust and flexible channel sounding measurement system. Fundamental differences in radio propagation
at mmWave necessitated the need for a new channel sounding system that is capable of providing a sampling interval much less than the channel coherence time for
Doppler measurements, for measuring various frequencies of operation, and the ability to increase the bandwidth for greater time resolution. Additionally, the channel
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sounder should be capable of transmitting over 1 GHz or more of RF bandwidth with
a temporal resolution on the order of a few nanoseconds and with the precise measurement of azimuth and elevation AODs and AOAs. Furthermore, the measurement
system should be able to record absolute and/or relative propagation delay (true timeof-flight) power-delay-profiles (PDPs) over long-distances, and should be capable of
capturing small-scale temporal channel dynamics. In order to meet these needs, a new
channel sounder architecture and acquisition system using equipment donated from
National Instruments (NI) was developed with two operating modes for mmWave
propagation measurements as part of this report. Work, measurements, and analysis
related to the mmWave channel sounder in various stages of the system development
can be found in the following publications: [35, 61, 70, 85, 110, 115, 167–175].
Using the newly developed channel sounder and acquisition system, 73 GHz laboratory measurements were performed and analyzed to characterize human blockage
between two directional antennas. The measurements show that the proximity of a
human blocker to the TX or RX antenna has a significant impact on the fade depth
experienced at the RX and that directional antennas inhibit additional attenuation
compared to the use of omnidirectional antennas. A new double knife-edge diffraction
antenna gain (DKED-AG) model is developed to accurately characterize and predict
blockage attenuation due to a human blocker when directional antennas are used at
the TX and RX for mmWave propagation. Outdoor peer-to-peer measurements along
a busy pedestrian walkway were also conducted and were used to generate probabilistic models for rapid fading events due to human blockage in pedestrian crowds in
order to understand and simulate real-world dynamic fading events for 5G algorithm
development. Contributions related to human blockage modeling and analysis are in
the following publications: [61, 85, 115, 171, 173].
Shrinking cell sizes, the growing number of small-cells, and the impending deployment of mmWave systems with numerous access points, establishes the need for
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gaining knowledge on the use of multiple base stations in a real-world deployment
scenario. Since there are few measurements and limited understanding on the use
of multiple base stations at mmWave bands, a first of its kind base station diversity
measurement campaign at the 73 GHz frequency band was conducted in an urban
microcell (UMi) open square scenario in downtown Brooklyn, New York. The measurements and results provide insights into coverage, interference, directional beams,
and link reliability with the use of multiple and directional access points at mmWave
bands in a dense urban environment. Additionally, simulations that combine the base
station diversity measurements with human blockage models provide some of the earliest results and predictions for mmWave system performance with macrodiversity
and link reliability. Furthermore, base station diversity measurements are used to explore the use network coordination and CoMP with downlink precoding to mitigate
interference and to observe potential network performance gains. Contributions related to the base station diversity measurements and analysis appear in the following
publications: [85, 174].
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1.4

Organization of the Technical Report

This technical report is organized as follows: Chapter 2 describes channel sounding techniques and a listing of mmWave channel sounders in the literature. A detailed
description is provided for the novel two-mode mmWave channel sounder used for the
human blockage and base station diversity measurements contained within this report, and other studies by NYU WIRELESS.
Chapter 3 details indoor and outdoor human blockage measurements and provides analysis and models on the observations and results that are useful for mmWave
blockage simulations.
Chapter 4 presents the base station diversity measurement campaign, locations
used, and measurement procedures in downtown Brooklyn, New York.
Chapter 5 describes large-scale propagation results and analysis from the base
station diversity measurement campaign for the UMi open square scenario.
Chapter 6 details experimental based mmWave shadow fading diversity analysis,
analysis for human blockage simulations applied to users served from multiple base
stations in a UMi scenario at mmWave for link reliability, and experimental analysis
on the potential performance gains and use of CoMP network precoding at mmWave
bands, all of which utilize measurements from the base station diversity campaign.
Chapter 7 provides conclusions and future work for this technical report.

Chapter 2
Absolute Timing Millimeter-Wave
Channel Sounder
2.1

Introduction

Channel sounders enable propagation measurements at all frequencies and bandwidths for novel use cases, and are a vital tool for generating knowledge to accurately
characterize wireless channels. The expanding use of wireless devices and data-driven
applications have motivated the use of wider bandwidths and frequencies above 6
GHz [5, 12], especially with governmental entities like the Federal Communications
Commission (FCC) in the United States which has authorized ∼29 GHz of spectrum at frequencies above 24 GHz [52] for future mobile and backhaul services. Furthermore, the WRC, a worldwide group that studies, makes recommendations, and
regulates the worldwide use of radio communications and where newly proposed 5G
cellular bands: 24.25–27.5, 31.8-33.4, 37-40.5, and 40.5–42.5 GHz, will be decided
upon at WRC-19 in 2019 [176].
Channel models for 3G and 4G/LTE cellular systems for frequencies below 6
GHz were created in part by channel sounding measurements contributed to the
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WINNER II and 3rd Generation Partnership Project (3GPP) global standard initiatives [177, 178]. However, new air-interface designs, networks, wider bandwidth
systems, and carrier deployments at mmWave bands will rely on statistical channel
models that faithfully characterize wireless channels at mmWave frequencies in various environments and for much wider bandwidths than previously used, and thus
new wideband mmWave channel sounding systems are necessary [12].
This Chapter describes a versatile ultra-wideband (UWB) channel sounder for
mmWave frequencies that can be configured for either a sliding correlation or realtime spread spectrum mode. The sliding correlation mode can measure received
power, power delay profiles (PDPs), angular spreads, and temporal delay spreads for
transmitter-receiver (T-R) separation distances beyond 200 m in dense urban areas
while using less than 1 Watt (W) of transmit power over up to 1 GHz of RF bandwidth, providing up to 185 dB of measurable path loss. Such a large measurable path
loss is feasible with high-gain horn antennas, low-noise amplifiers (LNAs), processing gain through the sliding correlation process, and averaging. The real-time spread
spectrum mode measures short-range dynamic channel impulse responses (CIRs) with
Doppler and fading sampling intervals as small as 32.753 microseconds (µs). The
channel sounder uses interchangeable up- and down-converters with rotatable and
directional horn antennas for various mmWave bands and uses a standard intermediate frequency (IF) from 5–6 GHz, with more than 1 GHz of RF bandwidth. A
novel calibration method is presented for recording absolute or relative propagation
delay, useful for synthesizing omnidirectional PDPs and measuring spatial and temporal impulse responses (IRs) when using narrowbeam directive antennas for mmWave
measurements. The channel sounder is verified using two procedures that validate
theoretical free space path loss (FSPL) and multipath time delays.
Section 2.2 provides a background on channel sounding techniques and a survey
of mmWave channel sounders in the literature and describes traditional methods for
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channel sounding, and limitations, requirements, and common methods for mmWave
channel sounding. The novel mmWave channel sounder transmitter (TX) and receiver
(RX) architectures are presented in Section 2.4. The acquisition software methodology is explained in Section 2.4.3, while frequency synchronization, time synchronization, and absolute propagation delay calibration are detailed in Section 2.4.4. A free
space path loss (FSPL) test and multipath signal component calibration procedure for
verifying the channel sounder repeatability and accuracy and for measuring antenna
patterns are given in Section 2.5.

2.2

Channel Sounding Techniques

Wideband channel sounding is used to accurately measure a complex CIR of
the wireless channel between a TX and RX, and requires at least 5 to 10 times finer
temporal resolution (larger bandwidth) than the intended modulation symbols [179].
The magnitude-squared response of the CIR, called a PDP, is used to obtain an
accurate measure of MPC power decay and time-delay characteristics [81, 180]. The
PDP offers no phase information, but work has shown that the phase of each MPC
at a particular initial time and location can be considered to be drawn from an
independent, uniform distribution ranging from −π and π, and may then be assumed
to vary deterministically due to the advancement of time or geometry of travel of
a mobile device [81, 181–185]. Angles of departure (AODs) and angles of arrival
(AOAs) and their distributions in the azimuth and elevation planes are also important
parameters to measure and model for future 5G wireless systems that will employ
narrowbeam and adaptive beam antennas [167, 186].
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2.2.1

Methods for Channel Sounding

Four traditional methods of wideband channel sounding have been used historically in the mobile communications field and include: i) direct RF pulse systems; ii)
frequency-swept vector network analyzers (VNA); iii) spread spectrum real-time or
sliding correlators; and iv) frequency tone, Fast Fourier Transform (FFT)/orthogonal
frequency-division multiplexing (OFDM) based systems [81, 187–189]. A direct RF
pulse system is the simplest, as it repetitively transmits a short probing pulse in time,
with a period much longer than the maximum expected excess delay of the channel.
Envelope detection is performed at the RX and the signal is stored on a high-speed
digital oscilloscope. Such an approach suffers the 3 dB penalty of non-coherent detection and requires a high peak-to-average-power (PAPR) ratio. Coherent detection
of the in-phase (I) and quadrature (Q) components of a pulse is possible with a
wideband oscilloscope, although the RF pulse system design is limited by extreme
sensitivity to noise and interference due to the large PAPR penalty caused by the
single repetitive pulse [81,187,190,191]. A frequency averaging technique can be used
to improve signal-to-noise ratio (SNR) in relatively static indoor environments [185].
A VNA offers constant average power through frequency sweeping and measures
the S21 parameter of the wireless channel via discrete narrowband frequency tones
swept across the bandwidth of interest, followed by an Inverse Discrete Fourier Transform (IDFT) of the channel transfer function which results in a complex CIR [81,192–
195]. VNAs are limited by sweep times across a broad spectrum that can exceed the
channel coherence time, therefore, VNAs are typically used in static environments.
Additionally, the need for cable connections required for two-port network synchronization makes the VNA more suitable for indoor and short-range measurements.
Sliding correlator channel sounders exploit a constant envelope signal for maximum power efficiency and use a time-based spread spectrum approach by transmitting
a wideband pseudorandom noise (PN) sequence and correlating the received signal
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in analog circuitry with an identical PN code at the RX, but at a slightly offset rate
that allows the received signal to “slide” past the slower sequence [81, 196–199]. The
sliding correlation process despreads the received signal in time and results in a timedilated CIR that is narrowband filtered and digitized (no need for wideband baseband
hardware) [16, 81, 188, 200]. The sliding correlator can be used to measure MPC time
delays and received power in a wide range of scenarios and can even be used to
measure antenna patterns [188,200,201]. PN sequences (using either pulse shaping or
standard rectangular pulses) are advantageous because of their constant envelope and
autocorrelation processing gain properties that enhance coverage range at the expense
of a longer acquisition time interval. Sliding correlators require a more complex system design, additional hardware, and a longer acquisition period than direct RF pulse
sounders due to the time-dilation property, but can record several hundred PDPs per
second depending on the selected slide factor and sequence length, which is generally
much faster than a VNA. High-speed analog-to-digital converters (ADCs) can enable
coherent waveform acquisitions with software-based wideband cross-correlation PDPs
or CIRs for real-time spread spectrum correlation (direct-correlation) measurement
systems, that can record tens of thousands of PDPs per second [12, 16, 35, 70].
Frequency tone or OFDM based wideband channel sounders that rely on the
FFT, inverse-FFT (IFFT), and matched filter operations, require sampling bandwidths at or greater than the Nyquist rate of the transmitted signal. Frank and Chu
sequences are often used because of their flat (constant gain) frequency spectrum
and favorable autocorrelation properties [202]. The advantage of this method is the
computational efficiency obtained from radix-2 FFTs computed on FPGAs, however,
dynamic range is generally lower than that offered by PN codes, and such methods
are prone to errors due to Doppler shift caused by local oscillators, phase noise, and
poor MPC resolution [189, 203, 204]. OFDM/FFT-based channel sounders can typically acquire hundreds to thousands of CIRs well within the channel coherence time
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in order to analyze temporal variations in the channel. Additional details regarding
channel sounding techniques can be found in [81, 188, 200, 205].

2.3

Millimeter-Wave Channel Sounder Systems

Channel sounders used for cellular and Wi-Fi frequencies below 6 GHz often
employ single omnidirectional antennas at the TX and RX, which allow for acquiring
omnidirectional PDPs, but without spatial information. More sophisticated hardware, however, have been made possible through commercial off-the-shelf (COTS)
technologies at the lower UHF frequencies where multiple antennas are used at the
TX and RX in a multiple-input and multiple-output (MIMO) fashion with either fast
switches between the antenna elements, or with multiple RF-chains [206]. With fast
switches, multiple channel snapshots can be made within the channel coherence time,
which is the reciprocal of the maximum Doppler shift experienced due to motion of
the RX and/or channel [81]. MIMO-based systems consist of digital signal processing
(DSP) techniques where MPC spatial characteristics (AODs and AOAs) are extracted
during post-processing [8, 16].
Channel sounding at mmWave is different than at traditional cellular bands since
the directionality and attenuation of mmWave signals are much greater than at frequencies below 6 GHz [14, 16, 167, 207]. For example, carrier frequencies at 30 GHz
experience approximately 30 dB more attenuation in the first meter of propagation
compared to signals at 1 GHz. Therefore, mmWave channel sounders often employ
high-gain steerable horn antenna single-input single-output (SISO) architectures to
overcome the higher path loss in the first meter of propagation. SISO systems are
popular since MIMO systems are much more difficult to build due to the expensive components, difficult calibration, and sensitivity of the mmWave RF circuitry
required for measurements. While TX and RX horn antennas have the benefit of
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tightly-controlled angular resolution, they must be mechanically steered in the azimuth and elevation to acquire PDPs from all directions which allows time for the
channel to change during scanning, as it can take many seconds to minutes for a full
azimuth sweep at the RX for just one fixed TX antenna pointing angle and one RX
antenna elevation angle. Hence, when horn antennas are mechanically steered, time
and frequency synchronization is required so that PDPs recorded at different angles
can be aligned in time without internal clock drift, to ensure the true propagation delay of every measured MPC at every angle and at any location is recorded accurately.
Difficulties arise when propagation time is not recorded, as described in [208], where
excess delays at different angles must by synthesized through ray-tracing. A compromise of using horn antennas, however, is that small-scale and fast fading changes
in the channel are often not accounted for between different antenna pointing angle
PDP captures, and are often averaged out in a single antenna pointing angle PDP
capture.
VNA-based mmWave channel sounders are capable of synchronization (by cable
connection), but non-VNA sounders without a cable connection have difficulty in
synchronizing MPC delays from different angles at different measurement times or
locations. Therefore, two separate, high stability reference clocks are often used at
the TX and RX. Cesium (Cs) or Rubidium (Rb) standard clocks are typically used
due to their low phase noise, short and long-term stability, and holdover capabilities
that are magnitudes better than cheap crystal oscillators. Rb and Cs standards are
especially crucial for mmWave frequency measurements since phase noise increases by
20 log10 (N ) in dB when upconverting by a factor of N . For instance, N is 20 when a
5 GHz carrier is upconverted to 100 GHz (5 × 20 = 100), resulting in a 26 dB increase
in phase noise. While Cs standards typically have 10 times better frequency stability
and accuracy than Rb standards, they are costlier and not suitable for continual
transport. Thus, Rb standards are typically used for channel sounding as long as
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occasional re-synchronization is implemented. Often, the two separate Rb references
require back-to-back synchronization for a few hours of master-to-slave training before
separation, for true “time of flight” synchronization, a requirement for synthesizing
omnidirectional PDPs from single directional PDPs [83, 200]. A calibration method
for overcoming the synchronization and “time of flight” limitation without a cable for
mmWave channel sounding is presented in Section 2.4.4.
A listing of mmWave channel sounders developed by companies and universities with noteworthy features is provided in Tables 2.1–2.3. While four methods of
channel sounding were described above, three tables of channel sounders are presented here and are organized by type: i) time domain channel sounding, particularly
for sliding correlation; ii) VNA-based channel sounding; iii) OFDM/FFT/and other
channel sounding techniques. As noted earlier, VNA systems (Table 2.2) require a cable connection between the TX and RX, limiting their use to indoor and short-range
measurements. The TX and RX of many non-VNA mmWave channel sounders (Table 2.1 and 2.3) are not synchronized and only measure excess delays relative to the
strongest or first arriving MPC, rather than absolute or relative time delay. Many of
the listed channel sounders use omnidirectional antennas with low gain, or use COTS
equipment. COTS channel sounders typically have synchronization through an existing LTE frame structure and baseband that is modulated to a mmWave carrier
frequency, but for smaller bandwidths such as 100 MHz, although carrier aggregation (CA) can increase the bandwidth [162]. An exception to non-VNA sounders is
the custom-built National Institute of Standards and Technology (NIST) mmWave
channel sounder that has 16 low-noise amplifiers (LNAs) and a fast electronic switch
multiplexer with 35 ns switching speed, which is highly complex, expensive, and often
not practical for a majority of academic institutions [209, 210]. A channel sounder
with accurate time of flight was described in [211] that operates at 5.7 GHz with 1
GHz of RF bandwidth which includes a synchronization algorithm using an Rb refer-
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ence at the TX and RX, and records time of flight measurements and omnidirectional
PDPs in under a second with omnidirectional TX and RX antennas. With the much
greater path loss in the first meter at mmWave frequencies, omnidirectional antennas
often do not provide enough measurement link margin such that mechanical scanning
directional horn antennas are often used at mmWave bands [16, 81]. Other mmWave
channel sounders and their architectures are described in detail in [19, 209, 212–214].

2.4

Novel Channel Sounder Architecture

There are many trade-offs to be made when designing a low-cost, yet powerful
channel sounder that supports legacy, current, and future measurement capabilities.
Considerations must be given to provide sampling rates that exceed the time coherence for Doppler measurements, the frequency of operation, and the ability to
increase the bandwidth for greater time resolution. The channel sounder presented
here was developed with three goals in mind: 1) to be able to transmit over 1 GHz of
RF bandwidth with a 2 ns temporal resolution and for precise measurement of AODs
and AOAs to angularly resolve paths and clusters in space (typically less than 20°); 2)
to record absolute propagation delay (true time-of-flight) PDPs over long-distances,
and 3) to capture small-scale temporal channel dynamics greater than the Doppler
rate of the channel. Due to hardware limitations, two different receiver architectures
were created within the same channel sounder in order to measure: a) long-range
(hundreds of meters) distances with angular/delay spreads for large-scale path loss
and AOD/AOA modeling [168, 169], and b) short-range (∼10 meters) dynamic channels for Doppler and rapidly fading human blockage scenarios [115].
Using commercial RF front-end up- and down-converters, the channel sounder
exploits programmable FPGAs, and uses agile IF and local oscillator (LO) frequencies
in a superheterodyne architecture, for interchangeable carrier frequencies [12,35,259].
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Table 2.1: Time domain channel sounders above 3 GHz, with carrier frequencies,
synchronization method, and features.
Time Domain Channel Sounders
References

Company
/ School

Sounder Type

Carrier
Frequencies

Synchronization

Measurement Features

[16, 168,
169, 172]

NYU-1

Sliding correlation

28, 38, 60,
and 73 GHz

TX/RX share common
10 MHz or synchronize
separate
Rb
references
via
the
method described in
Section 2.4.4.

1 GHz RF bandwidth;
TX/RX narrowbeam horn
antennas for up to 185 dB
of measurable path loss;
Directional PDPs synchronized.

[22, 214,
215]

UT Austin

Sliding correlation

38 and
GHz

800 MHz RF BW at 38
GHz and 1.5 GHz RF BW
at 60 GHz with TX and RX
horn antennas.

[216]

Virginia
Tech-1

Sliding correlation

2.5 and 60
GHz

Free-running
highstability
oscillators
after frequency tuning
at start of measurements.
Oscillator
frequency
synchronization
via
GPS at TX and RX.

[191]

Virginia
Tech-2

RF pulse system

1.3 and
GHz

ESTG

Sliding correlation

18.7 and 60
GHz

Cable connected with
splitter using SRS
PRS10 Rb clocks.

Samsung

Sliding correlation:
M-sequence.

28 GHz

Cable
MHz

ETRI

Sliding correlation

28 GHz

SRS Rb clocks: PRS10
and FS725.

BUPT-1

Sliding correlation

14 and
GHz

[217, 218]

[219]

[220, 221]

[222]

60

4

28

Not specified.

connected

10

Not specified.

Northwestern Correlation based
PolytechPN sequence
nical Univ.
(China)

2.6 GHz

Two Rb clocks synchronized for signal
generation,
capture,
and antenna switching.

[224]

University
of Vigo

Swept time delay
cross-correlation
(STDCC).

60.48 GHz

[225, 226]

Ilmenau-01

M-Sequence radar
chips

24 to 66, and
70 GHz

TX and RX have separate Rb clocks (SRS
PRS10s not synchronized).
GPS receivers, 10 MHz
RF-over-fiber, or 10
MHz reference wire.

[165, 227]

NTT DOCOMO

Continuous Wave
(CW)
**Note:
Narrowband
Method**

0.8, 2.2, 4.7,
8.45, 26, and
37 GHz

[71, 223]

Not specified.

800 MHz RF BW with directional TX and RX antennas at 60 GHz and omnidirectional TX and RX
antennas at 2.5 GHz.
4 ns pulse width and 1
meter of spatial resolution.
Linear and circularly polarized antennas used at
both frequencies.
1 GHz chip rate; 2 GHz
RF BW. Time reference
PDPs to the max correlation peak, not absolute.
250 Mcps sequence (500
MHz BW) with directional
TX and RX horn antennas.
Horn antennas; 500 MHz
of RF bandwidth; synchronize TX and RX before
measurements and then
free-run. No absolute time
delay.
TX horn antenna, and
horn and omnidirectional
dipole RX antenna, with
PN code of length 65535 at
125 Mcps.
1023 length PN sequence
with a 62.5 MHz BW and
two modified Rb units. TX
and RX consist of a 4x4
square array of patch antennas.
500 MHz BW with horn
antennas.
213 -1 length
pseudorandom binary sequence (PRBS).
TX horizontal (H)/vertical
(V)
antenna
(circular
horns) switched system.
RX (V and H). 200
CIRs/second and 3.5 GHz
instantaneous BW.
TX and RX sleeve antennas.
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Table 2.2: VNA-based channel sounders above 3 GHz, with carrier frequencies, synchronization method, and features.
VNA-Based Channel Sounders
References

Company
/ School

Sounder Type

Carrier
Frequencies

Synchronization

Measurement Features

[66, 192]

Aalto University

VNA

15, 28, 60,
61-65,
and
69-74 GHz

TX and RX horn antennas
or biconical RX antenna.
Up to 5 GHz bandwidths.

[97]

Key Laboratory
(China) /
BUPT
School of
Edinburgh

VNA

28 GHz

E/O to O/E (optical
fiber) from VNA (RF
to fiber).
None/VNA based.

VNA

28 GHz

None/VNA based.

VNA

45 GHz

Cable connected 10
MHz reference/VNA
based.

[231]

State Key
Labs
of
mmWave
(China)
Orange

1 GHz BW using horn antennas. Only short distances.
Horn antennas. BW not
specified. Short distances
within 10 m.

VNA

2.5 to 12.5
GHz

Cable connected/VNA
based.

[232]

Valencia

VNA

3.1-10.1 GHz

Cable connected/VNA
based.

[233]

IEMNDHS,
ENIC
BUPT-2

VNA

57 to 59 GHz

None/VNA based.

VNA

6.25 GHz

None/VNA
(shared LO).

Universidad
Politecnica
de Cartagena

VNA

75 to
GHz

Ericsson

VNA and LTE
OFDM XCVR

2, 5.25, 15,
28.4, and 60
GHz.

RF to optical/LTE
downlink synchronization.

[238]

University
of
Quebec/CRC

Similar to VNA

60.1 GHz

[239]

AT&T

Programmable
Network Analyzer
(PNA)

5.7-5.75 GHz

TX/RX use common
24 GHz source over optical fiber and use and
a single Rb reference
for all signal sources.
PNA/RF-to-fiber
(1500 feet).

[228]
[229, 230]

[234]

[235]

[74, 162,
164, 236,
237]

110

based

None/VNA based.

1 GHz BW and horn antennas. 60 m max measurable
distance.

BW windows of 500 MHz.
5-element virtual circular
array antennas at TX and
RX.
7.5 GHz BW with biconical omni TX/RX antennas
with a virtual array positioning system.
1 mm to 50 cm distances,
with 1 ns resolution.
MIMO: 4 TX / 4 RX dipole
antennas. 500 MHz of BW
with 201 discrete frequency
bins.
TX/RX horn antennas
with 2048 discrete frequency bins between 73.8
and 112 GHz.
Carrier aggregation with
100 MHz BW for up to
200 MHz or 400 MHz BW.
VNA uses patch antennas
as virtual array.
1 GHz BW with opticallens antennas. IFFT of
frequency domain response
to obtain time domain response.
MIMO: Two directional
widebeam TX antennas
and two omni RX antennas. 50 MHz of BW using
401 discrete CW tones.
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Table 2.3: OFDM/FFT/Other: channel sounders, with carrier frequencies, synchronization, and features.
OFDM/FFT/Other Channel Sounders
References

Company
/ School

Sounder Type

Carrier Frequencies

Synchronization

Measurement Features

[189, 240,
241]

Fraunhofer
HHI-1

10 and 60.4
GHz

Rb clock at both sides, no
mention of cable connection.

250 MHz BW, 800 µs snapshot interval. Other measurements average 64
periods with a snapshot every 667.65
µs. Omni antennas used.

[211]

Fraunhofer
HHI-2

FPGA based periodic
correlation
sequences (OFDM
based on Frank/Chu
sequences)
PN sequence wideband circular correlation via DFT

5.7 GHz

1 GHz bandwidth with 2x2 MIMO
using omnidirectional antennas used
for V2V measurements.

[242]

Notre Dame

OFDM I/Q symbols

2.402-2.483
GHz

Rb clocks at both sides
with synchronization algorithm for true time of
flight with 10 ns accuracy
over a 2 hour period.
LO connected via RFover-fiber.

[204, 243–
245]

Tokyo Tech

OFDM
wideband
multi-tone

11 GHz

Cesium frequency reference or cable connected.

Beijing
Jiaotong
University

LTE OFDM FDD

400 MHz to 4
GHz

LTE based frequency synchronization.

[209, 210]

NIST

IF digitization /
wideband
correlation

28, 60, and 83
GHz

Rb reference at TX and
RX.

[212, 247]

Keysight

Wideband
tion

SRS Rb clock, cable connected, or multiple RX elements.

NYU-2

Real-time
spread
spectrum / wideband correlation

1-44
GHz
(stock).
Or
higher
with
add-ons.
28, 38, 60,
and 73 GHz

400 MHz BW and 24x24 MIMO
uniform circular array antenna with
omni sleeve antennas.
Tested over existing infrastructure
for BWs ranging from 1.4 MHz to 20
MHz with directional antennas at the
base station and directional and biconical antennas at the RX.
SRS - FS725. Indoors with 1PPS
training and disconnect. 2 GHz BW
spread spectrum with horn antennas.
Electronic switch.
Transmit bandwidth (BW) up to 6
GHz. Measures up to 1 GHz BW or
higher with a separate high speed oscilloscope.
1 GHz RF bandwidth; TX/RX narrowbeam horn antennas with 40 dB
of instantaneous dynamic range.

Qualcomm

Wideband correlation
Wideband correlation and VNA with
PRBS
MIMO with vector
signal
generator
at TX and FFT
matched filter at the
RX.

2.9, 29, and
60 GHz
3–11 GHz

MIMO vector radio channel sounder
(FFT based).
Frequencymodulated
continuous-wave
(FMCW)
signal
chirp
Multi-tone
frequency transmission

5.2 GHz

81 to 86 GHz

[246]

[115]

[99, 248]
[249]
[250, 251]

[203]

Brno University
of
Technology
University
of Pretoria
/ BYU

Ilmenau-02

correla-

2.4, 5.2, and
up to 8 GHz

[252, 253]

BYU-1

[253]

BYU-2

[254]

CSIRO
ICT Centre
(Australia)

Fully
transceiver
tem.

NTR

Chirp correlation on
DSP via FFT

59 GHz

Not specified.

[257]

University
College
London
(UCL)

M-sequence
with
FFT matched filter

5.5 GHz

[258]

University
of Southern
California
(USC)

Multi-tone arbitrary
waveform

5 GHz

LO frequency drift was
relatively slow and insignificant and deemed irrelevant across single measurement captures.
10 MHz cable connected.

[213]

Durham
University

FMCW

60 GHz

[255, 256]

digital
sys-

24 GHz

TX/RX share common 10
MHz or synchronize separate Rb references via the
method described in Section 2.4.4.
None - free-running both
sides.
TX/RX use common 10
MHz from PRBS generator and gating signal.
Separate 10 MHz RubiSource Rb clock standards; synchronized before measurements with
a custom synchronization
unit.
Rb clock at TX/RX with
special initial sync prior to
measurements.
Optical fiber trigger, but
two separate Rb clocks.
Also cable connected.

2 to 8 GHz

Two separate Rb clocks.
Another setup with cable
connected
synchronization.
Low phase noise LOs and
digital frequency correction.

Rb clock and synchronization with external trigger signal, or free-running.
True time of flight not
mentioned.

100 Mcps 8192 length FFT. Cyclic
prefix of 1000 chips. MIMO with direct RF sampling at 10 GS/s with
linear-phase FIR filter.

Directional and omni TX and RX antennas.
12.5 GHz chip rate with offline FFT
matched filtering.
MIMO with 80 MHz of BW. 8 TX /
8 RX multiplexer switched system.

MIMO switching with 3 TX / 4 RX
antennas. Additional 8x8 URA array.
500 MHz BW with Rb on both sides
and a MIMO setup. Vertically polarized slot TX/RX slot antennas. Offline processing.
100 MHz BW with Rb on both sides.
FFT based post-processing.
625 MHz baseband symbol rate using
8-PSK modulation over 2.5 GHz RF
BW with conical horn antennas, with
distances up to 250 m. Circular and
linear polarized antennas (omni and
1, 4, 8, 16 patch arrays).
200 MHz signal BW with FFT correlation, using directional and omni
antennas.
BPSK with 19.668 MHz chip rate
with narrowbeam TX and RX antennas and also an omni RX antenna.
Frequency domain matched filtering
via FFT.
5 GHz bandwidth with 1024 or 512
discrete frequency tones.
MIMO
with TX/RX switched monopole antenna arrays. DFT based offline processing.
6 GHz bandwidth with 2x2 MIMO
with up to 610 Hz of Doppler for
SISO or 305 Hz for MIMO.
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The new channel sounder system for sliding correlation and real-time spread spectrum
exploits the same TX baseband-to-RF and RX RF-to-baseband architectures, but
with different baseband processing techniques. The common portions of the channel
sounder’s TX and RX architecture for both measurement modes are now described.

2.4.1

TX Architecture

The TX baseband was built with National Instruments (NI) hardware and programmed with LabVIEW and LabVIEW-FPGA. A PXIe-1085 chassis on a TX cart
houses the NI PXI modules and the PXIe-8135 Host Controller (CPU). A Stanford
Research Systems (SRS) FS725 Rb standard reference with a 10 MHz output is connected to the chassis front panel for backplane distribution and to all time/frequency
components of the TX system. A PXIe-6674T generates a 125 MHz clock that is
distributed across the chassis backplane for FPGA clocks and the digital-to-analog
converter (DAC) FPGA adapter module (FAM) as displayed in the TX block diagram
in Fig. 2.1.

2.4.1.1

Baseband Waveform

A PN sequence of 2047 chips in length is generated in an NI PXIe-7966R FPGA
module and output via an Active Technologies (AT)-1120 FAM DAC. The FPGA
and DAC are programmed to generate sequences with chip rates from 125 to 500
megachips-per-second (Mcps) with a maximum chip peak-to-peak voltage (Vpp) of
2.2 volts. The variable rate PN sequence is generated by an 11-bit linear feedback shift
register (LFSR) that uses a leap-forward (LF) digital logic architecture. The LFSR
begins with a value of “1” in all states with the 11th and 9th taps exclusive-or’d and
fed back to the first tap as shown in Fig. 2.2. The specific generator polynomial used
here was chosen for backwards compatibility with an analog PN sequence generator
from a legacy system [12, 214, 259]. A LF LFSR is used for generating high rate PN

Figure 2.1: Channel sounder transmitter system block diagram with interchangeable upconverter and standardized low-loss IF
and LO cables [12, 171, 259].
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codes since the FPGA and FAM DAC run at a fixed clock rate of 125 MHz, with 16
time-interleaved samples generated in each single-cycle timed loop (SCTL), resulting
in a (125 MHz x 16) 2 Gigasamples-per-second (GS/s) sample rate. The interleaved
serializer/deserializer (SerDes) architecture is typical of high-speed DACs. For the
lowest chip rate of 125 Mcps, the LFSR outputs a new chip every cycle where each
chip is represented by 16 samples with a 0.5 ns interval between samples (16 time
interleaved samples in one clock cycle of 125 MHz) as displayed in Fig. 2.3. When
the LFSR is shifted by one bit every clock cycle, the equation for the bit of the next
state q next in each register in matrix notation is:
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Figure 2.2: 11-bit linear feedback shift register (LFSR) with 11th and 9th taps
exclusive-or’d and fed back to the first tap, initialized with all ones.
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q1

q2

q3

q4

q5

q6

q7

q8

q9

q10
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chan0_data_out2
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chan0_data_out16

125 MHz FPGA clock

Figure 2.3: 11-bit linear feedback shift register (LFSR) with 11th and 9th taps
exclusive-or’d and fed back to the first tap with 16 samples per chip in a 125 MHz
FPGA clock cycle to generate a 125 Mcps sequence.
with modulus-2 operated on the result, where A is known as the transition matrix:
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such that q1 next = q9 ⊕ q11
In order to generate a 500 Mcps PN sequence, the DAC requires 4 chips and 4
samples per chip in each SCTL, with four new chips required in each ensuing cycle.
Therefore, the last 4 taps/bits of the LFSR are output via the DAC in each SCTL
with 4 samples per chip as shown in Fig. 2.4. Therefore, the LFSR must increment
by 4 states in each SCTL to correctly output the next 4 bits/chips. The jumping of 4
states is done by raising the A matrix to the “fourth” power with modulus-2 in order
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Figure 2.4: 11-bit linear feedback shift register (LFSR) with transition matrix A4 and
the last 4 taps/bits output with 4 samples each to generate a 500 Mcps PN sequence
with a 125 MHz fixed FPGA clock.
to determine the transition matrix A4 that “leaps-forward” the LFSR by four states:
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The LF LFSR allows the PN generator to “leap-forward” several states between
consecutive loops to generate the correct sequence output for various chip rates. The
LF LFSR architecture is configurable for various codes and lengths, and is an attractive option for extremely long PN codes when memory resources are limited. The
DAC FPGA is programmed to output a trigger at the start time of the PN sequence
for synchronization between the TX and RX. Fig. 2.5 shows an image of the start of
the PN sequence (11 “1’s”) with the trigger aligned to the start of the code, and can
be flexibly shifted around in 8 ns increments (FPGA clock period of

1
125 MHz

= 8 ns)
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Figure 2.5: 500 Mcps PN code (length 211 − 1 = 2047; starts with 11 ones) and digital
trigger (8 nanosecond width) at beginning of sequence.
to account for cable and/or system delays. Fig. 2.8 displays the LabVIEW graphical
user interface (GUI) front-panel for the PN sequence generation with various chip
rate options.

2.4.1.2

TX Superheterodyne

The PN code is modulated with an IF between 4-8 GHz that is generated via
an NI FSW-0010 QuickSyn frequency synthesizer (FS). The 1 GHz wide null-to-null
bandwidth signal at IF then enters an RF upconverter (additional information provided in [12,35,172,259]). The LO (+10 dBm) supplied to the upconverter is between
22 and 23 GHz and is generated via an NI FSW-0020 QuickSyn FS with a custom
built-on amplifier and frequency doubler. Note that the 73 GHz RF upconverter
frequency triples the LO input to reach E-band [172, 259].

2.4.1.3

TX Antenna Control

The upconverter front-ends have waveguide flange outputs where horn antennas
are mounted. The upconverter is then mounted to a FLIR Pan-Tilt D100 gimbal
that allows for sub-degree rotation of the TX antenna AOD and AOA angles with
fine-precision through a LabVIEW GUI (see Fig. 2.9) and with a Sony Play Station 3
(PS3) remote controller (See Fig. 2.7). Fig. 2.6 shows the interchangeable upconverter
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Figure 2.6: RF upconverter mounted on a gimbal and atop a 4 meter mast, with a
directional horn antenna.

Figure 2.7: Channel sounder acquisition and antenna positioning controller.
(with a horn antenna) and gimbal attached to a pneumatic mast that can be elevated
to 4 meters (m) to simulate lamppost base station heights typical of urban-microcells
(UMi).
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Figure 2.8: LabVIEW GUI front-panel for the TX PN sequence generation.
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Figure 2.9: LabVIEW GUI front-panel for the TX gimbal/antenna control.
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2.4.2

RX Architecture

2.4.2.1

RX Superheterodyne

The RX downconverters also have waveguide flange inputs with horn antennas
attached to receive the incoming signal. A second FS725 Rb standard reference provides a stable 10 MHz clock to all time/frequency components in the RX system.
The RF downconverter is fed an LO (+10 dBm) between 22 and 23 GHz with an
identical QuickSyn FS as at the TX, to demodulate the RF signal to IF as specified
in [12, 259]. The IF spread-spectrum signal between 4 and 8 GHz exits the downconverter and enters a manual step attenuator (0-110 dB) for gain control, followed by
a 4-8 GHz bandpass filter after-which the signal is then amplified by an LNA and
then demodulated with an IQ demodulation mixer (IF between 4 and 8 GHz via an
FSW-0010 QuickSyn FS) into its I and Q baseband components that are low pass
filtered (slightly above the TX chip rate, to remove aliasing).
The two separate RX baseband processing modes are configured after the IQ
alias filters. Figs. 2.10 and 2.11 show the RX RF components and the sliding correlator and real-time spread spectrum RX baseband architectures, respectively, and are
subsequently described.

2.4.2.2

RX Sliding Correlator Mode

The sliding correlator mode in Fig. 2.10 is configurable for various chip rates, but
is described here for a 500 Mcps code. An identical PN generator is used at the RX
to generate a slightly slower RX chip rate of 499.9375 Mcps by slightly modifying the
FPGA and DAC clock (default external clock is 2 GHz for 2 GS/s). An additional NI
FSW-0010 Quicksyn FS at the RX generates a 1999.75 MHz clock which results in:
1999.75 Mega-samples
second

chip
× 4 1samples
= 499.9375 Mcps, when 4 samples per chip are generated.

The sliding correlation process of mixing the received wideband signal and a

Figure 2.10: Channel sounder receiver sliding correlator block diagram with interchangeable downconverter and standard lowloss IF and LO cables [171].
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Figure 2.11: Channel sounder receiver real-time spread spectrum (direct-correlation) block diagram with interchangeable downconverter and standard low-loss IF and LO cables [171].
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local copy at the RX results in the I and Q signal bandwidths to collapse to 62.5
kHz: 500 MHz − 499.9375 MHz = 62.5 kHz, and the signals are subsequently low
pass filtered with a cutoff frequency of 100 kHz and are simultaneously sampled with
a PXI-5142 high-speed oscilloscope. The PXI-5142 receives a digital trigger via the
chassis backplane from a PXIe-7966R FPGA, that is periodic with the time-dilated
CIR, and is adjustable to manually shift the resulting PDP to have a desired time
delay. The period of the time-dilated PDP is:
2047 ×

2047
1
=
= 32.752 ms
500 MHz − 499.9375 MHz
62.5 kHz

(2.1)

which is a time-dilation (slide) factor of 8 000 (39 dB processing gain) [81].
2.4.2.3

RX Real-Time Spread Spectrum Mode

The real-time spread spectrum mode, commonly referred to as wideband correlation or direct-correlation, reduces hardware complexity but involves additional
FPGA programming. The diagram in Fig. 2.11 shows the RX architecture without
the need for a local PN copy. The raw I and Q waveforms are each sampled simultaneously at 1.5 GS/s on independent channels via an 8-bit NI-5771R high-speed ADC
connected to a PXIe-7966R FPGA, where sampled data are stored in direct random
access memory (DRAM) and are then transferred via a direct memory access (DMA)
first in, first out (FIFO) to the embedded controller for processing. The NI-5771R
FAM clock and FPGA run at 187.5 MHz, capturing 8 interleaved samples on each
channel per SCTL which results in the 1.5 GS/s sampling rate.
2.4.2.4

RX Antenna Control

The RX gimbal with the downconverter secured on top of it is mounted to either
a 14-inch length linear track for small-scale spatial measurements, a tripod, or a
pneumatic mast. The gimbal at the RX is controlled via a PS3 game controller for
accurate positioning of the RX antenna AOD and AOA angles. The PS3 controller
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is also used for acquiring PDPs, translating the RX antenna on a linear track, and
adjusting the oscilloscope vertical scale (see Fig. [172]). The TX antenna can be
controlled from the RX cart via an ad hoc WiFi link programmed in LabVIEW.

2.4.3

Acquisition Software

Acquisition software GUIs were programmed in LabVIEW for both channel
sounder modes in order to view live PDPs, to record PDPs, for power calibration,
for automated track and azimuth sweep measurements, and for absolute time delay
calibration. The sliding correlator and real-time mode baseband software are subsequently explained.

2.4.3.1

Sliding Correlator Software

Twenty consecutive periods of the I and Q correlated voltages are stored in
memory and are then squared and summed in software (I 2 + Q2 ) and averaged (in
√
linear) to improve the SNR by approximately 10 log10 ( 20) = 6.5 dB [260]. After
averaging, the PDP is saved and logged. The acquisition time (for a 500 Mcps rate)
for 20 averages is 655.04 ms, or 32.752 ms per individual PDP, for a maximum Doppler
shift measurement of ± 15.26 Hz. It is worth noting that the 73 GHz sliding correlator
system can measure a maximum path loss of 185 dB when operating with a maximum
TX RF output power of 14.9 dBm, while using 27 dBi TX and RX horn antennas,
and with a 5 dB SNR noise floor threshold [172]. Fig. 2.12 displays the LabVIEW
front-panel GUI of the sliding correlator acquisition software.

2.4.3.2

Real-Time Spread Spectrum Software

An FFT is performed on the raw I and Q baseband channel samples acquired
via the real-time spread spectrum mode, and are match-filtered with the frequency
response of the transmitted waveform (pure sequence with no pre-distortion) in soft-

Figure 2.12: LabVIEW front-panel GUI of the sliding correlator acquisition software.
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Figure 2.13: Top plot - PDP in an indoor environment using sliding correlation; Bottom plot - PDP in the same environment with real-time spread spectrum correlation.
ware [210]. An IFFT is then performed on the filtered response where the correlated
I and Q components are squared and summed together (I 2 + Q2 ) to form a PDP. The
FFT method is possible due to signal periodicity, and allows for a custom matched
filter to remove any pre-distortions induced on the transmitted waveform (although
not applied here). The real-time correlation process can be represented by the convolution theorem:

y(t) = h(t) ∗ x(t) ←→ Y (f ) = H(f ) · X(f )

(2.2)

where y(t) is the complex received signal, h(t) is the complex CIR, x(t) is the transmitted signal, Y (f ) is the complex frequency response of the received signal, H(f ) is
the complex channel frequency response, and X(f ) is the frequency response of the

76
transmitted signal. Subsequently, the complex CIR is determined by:


FFT[y(t)]
h(t) = IFFT
FFT[x(t)]


(2.3)

where the PDP is the squared-magnitude of the CIR: |h(t)|2 .
The software is flexible to average up to 1000 periods for 15 dB of SNR improvement [260]. Otherwise, for dynamic channel measurements, a continuous (nonaveraged) real-time acquisition can record up to 41,000 periodic PDPs using two 256
MB DRAM banks. The minimum PDP snapshot interval is 32.753 µs which corresponds to a maximum measurable Doppler shift of ± 12 ×

1
32.753 µs

= ±15.26 kHz,

over a 1.3 second window. More conservative frequency intervals, 2 kHz for example,
can be recorded over a 20 second window. The 8-bit NI-5771R digitizer limits the
short-range dynamic measurements to 48 dB of instantaneous dynamic range with
maximum headroom. However, a manual attenuator is adjusted such that the maximum attenuation is thresholded to 40 dB. Fig. 2.13 shows examples of PDPs (500
Mcps code) recorded at 73 GHz in an indoor multipath environment with the sliding
correlator and real-time spread spectrum modes, and match well. Fig. 2.14 displays
the LabVIEW front-panel GUI of the real-time spread spectrum acquisition software.

2.4.4

Frequency Synchronization and Drift Calibration

Since many measurements were conducted in the urban canyons of New York
City, GPS receivers were unreliable, necessitating the use of Rb standard references
and the absolute propagation delay calibration method described here. Time and
frequency synchronization and drift calibration between TX and RX systems is important for a mmWave channel sounder for both short-term PDP acquisition and
averaging, and long-term drift compensation. Sliding correlators traditionally trigger
PDP acquisitions off the rising edge of a correlated I or Q channel voltage, which

Figure 2.14: LabVIEW front-panel GUI of the real-time spread spectrum acquisition software.
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ensures that consecutive PDPs that are averaged, are aligned in time in a static environment. However, PDP acquisitions at adjacent antenna pointing directions are
not synchronous. In order to combine directional PDPs that are aligned in time, a
time-based PDP trigger between the TX and RX is needed, by using the triggering
scheme specified in Section 2.4.2.
For indoor measurements, Algorithm 1 relies on a continuous cable connection
for sharing a common 10 MHz reference generated from one Rb standard reference,
for excellent frequency and time synchronization between the TX and RX, as specified
in Step 1. Over a time duration of 6 hours, the PDP LOS MPC peak drifts in time
by no more than 1 ns (less than a chip width), which is calibrated out via Step 6.
The small shift in absolute time is due to inherent oscillator thermal drift, random
oscillator fluctuations and perturbations, and minimal phase noise.
Algorithm 1: Cable-Connected Calibration and Drift Tracking
1

2

3
4
5

6

Share a common 10 MHz Rb standard reference for all TX and RX time/frequency
components
Setup TX and RX at known distance and adjust trigger so that the PDP LOS MPC peak is
at the correct time delay for the distance*
Record current time delay of PDP LOS MPC peak
Separate TX and RX (keep cable-connected); start measurements
When measurements are complete, bring TX and RX back together at the same known
distance as in Step 2, and repeat Step 3
Determine linear fit between time delay of Step 2 and Step 5 to apply a circular shift to
measured PDPs in post-processing

Algorithm 2: Tetherless Calibration and Drift Tracking
1

2

3
4

5

6
7

Using two separate Rb standard references, connect the TX Rb 1PPS output to the RX Rb
1PPS input (master-to-slave training) for ∼1 hour for reliable synchronization
After 1 hour of the RX Rb indicating 1PPS lock, the 1PPS cable is disconnected and the two
Rb oscillators begin to “free run” and slowly drift apart
Perform Steps 2 to 3 from Algorithm 1
Separate the TX and RX and record a reference PDP at a fixed TX-RX antenna pointing
angle combination that yields a strong MPC (reference PDP for all measurements)
Perform measurements and record repeated reference PDPs from Step 4, every 20 to 30
minutes for drift tracking
Perform Step 5 from Algorithm 1
In post-processing determine a linear or polynomial fit to the reference PDP strong MPC
drift data in order to apply a circular shift to measured PDPs in post-processing

Relative Drift from t = 0 (ns)
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FS725 Test: Relative PDP drift (ns) vs. Time (hours)
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Figure 2.15: Example of relative PDP LOS MPC peak drift after training the RX Rb
1PPS from the TX 1PPS and then disconnecting. The drift is relatively linear from
0 to 3 hours, with a standard deviation or root mean square error of 1.9 ns from time
0 to 2 hours.
For measurements where the TX and RX cannot be cable-connected, Algorithm 2
is used to “cut the cord” between the TX and RX measurement carts. Here, two separate Rb standard references are used at the TX and RX carts, where the TX Rb
1 pulse-per-second (1PPS) output is initially connected to the RX Rb 1PPS input
before the TX and RX carts are separated. The initial connection allows the RX Rb
standard reference to train its 1PPS signal from the TX 1PPS such that the 10 MHz
sources generated from the 1PPS signals at the TX and RX are time and frequency
synchronized. After an hour or more of connection (master-to-slave training), the
cable is disconnected and the TX and RX measurement carts are separated. A universal power supply (UPS) unit is used at the TX and RX carts for constant power
to maintain time and frequency synchronization during transport (up to 30 minutes
of battery power). The TX and RX carts have pneumatic tires to absorb shock and
vibrations during transport, and while abrupt clock changes can occur, relative delay
can still be recovered during post-processing. The drift for tetherless measurements is
relatively linear [211] over short time windows of 30 minutes to 1 hour after removing
* theoretical time of flight between a TX and RX is based on the speed of light and is approximately

≈1 ns per foot
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the 1PPS connection between the Rb standard references at the TX and RX carts,
for which both Rb oscillators separately free-run in a holdover mode, as shown in
Fig. 2.15. The root-mean-square error (RMSE) is 1.9 ns about the mean (linear) line
of the PDP drift over a two hour duration as shown in Fig. 2.15, with a total drift of 7
ns from the initial position after 2 hours of disconnection. Step 5 from Algorithm 2
ensures that the drift is accurately tracked for measurements longer than 2 hours
where short-term drift remains linear (within a chip width), but when long-term drift
is non-linear. Detailed steps for recovering true time delay and relative time delay
are described in [261].

2.5

Novel Channel Sounder System Verification

Two procedures were used to verify the accuracy of the channel sounder at a
center frequency of 73.5 GHz and are recommended for validation of proper operation
and accuracy [16,188,200,201]. First, calibration in LOS free space was used to verify
linear power measurements of the channel sounder using Friis’ FSPL equation [15]:

FSPL = 20 log10

4πd
λ


(2.4)

where λ is the carrier wavelength in meters and d is the T-R separation distance in
meters. The received power was measured in an open laboratory for T-R separation
distances of 1, 2, 3, 4, and 5 meters, with boresight-aligned 20 dBi, 15◦ half-power
beamwidth (HPBW) horn antennas at both the TX and RX. Later, narrowband
continuous wave (CW) measurements were conducted for T-R separation distances
of 2, 3, and 4 m in the same open laboratory, and also at 33 m from a rural outdoor
measurement campaign [104]. Fig. 2.16 shows both the wideband and narrowband
A

channel sounder in [253] had a drift of 50-100 ns/hour, while the channel sounder in [211] had
a 10 ns accuracy over a 2 hour operation time.
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Free Space Path Loss Test at 73.5 GHz
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Figure 2.16: Channel sounder FSPL verification at 73.5 GHz for narrowband (NB)
and wideband (WB) measurements with a fit to a 1 m CI path loss model based on
Friis’ formula [15, 16, 78, 104, 188].
measurements as a function of distance, and demonstrates that measured path losses
are virtually identical to FSPL. Fig. 2.16 also demonstrates the usefulness of a 1 m
close-in free space reference distance (CI) path loss model for either CW or wideband
measurements, as the results show the best fit path loss exponent (PLE) has a value
of 1.99 [16, 78, 262]. The PLE of 1.99 is virtually identical to Friis’ free space PLE of
2.0. We note the very tight standard deviation of 0.2 dB for both the wideband and
narrowband calibrations, indicating the 1 m CI path loss model offers an excellent fit
to the measured data.
The second procedure was conducted in an open lab to verify the accuracy of resolvable MPC time delays, similar to that performed in [188,200,201]. The wideband
sliding correlator channel sounder was programmed to operate with a 500 Mcps (2 ns
chip width) PN code with length 2047 chips, centered at 73.5 GHz for an RF null-tonull bandwidth of 1 GHz. Fig. 2.17 shows an example of a point-to-point PDP in an
indoor open lab with TX and RX antennas (20 dBi; 15◦ HPBW) boresight-aligned,
where the LOS MPC pulse side lobes and system artifacts are well below the -20 dB
threshold from the maximum MPC signal.
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Figure 2.17: Measured LOS PDP in an indoor open lab with boresight-aligned TX
and RX antennas, showing LOS MPC pulse side lobe levels and system artifacts well
below the -20 dB threshold from the max peak and a +5 dB average noise floor
threshold.
Fig. 2.17 motivates discussion of a suitable noise floor threshold for detecting
MPCs with a channel sounder. The choice of a threshold is subjective, but can
affect measurement results and analysis. As described in [16], developing a standard
noise threshold approach in the research community can help to provide true channel
comparisons using different channel sounders. In [16], a 5 dB SNR threshold above the
mean thermal noise floor of a raw PDP was proposed and implemented by calculating
the noise floor as the average of all recorded samples with excess delays of more than
one thousand ns beyond the strongest MPC where no MPC energy exists [16]. The
+5 dB noise floor threshold was determined for the PDP in Fig. 2.17 by calculating
the mean noise floor of the tail end (not shown) of the PDP. In large display dynamic
range systems with strong signal conditions, however, there may be situations such
as in Fig. 2.17 where it is also necessary to employ a threshold below the strongest
MPC so as to remove pulse side lobes and system artifacts. In such cases, a double
threshold that simultaneously applies both an SNR noise floor threshold as in [16]
and a threshold setting below the maximum MPC signal may be needed, similar to
what Ericsson used in [61].

83

Figure 2.18: Free space multipath signal component verification test setup.
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Figure 2.19: Multipath time delay measurement calibration and verification.
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Fig. 2.19 shows a measured PDP and absolute timing, where the 73.5 GHz TX
and RX both employed 20 dBi, 15◦ HPBW horn antennas at heights of 1.94 m each,
at a 2D T-R separation distance of 4.02 meters, with each antenna adjusted for 46
degrees downtilt to point towards the lab floor, as depicted in Fig. 2.18. Fig. 2.18
shows that the LOS MPC (first arriving signal) should travel a distance of 4.02 m,
whereas the reflected MPC (second arriving signal) from the ground should travel a
distance of 2.7935+2.7935 = 5.587 m. It is shown in Fig. 2.19 that the directional
antenna patterns cause the LOS path to be highly attenuated due to the antenna
side lobes, while the ground reflection is accentuated. The spatial filtering feature
of pattern discrimination can be used to create a make-shift antenna range by using
time delays to discriminate between the boresight (LOS) while ignoring later-arriving
MPCs for empirically finding antenna patterns to good accuracy [201]. The measurement accuracy of the setup was within 1 mm, as measured with a metal measuring
tape and an electronic laser. The theoretical difference in distance and time travel
between the two MPCs is 1.567 m and 5.223 ns, respectively. The measured distance
and time differences were calculated using the maximum peak time index, and as
shown in Fig. 2.19, the first MPC arrives at τ1 = 13.40 ns (LOS path), and the second MPC arrives at τ2 = 18.60 ns (ground reflected path). The time dilation property
of sliding correlation resulted in an effective sampling rate of 20 samples per ns, which
is a temporal resolution of 0.05 ns, or a distance resolution of 15 mm. The difference
between theoretical and measured time/distance, results in a small error of 0.023 ns
and 0.007 m, well within the precision of the channel sounder sampling resolution of
0.05 ns/15 mm. The power and MPC time delay tests described above, verify the
channel sounder measurement accuracy in power and time.
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2.6

Measurement Parameter Capabilities

While individual PDP measurements are captured from a single snapshot with
the channel sounder, an ensemble of PDPs from a single location and over a number
of locations can be used to determine important channel modeling parameters. With
the use of directional horn antennas, single directional PDPs include the following
information: directional received power (and subsequently path loss), azimuth and
elevation angle of departure (AOD), azimuth and elevation angle of arrival (AOA),
MPC time delay, and MPC path power. From a large ensemble of PDPs recorded
over multiple locations and in LOS and NLOS environments, the following largescale channel modeling parameters/distributions can be determined: directional and
omnidirectional path loss, directional and omnidirectional large-scale shadow fading,
directional and omnidirectional temporal delay spread, AOD and AOA azimuth/elevation spread, and AOD and AOA power angular spectrum (PAS). Additionally, the
following small-scale channel modeling parameters/distributions can also be determined from channel sounder measurements: distributions of cluster and MPC time
delays, distributions of cluster and MPC path powers, distributions of angles of arrival and departure for clusters, number of MPCs, lobe distributions (see [167]), and
small-scale correlation and fading parameters (see [85]).

2.7

Conclusion

In this chapter, a list of mmWave channel sounders available in the literature
was provided, with the channel sounder type, frequencies of operation, operating
bandwidth, time synchronization method, and additional measurement features. A
novel absolute-timing mmWave channel sounder architecture and design with two
operating modes was described : 1) a sliding correlator mode capable of transmitting
over 1 GHz of RF null-to-null bandwidth with a 2 ns temporal resolution that can
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record absolute and relative time delay PDPs for long range distances of hundreds of
meters and for accurate angles of departure and arrival ; and 2) a real-time spread
spectrum direct-correlation mode channel sounder capable of recording PDPs with
microsecond intervals for capturing small-scale transient effects in the channel due
to humans and other dynamic objects over short-range distances. Publications in
this Chapter related to the use of the channel sounder described here, in various
stages of its development, include: [24, 25, 35, 61, 70, 85, 110, 115, 167–175]. The directcorrelation channel sounder mode was used for indoor human blockage measurements
ands models presented in Chapter 3 and the sliding correlator channel sounder mode
was used for base station diversity measurements and analysis that are presented in
Chapters 4, 5, and 6.

Chapter 3
Dynamic Human Blockage and
Channel Transients at MmWave
3.1

Introduction

The use of narrowbeam and directional antennas at mmWave bands have the
benefits of spatial filtering and reduced interference to unintended users compared to
lower microwave bands that use quasi-omnidirectional and sectored antennas; however, the smaller wavelengths and directional links at mmWave are more susceptible
to blockage effects caused by humans, cars, and street furniture [12, 39, 186]. Since
mmWaves do not effectively penetrate buildings or diffract around human bodies
and street furniture like at microwave bands, understanding the shadowing caused by
these objects is even more important for link budget analysis at mmWave frequencies.
Blockage models do exist for simulating the effects of human blockage, however,
many are based on ray-tracing simulations with few measurements and do not accurately portray real-world outdoor scenarios, or they neglect important properties
of mmWave systems. While there are a number of studies and measurements at
mmWave bands, few studies provide results and models in real-world scenarios for
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simulation purposes. In this Chapter, existing blockage measurements and models in
the standards are described. Then, a simple map-based model for human blockage
that is based on the double knife-edge diffraction model where humans are approximated by rectangular screens with infinite vertical height, but which incorporates
antenna radiation patterns, is shown to match well with measurements. Additionally, a blockage study for rapid fading events in pedestrian crowds at mmWave for
various antenna HPBW pairs is described, and empirically-based probabilistic models are developed, which can be used for accurately simulating real-world channel
transients and pedestrian blockage events in order to design algorithms and network
protocols for 5G wireless systems.

3.2

Review of Blockage Measurements and Models

Hashemi et al. performed measurements and modeling of temporal variations in
an indoor office environment at 1.1 GHz where fading of the CW envelope was measured for T-R separation distances of 5, 10, 20, and 30 m, and for various numbers of
human blockers [263]. The average magnitude of the correlation coefficient for amplitude fading was found to drop below exp(−1) = 0.368 at approximately 0.4 seconds
for a T-R separation distance of 5 meters. Fade durations were longer when blockers
moved closer to the receiver as compared to the base station, and also increased as
the number of people increased.
A study on the effects of antenna directivity and polarization on indoor multipath
channel characteristics was conducted with measurements and ray-tracing simulations
at 60 GHz in a typical modern office room by Manabe et al. in [264]. An important
observation was that directive antennas could effectively reduce the effects of multipath and subsequently lower the RMS delay spread of the channel. During the time
of these measurements, multipath mitigation was a goal in system design, whereas
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today, multipath can be exploited through signal processing techniques. Furthermore, Manabe et al. concluded that a drawback of directional antennas in a wireless
system is the susceptibility of shadowing and blockage caused by humans. The use of
an alternate base station through macrodiversity was given as an option to overcome
this deficiency and is a main topic of this technical report.
One of the earliest human blockage measurements at 60 GHz was conducted by
the Communications Research Laboratory at the Ministry of Posts and Telecommunications in Tokyo, Japan, to investigate 60 GHz indoor wireless local area networks
(WLAN) [265]. Measurements with T-R separation distances of 10 m or less in a
typical office environment resulted in attenuations by as much as 20 dB when a person blocked the direct path between omnidirectional TX and RX antennas. Analysis
showed that diversity switching with two base stations could provide up to 98% lineof-sight (LOS) path visibility for the RX.
Marinier et al. conducted one of the first known mmWave studies on the influence
of human motion on indoor channel characteristics at 30.1 GHz between two fixed
terminals in [266]. Results indicated that the temporal correlation coefficient for
fading drops below 0.2 after only 6 ms and that the coherence time was generally
smaller for only one blocker compared to more. Additionally, the work in [266] was
one of the first to highlight that reflections off of human bodies can play a significant
role in contributing to the total received signal strength at mmWave frequencies.
Human blockage measurements were conducted at 5 GHz with omnidirectional
antennas by Ericsson to understand the temporal variations induced by humans for
stationary terminals in an office over a 200 MHz bandwidth. Results indicated that
the LOS path was dominant and that secondary paths were 20 dB down or lower [267].
During the day, human blockers on average attenuated the LOS path by 10 dB to 15
dB. A human shadowing model based on double knife-edge diffraction (DKED) was
developed with a human scattering model, which matched well with measurements.
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Collonge et al. with the Institute of Electronics and Telecommunications of
Rennes performed 60 GHz wideband measurements with a 500 MHz bandwidth signal and a 2.3 ns temporal resolution with 40 dB of dynamic range using horn and
patch TX and RX antennas to capture human influence on the channel in a large
laboratory [120]. Humans moving in the direct path between the TX and RX induced more than 20 dB of attenuation for approximately 300 ms for groups of 11
to 15 people walking through the link. Deep fades of more than 20 dB were more
pronounced with directive antennas due to a lack of angular spread. Larger groups of
blockers with 11 to 15 people induced fade durations of 300 ms or more. Fall and rise
times of fading events were short and on the order of 30 ms. Depending on pedestrian
flow and the number of people, long shadowing events induced unavailability rates
between 1.7% and 5.2% of the time [120].
Researchers at IMST GmbH derived a DKED model for human obstruction by
use of rays based on 10 GHz measurements from six test cases that modeled human
blockers as an infinitely vertical blocking screen with a defined width [268], represented as a vertical stripe (diffraction screens are commonly used to model buildings
in microcellular scenarios as well [269]). The modeling method used a local Cartesian coordinate system with a fixed perpendicular orientation between the TX and
RX with the screen placed at a defined distance between the two, which created the
double-sided knife-edges. For transmitter-receiver (T-R) separation distances ranging
from 5.7 m to 22 m, the maximum single human blockage attenuation was on average
20-30 dB for each distance, with a maximum attenuation nearly 40 dB down from
the unblocked attenuation of 0 dB. Similar measurements by TU Braunschweig and
Intel, modeled human blockage through ray-tracing with knife-edge diffraction for the
IEEE 802.11ad 60 GHz channel model with good agreement between measurements
and the model, and also showed similar deep shadowing attenuation of 30-40 dB while
a human blocker walked through a point-to-point link [270]. Other short-range in-
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door office measurements by Jacob et al. at 60 GHz in LOS indicated average fade
durations of 550 ms with mean attenuations between 6 dB and 18 dB [121].
Fraunhofer HHI and TU Braunscheweig also conducted wideband 60 GHz human blockage measurements over a 3 GHz bandwidth with a 2 × 2 MIMO channel
sounder in a conference room for point-to-point links with T-R separation distances
of 2, 4, 6, and 10 m with a human blocker walking “perpendicular walks” (PPWs)
through the link [271]. DKED, uniform theory of diffraction (UTD), and piecewise
linear (PWL) approximation models were compared to the measured data regarding the LOS component and indicated that the DKED model underestimates human
body shadowing (HBS) and the UTD model overestimates HBS attenuation. Additional work by Fraunhofer HHI showed that the 60 GHz outdoor channel in a street
canyon with human obstructions is highly time-invariant with as much as 30-40 dB
attenuation of the LOS path in a typical small cell deployment when using omnidirectional antennas [122]. In the event of human body shadowing, the LOS multipath
component (MPC) experienced extreme fading (more than 20 dB), while secondary
reflected MPCs were not affected [122]. A recent measurement campaign at 28 GHz
with omnidirectional antennas in an urban open square studied shadowing caused by
pedestrians and vehicles in a small-cell scenario [123]. Measurements showed 12 dB
to 25 dB attenuation of the LOS path for various shadowing events and the DKED
model exhibited a good approximation to human body blockage observations, similar
to work in [268, 271].
Work in [272] and [273] showed that fade depths decreased as bandwidth increased, and plateaued at bandwidths of 1 GHz with rapid fading of 4 dB. Similar
observations were made in [175] at the 73 GHz mmWave band in an urban setting,
and spawn the motivation for studying the relationship between antenna beamwidth
and signal bandwidth for fading effects caused by human blockage in this Chapter.
MAC layer design for 60 GHz networks was evaluated by Singh et al. in the presence
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of blockages and with directive antennas for personal wireless area networks [274].
The authors presented a deterministic model for blockage based on isotropic antennas and also provided a blockage model to calculate the electric field at the RX due to
diffraction from one or more objects, along with the use of antenna radiation patterns
to account for the effect of antenna directivity, but do not provide a simplified model
like what is found in [55, 75], nor do they compare the physical model to real-world
propagation measurements.

3.3

Review of Blockage in Channel Models and
Standards

3.3.1

802.11ad Human Blockage Model

Early human blockage models were developed as part of the channel modeling
work for the 802.11ad standard for indoor short-range and high throughput applications [59, 275]. The effect of human blockage was introduced as an area of study
for deterministic channel modeling for 60 GHz WLAN [276] to better understand the
influence of moving people on mmWave systems. An initial measurement campaign
at 60 GHz in a living room environment was performed at TU Braunschweig (TUBG)
to measure the effects of a single person moving between a TX and RX antenna at 67
GHz, where the TX and RX were pointing at each other with one setup using horn
antennas and the other with open-waveguide flanges [277]. The goal was to compare
measurements to the literature and to develop a human shadowing model for the
IEEE 802.11ad standard [278].
The first set of guidelines in 802.11ad were provided in [279] and defined decay
times, rise times, fade durations, mean attenuation, and maximum attenuations, for
various user defined threshold values. A majority of observations resulted in signal
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level drops on the order of tens of milliseconds where in 90% of the measurements,
it took at least 4 ms for the signal level to drop 1 dB, and approximately 101 ms to
drop 20 dB [279].
Measurements at 67 GHz at TUBG were compared with the KED model with
good agreement [280]. Ray-tracing simulations were performed to supplement the
measurement data where statistics for the number of blocked clusters, blockage probabilities/rates for single clusters, and amplitude distributions of attenuated paths
were developed for the model [280, 281]. The measurements and models in [280, 281]
were used to create the initial dynamic human blockage model in the 802.11ad channel
model for 60 GHz WLAN systems [282].
The human induced cluster blockage model provided in [282] was mostly based on
ray-tracing, a random walk model, and a diffraction model from earlier contributions
to 802.11ad [279, 280]. Ray-tracing and measurements showed that blockage events
existed for two types of clusters, namely, clusters with and without a ceiling reflection.
Simulations showed similar results for station-to-station (STA-STA) and station-toaccess point (STA-AP) scenarios in the 802.11ad standard [282]. While the same
methods were used to derive cluster blockage probabilities for the STA-STA and STAAP scenarios, the probabilities themselves were shown to be different. Distributions
for amplitude attenuations were generated from a combination of ray-tracing and
limited measurements and were shown to be equal for both the STA-STA and STAAP scenarios. For system level simulations with MAC protocols, a dynamic model
was provided for generating random channel realizations. For blockage events, the
probability distributions for four parameters (fade duration, decay time, rise time, and
mean attenuation) were derived, where the decay and rise time had a 3 dB threshold
from the unblocked 0 dB attenuation state. Fig. 3.1 shows an example from [282]
for the definition and model parameters that define the signal level considerations
for MAC system level simulations in 802.11ad that include decay time, rise time,
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Figure 3.1: Example for temporal characteristics of human induced shadowing events
in the 802.11ad channel model [282].
shadowing duration, and mean attenuation.

3.3.2

METIS Human Blockage Model

The mobile and wireless communications enablers for the twenty-twenty information society (METIS) delivered a channel model for 5G wireless communications
in 2015 to support 1000 times higher data volumes and 10 to 100 times higher data
rates for mobile users, for frequencies up to 86 GHz and beyond [55]. Indoor measurements at 60 GHz were performed by Ericsson Research for a 2 GHz bandwidth
and a 3.7 m transmitter-receiver (T-R) separation distance. The TX and RX antennas both had 20 dBi of gain and HPBWs of 60◦ /30◦ in the elevation/azimuth plane.
The measurements were used to corroborate a KED blockage model, subsequently
described.
The METIS channel model is based on a 2D map-based model where different
obstructions block path/ray segments between the TX and RX. For simplicity, blocking objects that induce shadowing are approximated by a rectangular screen that is
always perpendicular to the straight line between the TX and RX from both the top
and side view projections. A simplified multiple KED model is used to approximate
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Figure 3.2: METIS blockage model screen diagrams. a) 3D projection of the screen;
b) top view of the screen; c) side view of the screen; d) diagram indicating ± sign
selection for screen edges when the screen no longer blocks the projected straight line
between the TX and RX (3.2).
loss from four edges of the screen [55]:

Lsh|dB = −20 log10 (1 − (Fh1 + Fh2 ) · (Fw1 + Fw2 ))

(3.1)

where Fh1 , Fh2 , Fw1 , and Fw2 represent the approximated shadowing by KED around
the two sides of a screen (w1, w2), and the bottom and top of a screen (h1, h2).
The sketches in Fig. 3.2 show the screen projection geometries used for calculating
the METIS blockage model. The shadowing represented by F in (3.1) is defined
by [55, 283]:
tan−1
F =



±

π
2


(D
+
D
−
r)
1
2
λ

pπ

π

(3.2)

and is an improvement of the KED approximation given in [267], where λ is the carrier
wavelength, D1 is the projected distance from the TX to the screen edge, D2 is the

96
projected distance from the screen edge to the RX, and rw and rh are the projected
distances of the straight line drawn from the TX to RX from the top and side views,
respectively. The ± sign in (3.2) indicates the shadow zone for the side and top view
projections, where a plus sign “+” is applied for both screen edges when the screen
blocks the projected straight line drawn between the TX and RX antennas. When
the screen is unblocked by the projected straight line drawn between the TX and RX
antennas, the edge farthest from the straight line is considered to be the shadow zone
and is applied as “+”, whereas the edge closest to the straight line drawn between the
TX and RX antennas is considered to be the unshadowed zone and the ± is applied
as “−”, as shown in Fig. 3.2d.
For map-based model simulations in METIS, shadowing objects with a height of
2.5 m and width of 3 m are randomly distributed in a Manhattan grid type environment with the diffraction model in (3.1) used to estimate loss due to the randomly
placed obstructions. The 60 GHz measurement example provided in the METIS channel model was performed over a short 4 m distance as a human walked back and forth
between the TX-RX point-to-point boresight LOS path. The blockage model for a
screen with width 30 cm was simulated and matched well with measurements at 60
GHz, where large shadowing loss was induced when a human walked relatively close
to the TX and RX antennas [55].
It is important to note that the model developed from [283] is based on measurements at 5 GHz with vertical dipole antennas at the TX and RX, and measurements in [267] were conducted at a center frequency of 2.44 GHz with vertical
dipole antennas, which are the basis for the model development in [55]. However,
the measurements used to verify the model in [55] were conducted with narrowbeam
horn antennas, not vertical dipoles. There appears to be a missing relationship here
between antenna directivity and the shadowing model used for simulating human
blockage events, even though a relationship between antenna directivity and shadow-
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ing attenuation was mentioned and shown to be necessary in [120, 264, 274].

3.3.3

3GPP / ITU Human Blockage Model

Unlike earlier 3GPP channel models for frequencies below 6 GHz, a blockage
model was included as an add-on feature to the 3GPP channel model for frequencies
up to 100 GHz in the TR 38.901 V14.2.0 (Release 14) channel model [75], but is not
necessary to use. Further, it is stated that the temporal nature of the blockage modeling is an “on-demand basis” and does not change the state of the link (LOS/NLOS).
In the channel generation procedure, the blockage model is added in the small-scale
parameter steps to determine blocked clusters, angles-of-arrival, and attenuations.
Two models are provided, namely, Model A is used as a generic and computationally
efficient model, whereas Model B is used when a more specific and realistic model is
desired [75]. Note that both Model A and Model B are identical in the 3GPP and
ITU channel models [75, 76].
Both Model A and Model B use a similar form of the KED model from METIS [55,
283] for modeling blockage attenuation, however, the blockages for each are generated
via different procedures. Model A is a stochastic model where K angular blocking
regions are generated around a user terminal, where one can be a self-blocking region
and the total number of non-self-blocking angular regions is four, resulting in five possible blocking regions. The first self-blocking region is defined based on the portrait
or landscape orientation of the mobile in the user’s hand, which defines the AOA regions in the azimuth and elevation planes. If the AOA is within a certain region, then
an attenuation of 30 dB is automatically applied (self-blocking). For the four nonself-blocking regions, the distance between the user terminal (UT) and the blocker is
2 meters for indoor hotspot (InH) scenarios and 10 meters for all outdoor scenarios:
urban microcell (UMi), urban macrocell (UMa), and rural macrocell (RMa). The
positions of each of the four non-self-blocking regions are determined based on sta-
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tistical distributions. If the blocker meets certain conditions based on the orientation
center and angles, then a KED model is applied to determine the blocker attenuation, otherwise the attenuation is 0 dB. The formulas for determining the diffraction
loss are of the same general form as in (3.1) and (3.2) and the subsequently described
Model B. Model A also considers the spatial and temporal consistency of each blocker
based on spatial correlation distances with random variables and parameters derived
for the various scenarios.
Blockage Model B is a geometrical model with random physical screen drops in
a map-based modeling scenario for representing humans and vehicles as obstructions.
The number of blockers and screen centers for this model are based on assumptions
for simulation purposes and are not predetermined besides the size of the blockage
screen in Cartesian coordinates for humans (w = 0.3 m; h = 1.7 m) and vehicles
(4.8 = m; h = 1.4 m). The KED model and contributions of diffraction loss from
each edge of the screen are identical to that proposed in [55] for a direct path in LOS.
Although Model B is extremely similar to the METIS model, notation is different and
it also includes a separate blockage model for NLOS scenarios, and is subsequently
explained.
The blockage attenuation in Model B is calculated the same way as in the METIS
blockage model, with a simple KED model:

LdB = −20 log10 (1 − (Fh1 + Fh2 ) · (Fw1 + Fw2 ))

(3.3)

where Fh1 , Fh2 , Fw1 , and Fw2 represent the contributions of knife edge diffraction at
the four edges (h1 , h2 , w1 , and w2 ) as shown in Fig. 3.2, and are calculated by:

Fh1 |h2 |w1 |w2




√π
π
−1

(D1h1 |h2 |w1 |w2 +D2h1 |h2 |w1 |w2 −r)
tan
±2

λ


π


=
√
π

0)
tan−1 ± π2
(D1
−r

h
|h
|w
|w
λ
1 2 1 2


π

, for a LOS path
(3.4)
, for NLOS
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Figure 3.3: a) NLOS path top view projection screen geometry for (3.4). b) NLOS
path side view projection screen geometry for (3.4). c) NLOS path side view projection screen geometry for (3.4) when the screen does not obstruct the perpendicular
line between the screen and the RX.
The top case in (3.4) for LOS is identical to (3.2), whereas the bottom case for NLOS
is new in the 3GPP / ITU Model B blockage model and only considers diffraction loss
after the screen via the distance r0 . Fig. 3.3 shows the top and side view projection
geometries for the NLOS path case in (3.4).
Model B is considered to be consistent in time, frequency, and space for simulations with arbitrary blocker density [75]. For blockers in NLOS conditions, the
KED model only considers diffraction loss from the edge of the screen to the receiver,
such that the D2 term in (3.2) is eliminated, as shown in Fig. 3.3. Note that the
same ± assignment is used in the NLOS case when the screen does not obstruct the
perpendicular line between the screen and the RX.

3.3.4

mmMagic Human Blockage Model

The Millimetre-Wave Based Mobile Radio Access Network for Fifth Generation Integrated Communications (mmMagic) project was co-funded by the European
Commission’s 5G-PPP program and worked on developing radio access technology
(RAT) for the deployment of systems in the 6 GHz to 100 GHz range. The channel
model developed in mmMagic adopted the METIS human blockage model described
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in [55] and Section 3.3.2.

3.4

Indoor Human Blockage Measurements and
Models

3.4.1

Indoor Human Blockage Measurement Equipment and
Specifications

The real-time spread spectrum (direct-correlation) channel sounder (described in
Chapter 2) with 73 GHz RF front-ends was used with identical 20 dBi, 15◦ azimuth
and elevation HPBW horn antennas at the TX and RX (both vertical-polarized).
The system was configured to transmit a 500 Megachips-per-second pseudorandom
noise (PN) sequence of length 2047, resulting in a 1 GHz RF null-to-null bandwidth
centered at 73.5 GHz with a maximum transmit power of -5.8 dBm and maximum
effective isotropic radiated power (EIRP) of 14.2 dBm. The TX and RX antennas
remained fixed and boresight-aligned for a T-R separation distance of 5 m and at
heights of 1.4 m each. For the test, individual PDPs were recorded with a high-speed
ADC at 1.5 Giga-Samples-per-second (GS/s) on the I and Q demodulated baseband
channels that were captured and correlated in software via a fast Fourier transform
(FFT) matched filter to create the I and Q channel impulse responses (CIRs) that
generate a power delay profile (PDP) of the channel (I 2 + Q2 ). Power was then computed as the integrated area under the PDP, and voltage was found as the square
root of the power [81]. The system had a maximum instantaneous dynamic range
of 40 dB, with a -25 dB from max peak PDP threshold applied to each individual
PDP, in order to discard erroneous noise spikes and system irregularities near the
noise floor. Successive PDPs were recorded every 2 ms for 5 seconds, resulting in
2500 PDP snapshots per measurement window (1 PDP captured every 2 ms, with no
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Table 3.1: Real-time spread spectrum (direct-correlation) channel sounder system
specifications for the indoor 73 GHz human blockage measurements.
Description

Specification

Baseband Sequence
Chip Rate
RF Null-to-Null Bandwidth
PDP Detection
Sampling Rate
Multipath Time Resolution
Periodic PDP Acquisition Interval
PDP records per measurement window
PDP Threshold
TX/RX Intermediate Frequency
TX/RX LO
Synchronization
Carrier Frequency
Max TX Power
TX/RX Antenna Gain
TX/RX Azimuth and Elevation HPBW
TX/RX Antenna Polarization
EIRP
TX/RX Heights

PRBS (11th order: 211 -1 = Length 2047)
500 Mcps
1 GHz
FFT matched filter
1.5 GS/s on I and Q
2 ns
2 ms
2,500 PDPs
-25 dB from max peak
5.625 GHz
67.875 GHz (22.625 GHz ×3)
TX/RX Share 10 MHz Reference
73.5 GHz
-5.8 dBm
20 dBi
15◦
V-V
14.2 dBm
1.4 m

averaging). Note that the TX and RX channel sounding systems shared a common
cable-connected 10 MHz reference for frequency synchronization. Additional details
regarding the measurement system configuration for the indoor blockage measurements are provided in Table 3.1.

3.4.2

Indoor Human Blockage Measurement Description

The indoor human blockage measurements were conducted in an open laboratory
using narrowbeam horn antennas at the TX and RX with a 5 m T-R separation
distance. Both antenna heights were set to 1.4 m relative to the ground and were
boresight-aligned. Nine measurements were recorded for 5 seconds with a human
blocker walking at a perpendicular orientation through the LOS path between the TX
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Figure 3.4: Measurement depiction of nine measurement locations where at each
indicator separated by 0.5 m, the human blocker walked at a perpendicular orientation
between the TX and RX antennas [115].
and RX at an approximate speed of 1 m/s. The perpendicular walk was performed
at 0.5 m increments between the TX and RX starting at 0.5 m from the TX for
measurement one* , and 4.5 m from the TX for measurement nine, as depicted in
Fig. 3.4 and listed in Table 3.2. It is noted that 0.5 m is the typical distance for a
person to view the screen of a smartphone. For each of the nine perpendicular walks,
500 PDPs were recorded per second in a five second window, resulting in 2,500 PDPs
for each measurement. The human blocker had a body breath (shoulder-to-shoulder)
bbreadth of 0.47 m, depth bdepth of 0.28 m, and a height bheight of 1.8 m, with a sketch
in Fig. 3.5 to show the human blocker dimensions side-by-side with the TX (the RX
dimensions were identical to the TX).

3.4.3

Indoor Measurements Map-Based DKED Blockage Model

KED is commonly used to model human blockage by modeling a thin rectangular
screen as the blocker [55, 75, 268, 283]. In DKED modeling, the rectangular screen is
considered infinitely high, such that diffraction loss only occurs from the two side
edges of the body. A typical screen blocker with height h and width w is displayed
in Fig. 3.6 for both a 3D and top-down perspective. The dimensions for the top view
of the screen are defined as follows: w is the width of the screen from w1 to w2;
def

def

def

def

def

def

def

r = AB; w = w1w2; h = h1h2; T S = AS; SR = SB; D2w1 = Aw1; D1w1 = w1B;
* The

Fraunhofer distance of the antennas is 0.2 m, thus 0.5 m is in the far-field.
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Figure 3.5: Human blocker dimensions with the TX and RX. bheight = 1.8 m; bbreadth
= 0.47 m; bdepth = 0.28 m; TX/RX height = 1.4 m [115].

Table 3.2: 73 GHz indoor human blockage measurement test descriptions with a 5 m
T-R separation distance. The TX and RX antennas both had 20 dBi of gain and a
15◦ HPBW.
Test #

Distance from TX (m)

Distance from RX (m)

1
2
3
4
5
6
7
8
9

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

104
h1

Screen Blocker
w1

A

B

w2

h2

Figure 3.6: 3D depiction of screen that represents human blocker.
w1

A

αw1

D2w1

w

D1w1

TS

S

SR

D2w2
w2

αw2

B

D1w2
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def

def

D2w2 = Aw2; D1w2 = w2B; αw1 and αw2 are the diffraction angles for the w1 and
w2 edges of the screen, respectively [115].
From Fig. 3.7, the two side edges of the screen are denoted w1 and w2, where
the distance between the edges is the body depth (bdepth ) or width of the screen w,
since the blocker walks through the LOS path at a perpendicular orientation. As the
screen moves between the TX and RX antennas and blocks the LOS path, the screen
is always considered perpendicular to the solid line drawn between the two, to reduce
computational complexity.
Diffraction loss is calculated via numerical approximation by Fresnel integration
and the diffraction parameter as follows [284]:

Fw1|w2 =




 (1−j)


1+j
2


− (C(v) + j · S(v)) , if v > 0




 (1−j)

1+j
2


+ (C(−v) + j · S(−v)) , otherwise

2

2

(3.5)
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where the numerical approximations of Fresnel integration for C(v) and S(v) are:
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C(v) =
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πv 2
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0

dv

(3.6a)

dv

(3.6b)

and where the diffraction parameter v is derived by [81]:
s
vw1|w2 = ±αw1|w2

2 · AS · SB
λ(AS + SB)

(3.7)

The diffraction parameter v is calculated based on the distance from the TX to the
screen, from the screen to the RX, the diffraction angle α (see Fig. 3.7), and the
carrier wavelength λ. The ± sign in (3.7) is applied as + to both edges for NLOS
conditions. When calculating the diffraction parameter (3.7) under unobstructed
(LOS) conditions for the screen edge (w1 or w2) closest to the straight line drawn
between the TX and RX, the ± is treated as “−”, whereas the ± is treated as “+”
for the screen edge farthest from the straight line drawn between the TX and RX as
depicted in Fig. 3.8 [284].
The individual received signal caused by knife-edge diffraction from the w1 and
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A

B

Figure 3.9: Example of off-boresight antenna gain projections to and from a screen
blocker when using narrowbeam directional antennas that result in greater diffraction
loss than with omnidirectional antennas.

w2 edges is Fw1 and Fw2 , respectively, and are the E-field gains from each edge due to
diffraction as compared to the free space E-field. The complex signals corresponding
to the edges can be added in order to determine the combined diffraction loss observed
at the RX. The total diffraction loss power in log-scale is determined by taking the
magnitude square of the summed signals as follows [284]:

Lscreen [dB] = 20 log10 Fw1 + Fw2



(3.8)

The DKED model (3.8) has been adopted by METIS and others [55, 62], but it
does not consider the antenna radiation pattern (it assumes an omnidirectional antenna [267]) and has been shown to underestimate diffraction loss in the deepest fades
and when a blocker is close to either the TX or RX while using directional antennas, which will surely be employed by mmWave mobile devices [115]. The physical
phenomenon of deep fades occurs when the blocker obstructs the LOS path between
the TX and RX antennas (i.e., deep fading), leaving only the off-boresight antenna
gains to contribute to the received signal strength, which can be slightly less than the
directive gain or even greater in some cases with extremely narrowbeam antennas.
Fig 3.9 displays a sketch of the off-boresight antenna trajectories that contribute to
the diffraction gain by a screen or human blocker from the TX towards the screen
and at the RX from the screen. To account for the impact of non-uniform gain directional antennas on human blockage, antenna gain is considered in (3.8) [115]. The
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following azimuth far-field power radiation pattern of a horn antenna (general for
any directional antenna) for a given half-power beamwidth (HPBW) is approximated
by [83, 115, 285]:
G(θ) = sinc2 (a · sin(θ)) · cos2 (θ)

(3.9)

where:
2

sinc


a · sin

HPBWAZ
2

!

2

· cos



HPBWAZ
2


=

1
2

(3.10)

The DKED model in (3.8) can be extended to include TX and RX antenna gains for
the projected angles θ between the TX and the screen, and the screen and RX as
follows [115]:
!
LScreen A.G. [dB] = −20 log10

p
p
p
p
Fw1 · GD2w1 · GD1w1 + Fw2 · GD2w2 · GD1w2
(3.11)

where GD2w1 , GD1w1 , GD2w2 , and GD1w2 are the linear power gains (normalized to
the directive gain such that G0◦ = 1) of the antennas based on the point-source
projections Aw1; w1B; Aw2; w2B; A to w1, w1 to B, A to w2, and w2 to B (see
Fig. 3.7). When the screen does not obstruct the LOS path between the TX and
RX, the normalized gains are set to G(θ) = 1, since the slight variations of antenna
patterns have little effect on diffraction loss in the unobstructed case.

3.4.4

Indoor Human Blockage Measurement Results and Analysis

For each of the nine measurement paths, the area under the curve of each of
the 2,500 PDPs was integrated to calculate the received power in 2 ms increments.
In Fig. 3.10 the received power (red curve) is compared to the DKED antenna gain
(DKED-AG) model (green curve) (3.11), in addition to showing the constructive
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Figure 3.10: Comparison of measured received power of human blockage at 73.5 GHz
and the DKED-AG model in (3.11) [115].

(signals in-phase) and destructive (signals out-of-phase) sum of received signals which
are represented by the upper (blue curve) and lower (black curve) bounds of the fade
envelope, respectively. Fig. 3.10 represents loss as compared to a free space reference
with no blockage between the TX and RX. From Fig. 3.10, we observe gain in the
received signal as the human enters the TX/RX LOS path, and then deep attenuations
as the human blocks the LOS path. Due to the fact that identical antennas were used
at the TX and RX, the envelopes of the received signal power were similar in the
two different symmetrical cases (i.e., Meas. 1 and Meas. 9). The best case scenario
(minimum diffraction loss) is found by summing the magnitudes of received field
components from the w1 and w2 edges of the blocker, represented by the blue dashed
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line in Fig. 3.10. For minimum loss, (3.11) is reformulated as:

Loss
LMin.
Screen A.G. [dB]

= 20 log10




p
p
p
p
Fw1 · GD2w1 · GD1w1 + Fw2 · GD2w2 · GD1w2
(3.12)

The worst case scenario (maximum diffraction) is found by taking the difference of
the magnitudes of received signals from the w1 and w2 edges and is represented by
the black dotted line in Fig. 3.10, where (3.11) is reformulated as:
!
Loss
LMax.
Screen A.G. [dB] = 20 log10

p
p
p
p
Fw1 · GD2w1 · GD1w1 − Fw2 · GD2w2 · GD1w2
(3.13)

It was previously demonstrated that diffraction loss models that do not account
for antenna gain patterns can severely underestimate the diffraction loss when the
blocker is close to either antenna (a critical issue for mobile phone use) [115]. However, the DKED-AG model (3.11) accurately predicts what is measured and predicts
the deepest attenuation caused by a human blocker in excess of 40 dB. To model
multiple blockers, the screen model can be replicated multiple times. The results
here show that adaptive antenna array and beamforming techniques will be needed
to find suitable reflectors and scatterers in order to overcome severe blockage attenuation in future 5G communications systems. The DKED-AG model in (3.11) may be
extended [268] to consider the top and bottom screen edges, phase corrections, and
non-perpendicular screen orientations, although the simple model (3.11) matches the
human blocking measurements with confidence. It can be seen in Fig. 3.10 (Meas.
1 and 9) that the signal strength drops off at a rate of 0.4 dB/ms as the blocker
moves at 1 m/s and begins to shadow the TX (or RX). Mobile handoffs and beam
steering schemes will be needed to rescue the mobile from severe fades by the use of
electrically scanning beams at the sub-millisecond level, a feat easily accomplished
with sub-millisecond packets in an air interface standard. An additional technique
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for mitigating the effects of rapid fading could include rapid re-routing around obstacles via handoff to another access point in a network cluster [286]. Note that just
prior to the deep shadowing events in Fig. 3.10 there is a slight increase/scintillation
of signal strength of ∼2 dB peak-to-peak amplitudes (noticed by others in [121]),
which could be used to detect the imminent presence of an obstruction such that the
RX adapts its beam in anticipation of the pending deep fade. The 3GPP/METIS
blockage model [55, 75] shown in Fig. 3.10 underestimates the deep fades of shadowing events [115], especially when the blocker is close to the TX or RX antenna,
since the full directive gain of the TX and RX antennas is not available across the
diffraction obstacle, and thus is unable to contribute to the received signal strength
from diffraction around the blocker during the shadowing event [115]. It is noted
that the 3GPP/METIS model only offers reasonable agreement to the measured loss
when the blocker is far (several meters) from the TX and RX antennas. The simple
DKED-AG models provided here may be used for map-based or site-specific modeling simulations that accurately account for the antenna radiation pattern of future
mmWave antennas in realistic 5G networks.

3.5

Outdoor Rapid Fading Human Blockage Measurements and Modeling

3.5.1

Measurement Equipment and Specifications

The real-time spread spectrum (direct-correlation) channel sounder was also used
for the outdoor human blockage measurements (see Chapter 2 for more details on
the measurement system). The measurements were designed to study the effects of
large moving crowds in an urban setting for a peer-to-peer communications links at
mmWave. The measurement location was an open square in downtown Brooklyn,
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Figure 3.11: Map of measurement environment. The yellow star is the TX location
and the blue circle is the RX location, with a T-R separation distance of 14.2 m. A
majority of traffic moved perpendicular to the line drawn between the TX and RX
along Lawrence Street.
New York at the Metrotech Commons courtyard, which was surrounded on all four
sides by typical office skyscrapers and the New York University Tandon School of
Engineering campus buildings. The measurements were purposely conducted in a high
foot-traffic area where pedestrians, child strollers, and bicyclists typically traverse in
large quantities. Fig. 3.11 shows a map layout of the measurement area where the
TX and RX were located on opposite sides of the walkway and which were set at
heights of 1.5 m relative to the ground, with a transmitter-receiver (T-R) separation
distance of 14.2 m. Fig. 3.12 shows a photo of the test scenario. Table 3.3 specifies
the number of pedestrians or bicyclists that passed through the link per minute for
each test. The pedestrians were never closer than 1.5 m from the TX or RX antennas
and on average were equidistant from the TX and RX.
Three measurement tests were performed with different pairs of TX and RX
horn antennas in order to study the relationship between rapid fading effects of human shadowing events and antenna beamwidth. Table 3.3 provides the measurement
specifications for each test with 7◦ , 15◦ , and 60◦ azimuth (Az) and elevation (El)
HPBW antenna pairs used for test one, test two, and test three, respectively. Three
different antenna beamwidth pairs that range approximately an order of magnitude
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Figure 3.12: Photo of test environment showing the intersection of Lawrence Street
and Myrtle Avenue.

Table 3.3: Descriptions of the three measurement tests for outdoor blockage and rapid
fading.
Measurement #

Test 1

TX & RX Antenna Gain
TX & RX Az./El. HPBW
T-R Separation
Observation Window
Total PDPs recorded
PDP time/frequency interval
Carrier Frequency
RF Null-to-Null Bandwidth
Pedestrian/bicyclist crossings per minute

27 dBi
7◦ /7◦

Test 2

Test 3

20 dBi 9.1 dBi
15◦ /15◦ 60◦ /60◦
14.2 m
135 s
40,800
∼3.3 ms / 303 Hz
73.5 GHz
1 GHz
17.8
12.9
12
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difference were used to gain insights into fading events in pedestrian crossings at
mmWave, especially since various phased-array architectures with flexible antenna
patterns are expected for base stations and mobile handsets. It is also expected that
the largest antenna beamwidth for mmWave systems will be no more than 60◦ which
is why it was the maximum beamwidth used for this experiment [175]. For each test,
the antennas were boresight-aligned and remained fixed. Each test consisted of a 135second free-running observation window in which power delay profiles (PDPs) were
captured with a ∼303 Hz snapshot interval. Each observation window resulted in
40,800 PDP snapshots with a ∼3.3 ms time separation between back-to-back PDPs.
A -20 dB max peak threshold was applied to each PDP in post-processing and the area
under each of the PDPs was integrated to calculate the total received power for every
snapshot. It is noted that due to the spatial filtering by the directional antennas,
only one multipath cluster (LOS path) was detectable over all measurements.
The real-time spread spectrum correlator (direct-correlation) channel sounder
described in [171] was used to conduct the measurements at a 73.5 GHz carrier frequency with 1 GHz of RF null-to-null bandwidth and a 2 ns MPC time resolution.
True propagation delay timing was calibrated and removed in post-processing as described in [171]. The maximum effective isotropic radiated power (EIRP) was 21.2
dBm when the channel sounder was configured with a max TX output power of -5.8
dBm when using the 27 dBi gain and 7◦ Az./El. HPBW TX antenna. Additional
details for the channel sounder are provided in Chapter 2 and [171].

3.5.2

Rapid Fading Human Blockage Modeling Methodology

Of many potential modeling strategies, two simple methodologies are used here
to model pedestrian blockage events: 1) a two-state approach with unshadowed and
shadowed states; 2) a four-state approach with unshadowed, decaying signal level,
shadowed, and rising signal level states.
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Punshad
1-Pshad
Unshadowed

Shadowed

1-Punshad

Pshad

Figure 3.13: Two-state Markov model for blockage events.
3.5.2.1

Two-State Blockage Modeling

A simple two-state Markov model can be used to characterize unshadowed and
shadowed states for a wireless link in the presence of pedestrians that induce variations
in received signal strength [287,288]. Fig. 3.13 shows a diagram of a two-state Markov
model where Punshad and Pshad indicate the transition probabilities of going from a
shadowed to unshadowed state and an unshadowed to shadowed state, respectively.
The transition probability matrix for the two-state Markov model with space S =
{Unshadowed, Shadowed} is given by:

Unshadowed

Shadowed


Unshadowed

Shadowed


1 − Pshad

Pshad

Punshad

1 − Punshad




(3.14)

A predefined threshold is selected in order to characterize the blockage data and
is typically 0 dB to -10 dB from the zero-crossings just before and after the fading
event. The selection of this value will impact the length of the “fading event” and
subsequently the expected outage time. Fig. 3.14 depicts the characterization of a
typical blockage event with two-states when applying a 0 dB threshold and a -5 dB
threshold relative to the zero-crossings for the beginning and end of a fading event.

115

0 dB fade margin
threshold from
zero-crossing

(a)

-5 dB fade margin
threshold from
zero-crossing

9
(b)

Figure 3.14: a) Two-state fading event with 0 dB (a) and -5 dB (b) threshold showing
unshadowed (black dashed line) and shadowed (red dashed line) regions.
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3.5.2.2

Four-State Blockage Modeling

A four-state piecewise linear modeling approach is also useful for characterizing
blockage with the following regions: unshadowed, shadowed, a decaying signal level
region from unshadowed to shadowed, and a rising signal level region from shadowed
to unshadowed [121]. The blockage event signal level (in dB) as a function of time,
SE(t) is represented as [121, 271]:

SE(t)[dB] =






rdecay · t,








SEmean ,

for 0 ≤ t ≤
for

SEmean
rdecay

SEmean
rdecay

≤ t ≤ tD −

SEmean
rrise

(3.15)




mean

≤ t ≤ tD
SEmean − rrise · t, for tD − SErrise








0,
otherwise
where rdecay is the signal strength decay rate in dB/ms, t is the time in ms from the
onset (t = 0 ms) of the blockage event, SEmean is the blockage event mean signal
attenuation in dB, rrise is the blockage event signal strength rise rate in dB/ms, and
tD is the shadowing event fade time duration in ms [281]. The rdecay and rrise rates
are determined by the decay time tdecay , rise time trise , and either a predetermined
threshold between the last zero-crossing before and the first zero-crossing after the
rapid signal fade, or is strictly based on the mean signal attenuation of the shadowing event SEmean , calculated over the interval [ 31 tD < t < 23 tD ]. Regardless of the
threshold method used, the blockage event mean signal attenuation SEmean is determined over the same interval. Fig. 3.15 shows an example of a blockage event with
a threshold of SEmean , and Fig. 3.16 clearly depicts the four shadowing events with
separate colored lines for the same sample blockage event.
The selected threshold level will affect the decay and rise times of the blockage
events, and by consequence, will influence the decay and rise rates of signal strength.
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Figure 3.15: Four-state shadowing event with an SEmean calculated threshold and
labels for decay time tdecay , rise time trise , shadowing event mean attenuation SEmean ,
and fade duration tD .

Figure 3.16: Four-state shadowing event regions indicated by colored lines: unshadowed in green, decaying in red, shadowed in black, and rising in blue.
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Figure 3.17: Four-state piecewise linear model with unshadowed, decaying, shadowed, and rising regions during a 73.5 GHz blockage event with a -5 dB pre-defined
threshold, as an example.
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Figure 3.18: Four-state Markov model for unshadowed, decaying, shadowed, and
rising regions for modeling blockage events.
Therefore, blockage modeling for different applications may require using various
thresholds depending upon the system requirements and fade margin limitations.
For example, the blockage events in Fig. 3.17 were determined with a -5 dB threshold
and the unshadowed, decaying, shadowed, and rising regions are indicated by different
colors.
The example in Fig. 3.17 brings about a four-state Markov model shown by
the diagram in Fig. 3.18. The transition probabilities in Fig. 3.18 are defined as:
Pdecay is the probability of transitioning from an unshadowed state to a state of decaying signal levels, Pshad is the probability of transitioning from a state of decaying
signal levels to a shadowed state, Prise is the probability of transitioning from a
shadowed state to a rising signal level state, and Punshad is the probability of transitioning from a rising signal state to an unshadowed/unblocked state. The transition
probability matrix for the four-state Markov model diagram in Fig. 3.18 with space
S = {Unshadowed, Decaying, Shadowed, Rising} is given by:

Unshadowed Decaying Shadowed


Unshadowed 1 − Pdecay

Decaying 
−


Shadowed 
−


Rising
Punshad

Pdecay

−

Rising
−

1 − Pshad

Pshad

−

−

1 − Prise

Prise

−

−

1 − Punshad











(3.16)
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More complicated modeling techniques such as the forward-backward algorithm
to determine hidden Markov models or the alternating direction method of multipliers
(ADMM) algorithm may be used to characterize the blockage event states. Although,
the simple models described herein are more than sufficient for characterizing human
blockage events.

3.5.3

Rapid Fading Human Blockage Measurement Results
and Analysis

3.5.3.1

Two-State Blockage Model Results and Analysis

While various thresholds could be selected to define the start of a shadowing
event, a -3 dB threshold from the unshadowed 0 dB attenuation level was used to
compare the blockage observations for different antenna pairs. Note that blockage
events were initially determined using the Lloyd-Max algorithm (2 states) in MATLAB, but were characterized and modeled using the criteria and threshold defined
here. After determining the blockage events, transition probabilities were calculated
from the measurement samples which were then used to calculate the time interval
transition rate λ values. Since the Markov model here is memoryless, the future state
is independent of the past and is only based on the current state. Table 3.4 provides
the transition probability rate λ values of conditional state transitions for the obtrans.
and a sampling interval
served blockage events. For a transition probability p sample
sec
T sample
, λ = p/T

trans.
,
sec

or the average occurrence/transition rate. For example, the

probability of transitioning from a shadowed state to an unshadowed state with 7◦
HPBW antennas was p = 0.0007 for the sampling interval T = 3.3 ms, such that
λ = 0.21 transitions/second (trans/sec). Since the exponential distribution is memoryless and the Markov process is memoryless, one may use the λ transition rates as
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the λ rate of occurrence for a Poisson event, which follows a PDF of:

f (t; λ) = λe−λt , t ≥ 0

(3.17)

= 0, otherwise

and which has a CDF:

F (t; λ) = 1 − e−λt , t ≥ 0

(3.18)

= 0, otherwise

In Table 3.4, λ represents the conditional probability rate for transitioning from a
“current state” to the “next state.” That is to say, λ = 0.21 indicates that a transition
from an unshadowed state to a shadowed state occurs on average every 4.76 seconds
when the current state is unshadowed. On the other-hand, λ = 3.36 indicates that
a transition from a shadowed state to an unshadowed state occurs on average every
298 ms when the current state is shadowed. Note that this same method applies for
the four-state model described in Section 3.5.3.2.
The transition rates for a shadowed state conditioned on an unshadowed state
are consistent and around 0.20 trans/sec for the three antenna HPBW pairs and for
all antenna tests combined, as shown in Table 3.4. These transition rates imply that
there are approximately 5 seconds between shadowed states. The transition rates are
slightly different for an unshadowed state conditioned on a shadowed state, where the
rate is correlated with the antenna HPBW. For instance, λ is 3.36 and 3.85 for 7◦ and
60◦ HPBW TX/RX antennas, respectively, indicating that blockage events are longer
for narrower beamwidth antennas (7◦ : 298 ms) compared with wider beamwidth
antennas (60◦ : 260 ms). Shorter blockage events for wider beamwidth antennas
intuitively makes sense since wider beamwidth antennas would result in more energy
spread around obstructions in front of the transmitter, and a wider viewing angle at
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the receiver to capture diffracted energy around the pedestrian blockers.
Fig. 3.19 shows the cumulative distribution function (CDF) curves of the pedestrian blockage event fade time durations for each set of antennas and when blockage
event observations from all antenna sets are considered together for analysis. Table 3.5 provides the best-fit CDF parameters to the empirical CDF data in Fig. 3.19
(using the fitdist function in MATLAB® ) and their goodness of fit (GOF) to the
data (using the goodnessOfFit function in MATLAB® ) where the normalized mean
square error (NMSE) GOF measure ranges from −∞ to 1, and where −∞ indicates
a poor fit and 1 indicates a perfect fit [16]. Additionally, all fitted models were validated by the Kolmogorov-Smirnov test with a significance level of 1% [289]. Similar
to the transition probability rates, the mean fade time duration reduces as antenna
beamwidth increases. For example, the mean fade time durations are 299.0 ms, 267.4
ms, and 260.2 ms for 7◦ , 15◦ , and 60◦ TX/RX HPBW antenna pairs, respectively.
The GOF values for the CDFs in Table 3.5 are all 0.95 or above and indicate a good
match to the empirical data.
While 100’s of milliseconds for a fade duration may seem short, it is significant for
wireless communications systems. For instance, the 802.11ad standard for 60 GHz
has packet transmission times on the microsecond level and thus a blockage event
of 200 ms to 300 ms would result in severe throughput degradation or an outage
over that time span. Therefore, access point diversity with multiple nodes can be
coordinated in MAC protocols to maintain a reliable connection to a mobile or user
equipment (UE) [274]. Additionally, electrically-steerable antennas envisioned for
mmWave communications can be used to beam switch around obstacles in order to
find reflections and scatterers that avoid pedestrian blockages.
 Note

that all best-fit CDFs were derived using the fitdist function and all GOF values were
calculated using the goodnessOfFit function, both in MATLAB® . Additionally, each fitted distribution was validated by the Kolmogorov-Smirnov (SV) test with a significance level of 1% [289]. It
is noted that due to the limited measured data, the last few percent of data of each of the tails was
ignored when solving for the best-fit distributions.

Probability (Fade Duration < Abscissa)

122
1

0.8

7° HPBW - Mean Fade Time: 299.0 ms
15° HPBW - Mean Fade Time: 267.4 ms
60° HPBW - Mean Fade Time: 260.2 ms
Combined - Mean Fade Time: 284.6 ms

0.6

7° HPBW - Median Fade Time: 248.1 ms
15° HPBW - Median Fade Time: 261.3 ms
60° HPBW - Median Fade Time: 248.1 ms
Combined - Median Fade Time: 251.4 ms

0.4

7 ° HPBW Antennas

0.2

15° HPBW Antennas
60° HPBW Antennas
Combined All

0
0

100

200

300

400

500

600

700

800

900

1000

Time (ms)

Figure 3.19: Two-state Markov model mean fade time duration (ms) CDFs for the
73.5 GHz blockage measurements. The lines in the plot represent the CDF curves
best-fit to the data with parameters provided in Table 3.5.
Table 3.4: Two-state Markov model transition probability rates for human blockage
events at 73.5 GHz.
TX/RX HPBW

Current State

Next State

λ - rate (trans/sec)

7◦

unshadowed
shadowed
unshadowed
shadowed
unshadowed
shadowed
unshadowed
shadowed

shadowed
unshadowed
shadowed
unshadowed
shadowed
unshadowed
shadowed
unshadowed

0.21
3.36
0.21
3.42
0.18
3.85
0.18
3.52

15◦
60◦
All Combined

Table 3.5: CDF parameters for mean fade durations of the two-state Markov model.
CDF Parameters for Fade Duration [ms] of Two-State Markov Model
Ant. HPBW
Dist.
Parameters
GOF
7◦
15◦
60◦
7◦ ; 15◦ ; 60◦

Log-normal
Weibull
Weibull
Log-normal

µ = 5.61; σ = 0.42
α = 282.12; β = 2.84
α = 266.01; β = 2.64
µ = 5.48; σ = 0.54

0.95
0.98
0.98
0.98
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3.5.3.2

Four-State Blockage Model Results and Analysis

The piecewise linear model described in Section 3.5.2.2 was used to model four
states of blockage events: unshadowed, decaying signal strength, shadowed, and rising signal strength. Similar to the two-state model in Section 3.5.3.1, blockage events
were initially determined using the Lloyd-Max algorithm in MATLAB, but were characterized and modeled using the criteria and threshold defined here. For the results
shown here, a 0 dB threshold for the first and last zero-crossings of the blockage
event was used to determine the beginning and end times of the decaying and rising
states, respectively [121,271]. The mean attenuation level calculated over the interval
[ 13 tD < tD < 32 tD ] was used as the threshold for determining the shadowed state. Following this procedure, the shadowing event fade time durations tD , decaying signal
strength rates rdecay , the mean attenuation of shadowing events SEmean , and rising
signal strength rates rrise were determined for each individual blockage event of the
measurement tests.
Fig. 3.20 shows the CDFs of the signal strength decay rates in dB/ms for the three
TX/RX antenna HPBW pairs along with the best-fit CDF curves to the empirical
data and with best-fit model parameters provided in Table 3.6. The GOF values are
all 0.93 or above, indicating a good distribution fit to the data. The signal strength
decay rates are determined as the rate of change over the time-frame (tdecay ) from
the last zero-crossing before the fading event and the first instance of the signal level
at or below the mean attenuation value. The median values for the signal strength
decay rates give a better indication of the trend than the mean values since the
15◦ HPBW antenna tests had two extremely rapid decay rates of 0.74 dB/ms and
1.22 dB/ms when a hand waved two times between the LOS link, which skewed the
Note that all best-fit CDFs were derived using the fitdist function and all GOF values were
calculated using the goodnessOfFit function, both in MATLAB® . Additionally, each fitted distribution was validated by the Kolmogorov-Smirnov (SV) test with a significance level of 1% [289]. It
is also noted that due to the limited measured data, the last few percent of data of each of the tails
was ignored when solving for the best-fit distributions.
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Figure 3.20: Four-state piecewise linear blockage model CDFs for decay rate rdecay
(dB/ms) for each pair of HPBW antennas at 73.5 GHz.
mean decay rate. The median decay rates of 0.13 dB/ms and 0.12 dB/ms for the
7◦ and 15◦ HPBW antennas, respectively, show that relatively narrowbeam TX and
RX antennas result in similar blockage decay rates. However, the median decay rate
of 0.15 dB/ms for the 60◦ HPBW antennas indicates a much sharper drop for wider
beamwidth antennas. Initially, this may not seem intuitive, but since the 60◦ HPBW
sectored antennas have a wider viewing angle, their mean attenuations may not be as
significant as for narrower beamwidth antennas such that a drop to the mean signal
attenuation occurs at a faster rate. Additional studies are needed to support this
conjecture.
The signal strength rise rate (rrise ) CDFs in Fig. 3.21 show that wider beamwidth
antennas result in faster rise time rates than narrowbeam antennas. For instance,
the 15◦ and 60◦ HPBW TX/RX antenna pairs resulted in 0.13 dB/ms and 0.14
dB/ms median rising signal strength rates compared to a 0.10 dB/ms increasing
signal strength rate for the 7◦ HPBW TX/RX antennas. A noteworthy observation
is that the decay (rdecay ) and rise (rrise ) time rates are asymmetric, which was also
noticed in [271]. The exact reason for this is unknown, but perhaps is an effect of
the trajectories with which blockers cross the LOS path between the TX and RX
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Figure 3.21: Four-state piecewise linear blockage model CDFs for rise rate rrise
(dB/ms) for each pair of HPBW antennas at 73.5 GHz.
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Figure 3.22: Four-state piecewise linear blockage model CDFs for shadowing event
mean attenuation SEmean (dB) for each pair of HPBW antennas at 73.5 GHz.
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Figure 3.23: Four-state piecewise linear blockage model CDFs for fade time duration
tD (s) for each pair of HPBW antennas at 73.5 GHz.
antennas. Table 3.6 gives the CDF parameters for the best-fit curves to the empirical
data in Fig. 3.21 along with high GOF values.
The mean signal attenuation for the three blockage tests resulted in an expected
trend where the narrower beamwidth antennas demonstrated greater mean signal
attenuations for individual blockage events, as shown by the CDFs in Fig. 3.22 (See
Table 3.6 for parameters). Specifically, the 7◦ HPBW antennas produced an average
signal attenuation of 15.8 dB whereas the 15◦ and 60◦ HPBW antennas demonstrated
an average signal fade of 12.4 dB and 11.5 dB, respectively. The inverse relationship
between antenna HPBW and mean signal attenuation can be attributed to the larger
beamwidth antennas capturing more diffracted energy around the human blockers
during the blockage event compared to narrower beam antennas that act as spatial
filters.
A simple analytical expression may be used to determine the mean signal attenuation as a function of the TX/RX antenna HPBW:


180
Mean Blockage Attenuation [dB] = 10 log10 b +
ABW

(3.19)
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Table 3.6: Best-fit CDF parameters of the Four-State Markov models for the 73.5
GHz rapid fading events caused by pedestrian traffic (human blockers).

CDF Parameters for Signal Strength Decay Rate: rdecay [dB/ms]
Ant. HPBW
Dist.
Parameters
GOF
◦
7
Log-normal
µ = −2.15; σ = 0.43
0.96
◦
15
Log-normal
µ = −2.07; σ = 0.61
0.98
60◦
Log-normal
µ = −1.87; σ = 0.51
0.98
CDF Parameters for Signal Strength Rise Rate: rrise [dB/ms]
Ant. HPBW Distribution
Parameters
GOF
◦
7
Log-normal
µ = −2.22; σ = 0.39
0.99
◦
15
Log-normal
µ = −2.17; σ = 0.55
0.99
◦
60
Log-normal
µ = −1.95; σ = 0.56
0.95
CDF Parameters for Shadowing Event Mean Attenuation: SEmean [dB]
Ant. HPBW Distribution
Parameters
GOF
◦
7
Log-normal
µ = 2.71; σ = 0.31
0.97
◦
15
Uniform
A = 5.11; B = 19.02
0.98
◦
60
Log-normal
µ = 2.42; σ = 0.22
0.98
CDF Parameters for Fade Time Duration: tD [ms]
Ant. HPBW Distribution
Parameters
GOF
7◦
Log-normal
µ = 5.87; σ = 0.35
0.94
◦
15
Log-normal
µ = 5.69; σ = 0.53
0.93
60◦
Log-normal
µ = 5.58; σ = 0.49
0.95
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where b is a constant and ABW is the TX/RX antenna HPBW in degrees. Fig. 3.24
shows all mean attenuations for each TX/RX HPBW antenna pair and the average
mean attenuation for each pair. A rough estimate for the model in (3.19) is fit to
the average mean signal attenuations in Fig. 3.24, with b = 9.8. The model is used
to describe the observation of the physical environment where a single LOS cluster is
blocked and when no secondary paths are available. As the TX/RX antenna HPBW
increases, the mean signal attenuation decreases since a larger and equal spread of the
wavefront impacts the blocker leading to more energy diffracted around the blocker
and thus captured by a wider viewing angle at the RX. For very narrow HPBW
antennas, the mean signal attenuation will be large since the spread of the transmitted
wavefront and viewing angle at the receiver are fully blocked by an obstruction,
leading to little diffracted energy observed at the RX. An interesting note is that
there is a limit at which increasing the antenna HPBW will have inconsequential
benefits since the LOS path cluster takes such a narrow trajectory between the TX
and RX in absence of secondary reflectors and scatterers. As shown in Fig. 3.24, the
minimum mean signal attenuation reaches a limit of approximately 10 dB for TX/RX
antenna HPBWs of 70◦ or more. Since only 3 data points were used to model (3.19),
future work will be done to further verify the model.
Fade time durations (tD ) are shown by the CDFs in Fig. 3.23, where on average,
the wider beamwidth antennas demonstrated shorter fade durations than narrower
beam antennas. Parameters corresponding to the CDF curves best-fit to the measurement data are provided in Table 3.6. The larger fade time durations for narrowbeam
antennas compared to widebeam antennas is expected since wider beamwidth antennas have larger viewing angles to capture diffracted energy around a pedestrian
blocker. Specifically, the 60◦ HPBW antennas resulted in a mean fade time duration
of 321.3 ms, whereas the 7◦ HPBW antennas demonstrated mean fade durations of
378.0 ms. The larger fade time durations for the narrowbeam antennas might give
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Mean Blockage Attenuation [dB]

: Mean Blockage Attenuation dB = 10 log5 6 9.8 +

180
𝐴<=

35
7° HPBW - Mean Atten.
15° HPBW - Mean Atten.
60° HPBW - Mean Atten.
7° HPBW - Avg. Mean Atten.
15° HPBW - Avg. Mean Atten.
60° HPBW - Avg. Mean Atten.
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Figure 3.24: Model fit for (3.19) showing that mean blockage attenuation is inversely
related to the TX/RX antenna HPBW.
an indication as to why the signal strength decay and rise rates are slower than for
wider beamwidth antennas as observed earlier. Note that the fade time durations for
the four-state model are longer than the two-state model since the definitions and
thresholds are slightly different in each case (see Sections 3.5.2.1 and 3.5.2.2).
Since the durations of fading events are on the order of 100’s of milliseconds,
mmWave systems must be designed to electrically switch beams on the order of microseconds to find an unblocked reflector or to use TX diversity through a distributed
multiple-input and multiple-output (MIMO) architecture where multiple nodes can
serve the same user. More specifically, it may be required to implement double-link
beam tracking algorithms [290] in lieu of single-link beam tracking which is currently
implemented in the 802.11ad standard [275].
The four-state Markov model transition probability rates are provided in Table 3.7 and are useful for creating simple simulations of human blockage events for
various antenna HPBW configurations. The CDF parameters provided in Table 3.7
are also useful for designing PHY and MAC layer protocols, beam switching and beam
steering algorithms, or for modeling performance of small cell networks at mmWave
frequencies.
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Table 3.7: Four-state Markov model transition probability rates for human blockage
events at 73.5 GHz.
TX/RX HPBW

7◦

15◦

60◦

3.6

Current State

Next State

λ - rate (trans/sec)

unshadowed
decaying
shadowed
rising
unshadowed
decaying
shadowed
rising
unshadowed
decaying
shadowed
rising

decaying
shadowed
rising
unshadowed
decaying
shadowed
rising
unshadowed
decaying
shadowed
rising
unshadowed

0.21
7.88
7.70
7.67
0.21
10.49
9.79
5.48
0.18
11.30
10.36
6.88

Conclusion

In this chapter, human blockage and channel measurements were described with
their important observations and results. Blockage models in mmWave channel models of well-known standards bodies were also discussed. Indoor human blockage measurements with the real-time spread spectrum channel sounder were detailed. A
new DKED blockage model that accounts for the antenna gains of narrowbeam and
directional antennas was shown to match well with the measurements compared to
existing blockage models that underestimate the attenuation caused by human blockers
at mmWave bands, especially when extremely close to either the TX or RX. The
DKED-AG model:
!
LScreen A.G. [dB] = −20 log10

p
p
p
p
Fw1 · GD2w1 · GD1w1 + Fw2 · GD2w2 · GD1w2
(3.20)

presented in Section 3.4.3 can be easily used for map-based channel simulations. Additionally, measurements for rapid fading events caused by pedestrians in a dense-urban
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environment were described. Two-state and four-state Markov models calculated from
the measurements were presented and indicated shadowing event fade durations on
the order of 300 to 400 ms on average, regardless of antenna beamwidth. The measurements also revealed that the mean signal attenuation of fading events is inversely
related to the TX/RX antenna HPBW where 60°, 15°, and 7° TX/RX HPBW antenna
pairs had monotonically increasing mean signal attenuations of 11.5 dB, 12.4 dB, and
15.8 dB. From this physical observation, a new and simple equation was presented in
Section 3.5.3.2 and written as:

Mean Blockage Attenuation [dB] = 10 log10

180
9.8 +
ABW


,

(3.21)

models mean signal attenuation (fade depth) as a function of antenna HPBW. Overall,
the fade durations reported in this Chapter are in agreement with earlier studies at
60 GHz that revealed shadowing events on the order of 300 ms to 500 ms [120, 121].
The blockage events observed here for peer-to-peer networks in a dense urban
crowded area are important for designing mmWave communications systems that rely
on electrically steerable antenna systems to consistently deliver seamless connectivity
and high-throughput in the presence of pedestrians and rapid fading. As the technology for electrically-steerable and reconfigurable antenna arrays matures, future
studies will be necessary for understanding the performance of switching antenna
beams at microsecond speeds to find reflectors and scatterers to maintain sufficient
SNR when the dominant path between the TX and RX is heavily obstructed. Publications related to the human blockage measurements and analysis in this Chapter
include: [61, 85, 115, 171, 173]. The next Chapter describes a base station diversity
measurement campaign in the same UMi environment as the rapid fading measurements, and analysis including the base station diversity measurements with the rapid
fading models presented here, is subsequently provided in Chapter 6.

Chapter 4
MmWave Base Station Diversity
Measurement Descriptions and
Procedures
4.1

Introduction

Millimeter-wave propagation measurements were conducted in the summer of
2016 on the NYU Engineering campus in order to study base station diversity to gain
knowledge for future 5G mmWave networks that are expected to exploit macrodiversity and CoMP applications. The base station diversity measurements were conducted to study coverage, interference, best beams, and fading diversity for mobile
users in a UMi small-cell scenario at millimeter-wave frequencies for both LOS and
NLOS conditions. This Chapter describes the measurement campaign methodology,
measurement locations, and measurement procedures.
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4.2

Measurement Environment Overview

The mmWave base station diversity measurements were conducted on the campus of the Tandon School of Engineering at New York University, which is built
around an orchard of cherry trees that is surrounded by an open square (O.S.) in
downtown Brooklyn, New York. The campus is a typical downtown environment
with lampposts, street signs, tall buildings, urban canyons, walkways, streets, street
furniture, street traffic, pedestrian traffic, foliage, etc., and the study area spanned
∼200 m by 200 m, representing a typical urban microcell (UMi) scenario. The courtyard is surrounding by buildings of four to fifteen stories on all fours sides, with urban
canyon streets at the intersection of each corner.

4.3

Measurement Locations

The base station diversity measurement locations were selected so as to test various TX and RX locations and environments (LOS and NLOS). Overall, 11 locations
were selected to be used as both TX and RX locations that represent typical base
station deployment positions or heavy-user concentrations for mobile users. The locations were also selected based on access to power. The 11 locations are represented as
yellow stars in Fig. 4.1. Of the 11 locations, on any given day, one of them was chosen
as the TX location, and some of the other 10 locations were used as an RX location
for measuring channel impulse responses. Each of the 11 locations was systematically chosen as a TX location when the other locations were used as RX locations
throughout the measurement campaign. Not all of the RX locations were measured
for a given TX and not all TX locations transmitted to a given RX; however, a goal
was set in place to measure at least three RX locations for each TX location and
to transmit from at least three TX locations to one RX location. Sets of three for
the measurements were done since it was not feasible to measure 110 individual TX-
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RX combinations throughout the summer due to the lengthy measurement procedure
subsequently explained. Thus, the goal was to measure seven sets of three (7 sets of 1
TX to 3 RXs and 7 sets of 3 TXs to 1 RX), with the TX and RX locations selected so
as to measure a diverse range of nearest neighbor distances, angular separations, and
environments for each measurement set, and by abiding by the law of diminishing
returns beyond n = 3 or n = 4 [291]. In total, 36 TX-RX radio links were tested,
where signals were received from three or more TX locations at nine RX locations,
and where eight TX locations were used to transmit to three or more RX locations,
resulting in more measurement sets than the intended goal of 7 sets for each type of
TX-RX combination. The measurements revealed values and variations in received
power, outage, best beam angles, and temporal delay spreads across various antenna
pointing angles at each RX, and for various antenna pointing angles from multiple
TX locations.
A total of 11 LOS and 25 NLOS TX-RX links were measured using 14.9 dBm TX
transmit power (into the antenna) and 1 GHz of RF null-to-null bandwidth, with 3D
transmitter-receiver (T-R) separation distances that ranged from 21 m to 140 m in
LOS and 59 m to 170 m in NLOS. The 3D T-R separation distances were measured
as the 3D Euclidean distance between a TX and RX, where TX heights were 4.0
m above ground level (AGL) and RX heights were 1.4 m AGL. The heights were
chosen to emulate a small-cell scenario where access points (APs) are on lampposts
and very tall street signs and to emulate a mobile user interacting with their device in
an Internet browsing mode. Throughout this technical report, the terms base station
(BS) and access point (AP) are used interchangeably.
Fig. 4.1 displays a map of the 11 locations in the courtyard and Tables 4.1
and 4.2 indicate the locations used for TX-RX combinations, their corresponding
T-R separation distance ranges, and common TXs for a given RX (Table. 4.1) and
common RXs for a given TX (Table. 4.2). The green patches in the center of the open
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Table 4.1: List of the TX locations used to transmit to each RX location and range
of T-R separation distances. A map of locations is provided in Fig. 4.1
RX Location

TX Location

T-R Dist (m)

L1
L2
L3
L4
L7
L8
L9
L10
L12
L13

L3,L4,L7,L11,L13
L3,L9,L12
L2
L1,L3,L7,L10,L13
L1,L2,L4,L10
L1,L7,L9
L1,L2,L4,L11
L4,L7,L13
L1,L2,L4,L7,L11
L1,L4,L10

80 ≤ d ≤ 140
61 ≤ d ≤ 78
77
80 ≤ d ≤ 170
72 ≤ d ≤ 72
21 ≤ d ≤ 133
63 ≤ d ≤ 78
59 ≤ d ≤ 123
61 ≤ d ≤ 149
59 ≤ d ≤ 107

Table 4.2: List of the RX locations for which a TX location transmitted to and range
of T-R separation distances. A map of locations is provided in Fig. 4.1
TX Location

RX Location

T-R Dist (m)

L1
L2
L3
L4
L7
L9
L10
L11
L12
L13

L4,L7,L8,L9,L12,L13
L3,L7,L9,L12
L1,L2,L4
L1,L7,L9,L10,L12,L13
L1,L4,L8,L10,L12
L2,L8
L4,L7,L13
L1,L9,L12
L2
L1,L4,L10

78 ≤ d ≤ 107
61 ≤ d ≤ 133
77 ≤ d ≤ 170
80 ≤ d ≤ 149
21 ≤ d ≤ 89
41 ≤ d ≤ 78
59 ≤ d ≤ 140
63 ≤ d ≤ 140
78
59 ≤ d ≤ 107

Table 4.3: Distance (d) statistics for the 9 UMi RX locations and their nearest neighbor TX locations (up to three), rounded to the nearest integer.
Nearest Neighbor TX Distance Stats over all RX Locations
Nearest Neighbor

1

2

3

Mean [m]: d¯ / Median [m]: d˜

62/61

74/78

93/87

STD [m]: σd

18

14

20

Range [m]: d ∈ [min, max]

[21,80]

[41,87]

[78,140]
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Table 4.4: Distance (d) statistics for the 8 UMi TX locations and their nearest neighbor RX locations (up to three), rounded to the nearest integer.
Nearest Neighbor RX Distance Stats over all TX Locations
Nearest Neighbor

1

2

3

Mean [m]: d¯ / Median [m]: d˜

62/62

79/79

110/82

STD [m]: σd

19

8

38

Range [m]: d ∈ [min, max]

[21,80]

[70,94]

[78,170]

square in Fig. 4.1 consist of moderate to full foliage, with the canopy approximately 67 meters AGL. The 4 meter high TX heights were well below the tree canopy and thus
only thin branches and tree trunks contributed to obstructions in propagation paths.
A TX-RX combination was considered to be LOS if a straight line (in 3D space) drawn
between the TX antenna and RX antenna resulted in a clear optical path. If a clear
optical path was obstructed by either a large tree trunk or buildings, then the TX-RX
combination was considered NLOS. In cases where a TX-RX combination had light

Figure 4.1: TX and/or RX locations used for the base station diversity measurements.
Table 4.1 indicates the specific TX-RX location combinations.

137
Table 4.5: GPS coordinates of the base station diversity measurement locations
around NYU’s campus in Brooklyn, New York (see Fig. 4.1).

Location

Latitude (Decimal)

Longitude (Decimal)

L1
L2
L3
L4
L7
L8
L9
L10
L11
L12
L13

40.6944444
40.6941667
40.6948611
40.6943889
40.6937500
40.6937667
40.6937500
40.6931389
40.6931944
40.6937222
40.6936667

-73.9860278
-73.9870278
-73.9870000
-73.9850833
-73.9855556
-73.9857972
-73.9862778
-73.9852778
-73.9861667
-73.9866111
-73.9852778

branches along the straight line drawn between the TX and RX antennas, the setting
was specified as LOS. The next subsection provides the environment identification
(LOS or NLOS) and T-R separation distances for each TX-RX link, and the GPS
coordinates for each TX and RX location are provided in Table 4.5.
Since the motivation of the measurement campaign was to study base station
diversity, it is convenient to characterize the nearest neighbor base stations across all
RX locations measured with three or more base stations. For downlink considerations
of the nine RX locations that were transmitted to from three or more base stations,
Table 4.3 provides the mean, median, standard deviation, and range of distances (d)
of the 1st, 2nd, and 3rd nearest serving base stations across the nine RX locations.
For uplink considerations, Table 4.4 provides the same statistics but for the 1st, 2nd,
and 3rd nearest RX locations to each of the eight TX locations that were associated
with three or more RX locations. Additional details for each RX location measured
and the corresponding TX locations are described in the documentation database
writeup for the base station diversity measurements in [261]. We note that the T-R
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separation distances in Table 4.1 to Table 4.4 were calculated as the 3D Euclidean
distance from the straight line drawn between the TX and RX location, with a TX
height of 4 m and an RX height of 1.4 m as follows:
q
3D T-R Distance = (Ground Distance (m))2 + (TXheight (m) − RXheight (m))2
(4.1)

4.4

Measurement System Hardware and Specifications

4.4.1

Transmitter Hardware

The base station diversity measurements were conducted with the sliding correlator mode of the novel millimeter-wave channel sounder presented in Sections 2.4.1
and 2.4.2. The system used state-of-the-art QuickSyn signal generators provided by
National Instruments to generate intermediate frequencies (IF) of 5.625 GHz and local oscillator (LO) frequencies of 22.625 GHz. A maximal length 2047 pseudorandom
noise (PN) sequence (or pseudorandom binary sequence (PRBS)) was clocked at 500
MHz at the TX and was mixed with the 5.625 GHz IF, and then modulated with the
LO (22.625 GHz frequency tripled to 67.875 GHz inside the up-converter) to transmit
an ultra-wide 1 GHz RF null-to-null bandwidth signal centered at 73.5 GHz. The upconverter and down-converter were built by SpaceK Labs and were used in previous
millimeter-wave channel sounding experiments [16, 35, 115, 259]. The RF signal was
transmitted through a high-gain directional horn antenna (mounted to the waveguide
output in Fig. 2.1) with 27 dBi of gain and 7◦ azimuth and elevation HPBW. The TX
antenna was elevated to 4 m AGL to emulate a lamppost or below rooftop access point
in a dense urban environment. Various directions of departure in the azimuth and
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Figure 4.2: Picture of the TX system measurement cart, and antenna atop the 4
meter mast at the L13 location.
elevation planes were made possible with high-precision mechanical scanning using a
FLIR D100 pan/tilt gimbal with LabVIEW software (see Section 2.4.1.3). The TX
system was connected to a universal power supply (UPS) system in case there was
any loss of power or if the system required movement to a different location during a
measurement day. Fig. 4.2 shows a picture of the TX system and measurement cart,
with the RF up-converter and TX antenna elevated to 4 m AGL.
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4.4.2

Receiver Hardware

A 20 dBi high-gain directional horn antenna with 15◦ azimuth and elevation
HPBW was attached to the waveguide flange input (see Fig. 2.10) on the 73 GHz
SpaceK down-converter [35] to capture the wideband signal that propagated through
the channel. QuickSyn frequency synthesizers identical to those at the TX were used
at the RX where a 22.625 GHz LO entered the down-converter (frequency tripled
inside to 67.875 GHz) to downconvert the RF signal to a center IF frequency of 5.625
GHz. As depicted in Fig. 2.10, the wideband IF signal is demodulated into its I and Q
baseband components where they enter a sliding correlator in analog circuitry. In the
sliding correlator, the I and Q baseband components are mixed with a PRBS sequence
identical to the transmitted signal, but at a slightly slower rate of 499.9375 Mcps,
which produces an impulse response when both the reference code and received signal
were aligned in time. The cross-correlation mixing operation reduces the bandwidth
of the I and Q signals to 62.5 kHz due to the sliding correlator time dilation property
(slide factor of 8 000). After the sliding correlator, the I and Q signals pass through
a low pass filter and are then sampled at 2.5 Mega-Samples/second with a PXI5142 high-speed oscilloscope using LabVIEW software. The digital I and Q voltages
are subsequently squared and summed together (I 2 + Q2 ) in software to generate a
raw PDP of the channel. In total, 20 consecutive PDPs are acquired and averaged
together in order to reduce noise floor fluctuations and for improved processing gain.
The averaged PDP is then saved and logged for post-processing.
The RX antenna was set to 1.4 m AGL to emulate a mobile user in a typical environment and was mechanically steered in azimuth and elevation by programming a
FLIR D100 pan/tilt gimbal in LabVIEW (see Section 2.4.2.4). The channel sounder
was able to record absolute and relative time-delay PDPs per the synchronization
procedure outlined in Section 2.4.4 along with post-processing, and with a 2 ns multipath component (MPC) time resolution. The synchronization scheme allowed for
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Figure 4.3: Picture of the RX system measurement cart and the RX antenna set to
1.4 meters AGL on a tripod at RX10 (L10 location).
synthesizing accurate omnidirectional and sectored PDPs. Table 4.6 provides a full
list of system specifications for the 73 GHz base station diversity measurement campaign and Fig. 4.3 shows a picture of the RX system and measurement cart, with the
RF down-converter and RX antenna elevated to 1.4 m AGL via a tripod.

4.5

Measurement Procedures

The base station diversity measurements were conducted during the summer of
2016 from the beginning of June to the end of August. Of the 11 locations previously
described that were chosen for TX and/or RX locations, on any given day, one of
the locations was chosen as the TX location, and some of the other 10 locations were
used as RX locations for measurements from that given TX (see descriptions above
for TX and RX location selection).
At the beginning of each measurement day, the TX and RX carts were brought
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Table 4.6: Broadband sliding correlator channel sounding system specifications for
the 73 GHz UMi O.S. base station diversity measurements [16, 35, 174, 259].
Carrier Frequency
Probing Signal
TX PN Code Chip Rate
TX PN Code Chip Width
RX PN Code Chip Rate
Slide Factor
Digitizer Sampling Rate
RF Bandwidth (Null-to-Null)
TX/RX IF Frequency
TX/RX LO Frequency
TX/RX LO Power
Max. TX Output Power
TX Antenna Gain
TX Azimuth HPBW
TX Elevation HPBW
Max. TX EIRP
RX Antenna Gain
RX Azimuth HPBW
RX Elevation HPBW
TX Antenna Height
RX Antenna Height
Max. Measurable Path Loss
Multipath Time Resolution
TX Polarization
RX Polarization

73.5 GHz
11th order PRBS (length=2047)
500 Mcps
2.0 ns
499.9375 Mcps
8 000
2.5 Mega-Samples/second
1 GHz
5.625 GHz
67.875 GHz (22.625 GHz ×3)
10 dBm
14.9 dBm
27 dBi
7◦
7◦
41.9 dBm
20 dBi
15◦
15◦
4.0 m
1.4 m
175 dB
2 ns
Vertical
Vertical / Horizontal
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together for a free space system calibration routine that was performed at a known TR separation distance of 4 m with vertically-polarized TX and RX antennas at heights
of 2 m. The calibration procedure allowed for calibrating true free space path loss at a
known reference distance and assisted in determining the linear range and gain of the
RX system in order to recover true received power from each individually recorded
field measurement PDP, in post-processing. The free space calibration routine was
also conducted at the end of most measurement days in order to account for any RX
system gain changes due to temperature fluctuations or other system variations, but
typically showed at most, a 0.1 to 0.2 dB difference in system characterization.
After the free space system calibration routine, the time drift calibration routine
as outlined in steps 1 to 3 in Algorithm 2 in Section 2.4.4, was conducted at the 4 m TR separation distance. After disconnecting the Rubidium clocks between the TX and
RX carts, which put both carts in “free-running” mode, the drift was continuously
monitored for approximately six minutes to track the linear “free-running” drift for
post-processing purposes. After the 6 minutes of drift tracking, either the TX or RX
measurement cart and system was moved to its planned measurement location for that
day. Typically, calibration was performed at the chosen TX location and the RX cart
and system was moved to the corresponding RX location for measurements. Once the
TX and RX carts were set in place at their selected measurement locations and with
the TX and RX antenna heights positioned to 4 m and 1.4 m, respectively, step 4 of
Algorithm 2 was performed. Step 4 of Algorithm 2 consisted of manually scanning the
TX and RX directional antennas to find an AOD and AOA that resulted in a PDP
with one of the strongest, if not the strongest received power and a distinguishable
MPC that could be tracked and re-measured throughout the measurement day for
calibrating out measurement drift in post-processing. In a LOS scenario, the TX and
RX Az./El. angles were those which corresponded to perfect boresight-alignment of
the antennas, which resulted in an extremely strong and distinguishable LOS MPC.
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In NLOS, the TX and RX Az./El. angles correspond to those which resulted in one
of the strongest, if not the strongest received powers at the RX and which contained
a strong and distinguishable peak MPC in the PDP that could be tracked and remeasured throughout the day. The corresponding drift calibration angles are provided
in the documentation database writeup in [261].
Once the TX and RX reference angles in azimuth and elevation were determined
for drift calibration, the first reference PDPs were recorded and measurements began
by following step 5 of Algorithm 2. Then, reference PDPs were repeatedly recorded
every 20 to 30 minutes through the measurement day for that TX-RX location combination in order to track long-term system drifts over the course of the measurement
day. The reference PDPs were necessary in post-processing for calibrating the time
drift out of the measurements and for generating accurate time of arrival PDPs or
accurate relative time delay PDPs, in order to align and analyze PDPs recorded at
various angles of departure and arrival between the TX and RX directional scanning
antennas. Details regarding the post-processing procedure for calibrating out the
system drift during measurements and for aligning directional PDPs in time can be
found in [261].
The use of high-gain directional antennas for understanding propagation at
mmWave frequencies is necessary for overcoming the higher path loss observed compared to microwave bands, and has an added benefit of spatial filtering and scanning
of the propagation channel for a large link-budget of greater than 170 dB. For the measurement campaign described here at 73 GHz, the use of directional antennas helped
to obtain a large amount of spatial information at the TX and RX for base station
diversity analysis, such as strong angles of departure and arrival. The transmitted
signal for each TX-RX link combination was radiated with a 7◦ HPBW pyramidal
horn antenna and was rotated in sequential increments of 8◦ degrees to span at least a
120◦ sector (15 pointing angles), representative of a typical panel base station. There
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Table 4.7: TX-RX link combinations with AOD sectors larger than the default 120◦
sector from the measurement plan, due to additional energy observed beyond the
default 15 TX antenna azimuth pointing angles and 120◦ TX sector.
TX Location
L2
L3
L4
L4
L7
L11
L11
L11
L10

RX Location
L9
L2
L7
L1
L10
L9
L12
L1
L13

TX AODs
17
18
17
17
17
16
16
16
17

TX AOD Sector Size
136◦
144◦
136◦
136◦
136◦
128◦
128◦
128◦
136◦

were nine TX-RX link combinations where the TX sector was scanned over a few
more angles of departure (more than 15) due to rich reflections and scattering observed beyond the 120◦ sector, and Table 4.7 identifies those links, the total number
of AODs (default was 15), and the size of the larger TX AOD sectors (default was
120◦ ) for those nine link combinations.
Since the TX azimuth and elevation angles used for drift calibration and PDP
references resulted in one of the strongest, if not the strongest received power at
the RX, that TX azimuth angle was used as the central angle of the TX azimuth
AOD sector, and the TX elevation angle remained fixed for the measurements of
that specific TX-RX location combination. More specifically, it is noted that the
start (1st) and end (15th) angles of the TX sector were manually determined during
the measurements for each TX-RX location combination so as to measure the most
dominant angles of departure that resulted in the strongest received power at the RX.
The center angle (8th) of the sector typically resulted in the strongest received power
at the RX.
The initial RX antenna angle of arrival (AOA) elevation angle was selected as
the RX elevation from the drift calibration and reference PDP, since it resulted in
the strongest received power at the RX. For each TX pointing angle, the RX antenna
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with 20 dBi of gain and 15◦ HPBW was scanned in 15◦ increments in azimuth at
the fixed elevation angle with the strongest received power, resulting in 24 discrete
angle measurements / PDPs per azimuth scan. The RX antenna azimuth scanning
was repeated for two additional elevation angles, one on either side of the strongest
elevation angle such that the second and third azimuth angle sweeps were performed
for RX elevation angles ±15◦ from the strongest RX elevation angle. As described
above, a PDP was recorded with 20 averages for each unique antenna pointing angle
combination between the TX and RX antennas where a signal was detectable. If the
signal was not detectable, a PDP was not recorded.
For each TX-RX link combination, 3 RX elevation planes for each of the 15 TX
pointing angles of departure amounted to 45 azimuth angle measurement scans for
co-polarized vertical-to-vertical (V-V) antennas. The same procedure was repeated
for cross-polarized vertical-to-horizontal (V-H) antennas, resulting in a default value
of 90 azimuth angle scans for a single TX-RX combination. A 90◦ waveguide twist
was used to rotate the RX pyramidal horn antenna so that the TX and RX antenna
polarizations were orthogonal to each other. The TX-RX link combinations in Table 4.7 with additional TX AOD pointing angles resulted in a maximum of 96, 102,
and 108 azimuth angle scans for one, two, and three extra TX AODs, respectively.

◦
= 24 , there were a maximum of
Since each azimuth scan consisted of 24 PDPs 360
15◦
2,160 PDPs recorded for TX-RX link combinations with 15 TX AODs. For TX-RX
link combinations having one, two, or three additional angles of departure for the
AOD sector, up to 2,304, 2,448, and 2,592 wideband PDP impulse responses were
recorded, respectively. However, approximately 700 PDPs were recorded on average
for each TX-RX location combination since angles where a signal was not detectable
were not recorded and PDPs with signal-to-noise ratio of 5 dB or less were discarded
via thresholding in post-processing. A total of 25,614 PDPs were available for analysis
after recording and post-processing thresholding.

147
The absolute-timing channel sounder was capable of automating the azimuth
sweeps with LabVIEW software and generated a log-file for each individually recorded
PDP. During each azimuth sweep, the channel sounder software was able to indicate
whether or not a recorded PDP was in the linear range of the RX system that was
determined during the free space calibration. PDPs that were indicated to exceed the
upper bound of the linear range were re-measured using a variable attenuator with
the attenuator setting saved in a log-file. Additional details regarding measurement
specifics of each recorded wideband PDP response can be found in [261], which details
the raw measurements and post-processed measurement database.

4.6

Measurement Outputs

The following list contains a tally of the final outputs from the measurement
campaign and for which some are used for analysis in this report, and for which
others can be used for in future work.
 More than 130 GBs of propagation data were recorded.
 66,447 total unique wideband power delay profile impulse responses were recorded

for individual narrowbeam antenna angles of arrival and departure across 36 total TX-RX location combinations. Examples of measured PDPs can be found
in Fig. 5.6. The measured power delay profiles may be used to generate various
measurement parameters such as those described in Section 2.6.
– 38,880 total V-V PDPs recorded
– 27,567 total V-H PDPs recorded (V-H was not as reliable due to link
margin)
 Post-processing to remove PDPs that did not meet the 5 dB SNR noise floor

threshold and -20 dB MPC peak threshold requirements resulted in the following:
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– 18,183 V-V PDPs with the following statistics over all TX-RX location
combinations:
* Minimum PDPs across TX-RX combinations: 59
· LOS: 395; NLOS: 59
* Maximum PDPs across TX-RX combinations: 894
· LOS: 894; NLOS: 891
* Mean PDPs across TX-RX combinations: 505
· LOS: 753; NLOS: 396
* Median PDPs across TX-RX combinations: 502
· LOS: 761; NLOS: 347
* LOS/NLOS random beam pointing outage: 32.3% / 64.1%

– 7,431 V-H PDPs after post-processing
 Of the single TX-RX location combinations tested, the following number of

combination sets are available for analysis:
– 36 individual TX to RX location combinations
– 54 combinations of 2 common TX locations to 1 RX location
– 42 combinations of 3 common TX locations to 1 RX location
– 17 combinations of 4 common TX locations to 1 RX location
– 3 combinations of 5 common TX locations to 1 RX location
– 34 combinations of 2 common TX locations to 2 common RX locations
– 11 combinations of 2 common TX locations to 3 common RX locations
– 10 combinations of 3 common TX locations to 2 common RX locations
– 1 combination of 3 common TX locations to 3 common RX locations
 Diversity and CoMP related measurement realization outputs (beam combi-

nations) used in Chapter 6 when considering the best 100 beams (strongest
received power) for each individual TX-RX location combination:
– 36 × 100 = 3,600 measurement realizations for 1 TX transmitting to an
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RX
– 54 × 1002 = 540,000 measurement realizations for 2 TXs transmitting to
an RX
– 42 × 1003 = 42,000,000 measurement realizations for 3 TXs transmitting
to an RX
– 2 × 34 × 1002 = 680,000 network settings for 2 common TX and 2 common
RX locations when each TX transmits a single beam to a paired RX. In this
scenario, each RX has a beam with energy from the TX transmitting to it,
and that beam may also experience interference from the TX transmitting
to the other RX.

4.7

Conclusion

In this chapter, the methodology of the mmWave base station diversity measurement campaign was described. More than 130 GBs of data and more than 66,000 directional beam PDPs were recorded during the measurement campaign. The measurement locations and environment types were provided in addition to the corresponding
TX locations for each RX and the corresponding RX locations for each TX location.
Distance statistics were also provided for three nearest neighbor TX locations over
all RX locations and for the three nearest neighbor RX locations over all TX locations. The mmWave channel sounding system used to conduct the measurements was
summarized and a detailed explanation of the measurement procedures for each measured TX-RX link combination was provided. A list of measurement information and
outputs that can be used for future analysis is also provided. Publications related to
the base station diversity measurements in this Chapter include: [85, 174]. Chapter 5
presents large-scale propagation results from the base station diversity measurement
campaign described here, including directional and omnidirectional path loss, direc-
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tional and omnidirectional multipath dispersion statistics, and outage characteristics
and observations.

Chapter 5
Base Station Diversity
Measurement Propagation Results
and Analysis
5.1

Introduction

The base station diversity measurement campaign from 2016 and detailed in
Chapter 4, resulted in more than 130 GBs of data and more than 25,000 directional
PDP measurements across all locations, polarizations, and unique antenna pointing
angles [174]. A natural by-product of the base station diversity measurement campaign are large-scale propagation characteristics for the open square UMi small-cell
scenario for both LOS and NLOS conditions, from 36 individual TX-RX location
combinations with TX heights of 4 m above ground level (AGL) and RX heights
1.4 m AGL. Therefore, this chapter provides results and analysis on the large-scale
channel characteristics extracted from the 2016 base station diversity measurement
campaign such as path loss, temporal delay spread, and outage analysis. In this Chapter, comparisons are made to previous measurement results in a similar downtown
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environment in Manhattan from [12, 16, 35, 50], and the propagation characteristics
detailed here are the basis for the extensive diversity and CoMP analysis presented
in Chapter 6.

5.2

UMi Open Square Path Loss Models

5.3

Directional Path Loss Models

The measurements were conducted at 73.5 GHz* across 1 GHz of RF null-to-null
bandwidth with directional and rotatable horn antennas at the TX and RX which
were 7° HPBW with 27 dBi of gain and 15° HPBW with 20 dBi of gain, respectively.
As described in Chapter 4, for each individual TX-RX location combination, 15 or
more TX antenna pointing angles (120° sector or more) were used to transmit to
72 RX antenna pointing angles (24 azimuth pointing angles at 3 separate elevation
angles), where a PDP was recorded only for angles that had detectable signal for the
system with a 175 dB maximum measurable path loss. The TX and RX antenna
heights were 4 m and 1.4 m above ground level (AGL), respectively.
Directional wideband received power (Pr(dir.) ) from measurable PDPs was calculated by integrating the area under each PDP with a -20 dB max peak and +5
dB noise floor SNR double threshold, where path loss for each directional TX/RX
antenna pointing angle pair was calculated while removing the TX and RX antenna
gains, as shown here:

PL(dir.) (d)[dB] = Pt [dBm] + Gt [dBi] + Gr [dBi] − Pr(dir.) (d)[dBm]

(5.1)

The 3D distance d in (5.1) was determined as the 3D Euclidean distance between
* Note

that while the center carrier frequency of the measurements was at 73.5 GHz, the phrase
“73 GHz” is used for convenience throughout the report when referring to the measurements.
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the straight line drawn between the TX and RX, while TX and RX antenna pointing directions were determined using maps and highly-precise mechanically rotatable
gimbals. While the calculated directional (arbitrary pointing) path loss values have
the antenna gains removed, they were only made possible with the types of antennas
used during the measurements (27 dBi for TX and 20 dBi for RX, see Table 4.6) and
is an important note to keep in mind for link-budget analysis.
As explained in this section, the environment descriptions for directional path
loss data are slightly different than those previously used in the literature, such as
in [16,70,174], in order to better represent the propagation characteristics in LOS and
NLOS environments for the directional path loss models presented in this Chapter.
The environment descriptions at mmWave are much more important than compared
to microwave path loss modeling where measurements are typically conducted with
omnidirectional or sectored antennas at the TX and RX and which are intended
for omnidirectional models. However, the mmWave regime requires directional narrowbeam and high-gain antennas to effectively measure path loss at large distances,
meaning that individual path loss measurements come from narrow directional paths
from specific angles of arrival and departure compared to all directions. Therefore, a
new type of environment description for directional path loss modeling is required.
A typical description for a LOS environment is one in which there is a clear
optical path between the TX and RX locations. A NLOS environment is one in which
a clear optical path does not exist between the TX and RX locations, rather there
are obstructions that block the optical path such as large buildings, monuments, tree
trunks, and other street furniture. These definitions are used to model path loss here,
but with a few caveats. For instance, the boresight/maximum gain of the antenna
radiation pattern of the TX and RX antennas are not always aligned when using
directional antennas. The off-boresight alignment results in much higher path loss
than one would expect in a LOS environment, but intuitively makes sense since the
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propagation paths that are detected at the receiver are from reflections and scatterers
that are not in the direct path from the TX to the RX. Slightly off-boresight energy
from antenna pattern sidelobes is generally 5 to 10 dB less than maximum boresight
received energy and does not accurately reflect true point-to-point free space path
loss. Therefore, directional path loss in a LOS environment is split into two categories:
LOS-Boresight (LOS-B) and LOS-Non-Boresight (LOS-NB). In previous work, LOSB and LOS-NB data were lumped into one LOS data set [16, 35].
LOS-B is for a situation in which the TX and RX locations have a clear optical
path between the two and for which the antennas are perfectly-aligned on boresight
in azimuth and elevation by a straight line drawn between the TX and RX antennas.
LOS-NB is a situation for which the TX and RX locations have a clear optical path
between the two, but for which the antennas are pointed in arbitrary directions in azimuth and/or elevation and are not boresight-aligned. While the multipath captured
at a receiver in LOS for misaligned antennas still experiences amplification from the
TX and RX antenna gains, the paths experience longer time-of-flight (TOF) and involve reflection, scattering, and diffraction which usually decrease the signal strength
at the receiver. Thus, LOS-NB path loss values are generally much larger than LOS-B
path loss data.
As for NLOS, regardless of the TX and RX antenna pointing angles or polarizations, the LOS path is always blocked. Therefore, all NLOS data may be considered
together for analysis. However, an additional observation can be made from NLOS
path loss data. Generally speaking there will be a pointing angle combination between
the TX and RX antennas of a particular TX-RX location pair for which received power
is maximized. Path loss data in NLOS for the antenna pointing angle combinations
which correspond to the strongest received power for each given TX-RX location pair,
result in the “best” NLOS path loss (minimum path loss/strongest received power),
and are named NLOS-Best, which is similar to directional path loss modeling by NYU
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Table 5.1: Directional path loss model terminology.
Setting

Description

LOS-B

Path loss when the TX and RX locations have a clear optical path between the
two and for which the antennas are perfectly-aligned on boresight in azimuth
and elevation.

LOS-NB

Path loss when the TX and RX locations have a clear optical path between the
two and for which the antennas are not boresight-aligned.

NLOS

Path loss when the TX and RX antennas are separated by obstructions and
there is no clear optical path between the TX and RX antennas, covering all
arbitrary pointing angles between the TX and RX.

NLOS-Best

Path loss in NLOS for the unique antenna pointing angle combinations which
correspond to the strongest received power for each given NLOS TX-RX location pair and which result in the “best” NLOS path loss (minimum path
loss/strongest received power).

ALL

Path loss data from all TX-RX location combinations (LOS and NLOS) and
covering all arbitrary pointing angles between the TX and RX.

ALL-Best

Path loss for the unique antenna pointing angle combinations which correspond
to the strongest received power for each given TX-RX location pair which result
in the “best” path loss (minimum path loss/strongest received power).

in [8, 12, 16, 35, 70]. Additionally, there are cases where path loss data, regardless of
environment, are all lumped together for analysis such that LOS and NLOS data
are combined for modeling. We denote this category of data as “ALL” for path loss
modeling, when lumping LOS-B, LOS-NB, and NLOS path loss data together. From
this combined data set, we can similarly extract “ALL-Best” path loss models which
denote the best path loss (maximum received power) data from each TX-RX location
combination of the lumped together data set. The definitions for the LOS-B, LOSNB, NLOS, NLOS-Best, ALL, and ALL-Best path loss data and models are provided
in Table 5.1.

5.3.1

CI and FI Directional Path Loss Models

For system coverage and interference analysis, path loss is typically a function
of the three-dimensional (3D) propagation distance d when drawing a straight line
between a transmitter (TX) and receiver (RX). The close-in free space reference
distance (CI) path loss model is commonly used in the literature and standards bodies
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and is parameterized by the single model parameter n, also known as the path loss
exponent (PLE):


CI

PL (fc , d)[dB] = FSPL(fc , d0 ) + 10n log10

d
d0



+ XσCI ; for d ≥ d0 , where d0 = 1 m
(5.2)

A universal reference distance d0 = 1 m is used for reliable and accurate modeling [16,50,78,82], FSPL(fc , d0 ) is the free space path loss (FSPL) in dB at the carrier
frequency fc and at the reference distance d0 by Friis’ free space transmission formula [15, 81, 292]:

FSPL(fc , 1 m)[dB] = 20 log10

4π × 1 × fc × 109
c


= 32.4 + 20 log10 (fc )

(5.3)

where fc is in GHz, c is the speed of light in free space or air, 3×108 m/s, and 32.4 dB
is the FSPL at d0 = 1 m at 1 GHz. Therefore, (5.2) can be simplified into a common
form used by 3GPP and ITU:

PLCI (fc , d)[dB] = 32.4+20 log10 (fc )+10n log10 (d)+XσCI ; for d ≥ d0 , where d0 = 1 m
(5.4)
where XσCI is a zero mean Gaussian random variable with standard deviation σ in
dB (large-scale channel fluctuations due to shadowing [81]). Setting the free space
reference distance d0 = 1 m provides a standardized and universal modeling approach
for path loss comparison with a single parameter [16, 70]. Additionally, the use of 1
m as a reference distance allows path loss to be tied to a true physical anchor point
that expresses the free space transmitted power away from the TX antenna out to
the close-in reference distance d0 where no obstructions or blockages will exist [70,
78]. CI models have also been proved to have excellent stability and accuracy when
predicting path loss values for scenarios and distances outside the scope of the original
measurements used to create the model [68, 78]. A useful property for understanding
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path loss from (5.4) is the 10n term that describes signal attenuation in terms of
decades of distance starting at the reference distance d0 . The closed-form expression
for optimizing the CI model parameters can be found in [70].
The CI path loss model may be used for estimating path loss from either coor cross-polarization measurements, or for a generalized data set that combines both
co- and cross-polarized (combined polarization) signals (as would occur in a practical
cellular system with random device orientations). The single-parameter CI model
may also be used for multiple frequencies with good accuracy as shown in [70,78]. We
note that the path loss models presented here are contingent upon measurements with
detectable signal using our measurement system, which had a maximum measurable
path loss of 175 dB.
Fig. 5.1 shows the measured path loss data and CI path loss models with a 1
meter close-in free space reference distance for the directional measurements with
vertical-to-vertical (V-V) antenna polarization. At 73.5 GHz the close-in free space
reference distance of d0 = 1 m yields 69.8 dB of path loss in the first meter of
propagation and is the y-axis anchor point for the 73 GHz CI path loss models.
In Fig. 5.1, the LOS-B CI path loss model has a PLE of n = 2.0 which perfectly
matches theoretical FSPL by Friis’ free space transmission formula [15]. The small
standard deviation of 1.9 dB indicates little fading on boresight-to-boresight antennas
in LOS and may also be attributed to the wideband (1 GHz) measurements which
can resolve individual multipath components (MPCs). The LOS-NB directional PLE
of n = 4.7 reveals very high path loss attenuation as a function of distance for TX
and RX antennas that are not boresight aligned in a LOS environment. The reason
for this is the long propagation paths and losses due to reflections and scattering in a
LOS area that attenuate the signal much greater than the LOS boresight-to-boresight
path. One might consider these off-boresight powers to be the multipath reflectors
and scatterers that arrive after the boresight LOS MPC in a LOS environment and
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73 GHz Directional V-V CI Path Loss Models with TX Height: 4.0 m and RX Height: 1.4 m
°

°

Using 27/20 dBi, 7.0 /15.0 HPBW TX/RX Antennas
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Figure 5.1: Directional CI V-V path loss models for the UMi-O.S. scenario in downtown Brooklyn for unique pointing angles between the TX and RX where signal could
be received. Black circles represent LOS-B path loss data, green plus signs represent
LOS-NB path loss data, red crosses indicate NLOS path loss data, and blue shaded
diamonds indicate the NLOS path loss data of the unique antenna pointing angles
between each TX and RX location that resulted in the “best” path loss/strongest
received power.
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that have much weaker energy than what free space path loss predicts. There are
however some secondary LOS-NB angles that are within 5 to 10 dB power of the main
LOS-B angles which could be used to maintain a link in the event of a blockage or
outage of the main LOS path and are likely just slightly off-boresight angles between
the TX and RX antennas. Furthermore, the large shadow fading standard deviation
of 12.4 dB indicates that signal strength at off-boresight angles in a LOS mmWave
open square scenario can drastically vary around the mean path loss value.
The NLOS CI PLE of n = 4.6 indicates that 73 GHz propagating signals with
narrowbeam directional antennas attenuate by 46 dB per decade of distance beyond
1 m in the UMi open square, which is nearly identical to the PLE of 4.7 from earlier
measurements in a typical UMi scenario in Manhattan at 73 GHz as reported in [16].
A surprising result was the PLE of n = 3.1 for best TX-RX pointing angle combinations in NLOS, indicated as NLOS-Best. The NLOS-Best result shows that if the
TX and RX antennas are able to align themselves perfectly, then path loss can be
reduced in NLOS compared to random and arbitrary pointing angles, by 15 dB per
decade of distance beyond the first meter of propagation. The large improvement in
link margin for the best TX-RX pointing angle combinations may well be attributed
to the UMi O.S. environment which has tall buildings on all four sides that effectively help to reflect energy and create a multipath rich propagation scenario. The
CI path loss model parameters for the V-V directional measurements are provided in
Table 5.2. The NLOS and NLOS-Best shadow fading standard deviations of 10.5 dB
each, are comparable to the models in [16] that resulted in UMi CI path loss model
shadow fading standard deviations of 11.1 dB and 12.6 dB, respectively.
In Fig. 5.2, the LOS and NLOS path loss data are lumped together and are
plotted together for the combined “ALL” CI-path loss model. The CI path loss
model PLE for all directional path loss data is 4.6, nearly identical to the NLOS PLE
when considering just NLOS data. The PLE of 4.6 indicates that for all potential
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Table 5.2: 73 GHz directional CI V-V path loss model (5.4) parameters with d0 = 1
m for the UMi O.S. scenario in downtown Brooklyn with TX heights of 4.0 m and
RX heights of 1.4 m. TX antennas had 27 dBi of gain with 7◦ azimuth and elevation
HPBW and RX antennas had 20 dBi of gain with 15◦ azimuth and elevation HPBW.
The LOS distances ranged from 20.6 m to 139.5 m and the NLOS distances ranged
from 58.7 m to 169.9 m.
73 GHz VV Directional CI Path Loss Models for d0 = 1 m
LOS-B
σ [dB]
PLE
2.0

1.9

LOS-NB
σ [dB]
PLE
4.7

12.4

NLOS
σ [dB]
PLE
4.6

10.5

NLOS-Best
σ [dB]
PLE
3.1

10.5

beam combinations between a TX and RX, regardless of LOS or NLOS, that the
signal will attenuate on average by 46 dB per decade of distance. However, if the
TX and RX antennas are able to align to the strongest received power, then the PLE
(ALL-Best) reduces to 2.8 indicating signal strength decays by 28 dB per decade
of distance beyond the first meter of propagation. However, the large-scale shadow
fading standard deviation is 13.1 dB, higher than the environment specific LOS and
NLOS model shadow fading, indicating that signal strength can vary significantly
around the mean received power for the CI model where all path loss data is combined
together. The ALL-Best case is equivalent to directional beamforming to the best
single beam between a TX and RX antenna, which will help to reduce attenuation
and provide much better coverage compared to random and arbitrary pointing beams.
Future mmWave adaptive array algorithms will be used to determine these preferred
antenna pointing angles at both the TX and RX [8, 9]. The CI path loss models here
might be more useful for network engineers or site-planners who do not consider the
environment type, especially since a mobile in the real-world would likely not know
that it is in LOS or NLOS. CI model parameters for the directional path loss data
for the “ALL” cases are provided in Table 5.3.
In order to provide a comparison of the CI path loss models for the directional
path loss data, Fig. 5.3 provides the alternate floating-intercept (FI) or alpha-beta
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73 GHz Directional "ALL" V-V CI Path Loss Models with TX Height: 4.0 m and RX Height: 1.4 m
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Figure 5.2: Directional CI V-V path loss models for the UMi O.S. scenario in downtown Brooklyn for unique antenna pointing angles between the TX and RX where
signal could be received, with LOS and NLOS data lumped together. Blue crosses
represent ALL path loss data, and red diamonds represent the path loss data of the
unique antenna pointing angles between each TX and RX location that resulted in
the “best” path loss/strongest received power.

Table 5.3: 73 GHz directional CI V-V “ALL” path loss model (5.4) parameters with
d0 = 1 for the UMi O.S. scenario in downtown Brooklyn with TX heights of 4.0 m and
RX heights of 1.4 m. TX antennas had 27 dBi of gain with 7◦ azimuth and elevation
HPBW and RX antennas had 20 dBi of gain with 15◦ azimuth and elevation HPBW.
Distances ranged from 20.6 m to 169.9 m.
73 GHz VV Directional “ALL” CI Path Loss Models for d0 = 1 m
ALL

ALL-Best

PLE

σ [dB]

PLE

σ [dB]

4.6

11.5

2.8

13.1
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path loss model (5.5) used in WINNER II, 3GPP, and ITU channel models [75,76,177].
As described in Section 1.1.4, the FI model has no physical reference or basis and
merely fits the best line to the measured data (via a least-squares regression) to
create a floating intercept linear equation model that is only valid over the distances
for which the measurements were made. The FI model is written as:

PLFI (d)[dB] = 10 · α log10 (d) + β + XσFI

(5.5)

where β is the floating-intercept in dB (different than a FSPL reference), and α indicates the slope of the line (different than a PLE), also with a zero mean Gaussian (in
dB) shadow fading random variable XσFI which describes large-scale signal fluctuations about the mean path loss over distance. Similar to the CI model, the best-fit FI
model involves solving for α and β to minimize σ and the closed-form optimized solutions are provided in [70]. Note that (5.5) requires two model parameters, whereas
the CI model only requires a single parameter, the PLE. A common error made by
engineers when interpreting path loss models is to assume that α is the same as PLE –
it is not. The value of α simply serves to be a particular value of slope that offers the
best fit to a scatter plot of data, and has no physical basis or frequency dependence
whatsoever [10, 16, 293].
Table 5.4 provides the FI path loss model parameters for the directional path
loss data and reveals some of the inaccuracies and sensitivities of using such a model.
As mentioned in Chapter 1, earlier work showed strange model parameters, especially
when the data was limited, such as α slope values extremely close to zero or even
negative values [10,78]. The same inconsistencies are shown in Table 5.4 for the NLOS
arbitrary antenna pointing angle FI model which results in an α of 0, indicating that
path loss is constant as a function of distance and clearly does not make any intuitive
sense. Furthermore, the NLOS and NLOS-Best β values are both larger than 100
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73 GHz Directional V-V FI Path Loss Models with TX Height: 4.0 m and RX Height: 1.4 m
Using 27/20 dBi, 7.0 °/15.0° HPBW TX/RX Antennas
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LOS-NB FI:
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= 0.6, = 118.7 dB, = 9.8 dB
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Figure 5.3: Directional FI V-V path loss models for the UMi O.S. scenario in downtown Brooklyn for unique pointing angles between the TX and RX where signal could
be received. Black circles represent LOS-B path loss data, green plus signs represent
LOS-NB path loss data, red crosses indicate NLOS path loss data, and blue shaded
diamonds indicate the NLOS path loss data of the unique pointing angle between
each TX and RX location that resulted in the “best” path loss/strongest received
power.
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Table 5.4: 73 GHz directional FI V-V path loss model (5.5) parameters for the UMi
O.S. scenario in downtown Brooklyn with TX heights of 4.0 m and RX heights of
1.4 m. TX antennas had 27 dBi of gain with 7◦ azimuth and elevation HPBW and
RX antennas had 20 dBi of gain with 15◦ azimuth and elevation HPBW. The LOS
distances ranged from 20.6 m to 139.5 m and the NLOS distances ranged from 58.7
m to 169.9 m.
73 GHz VV Directional FI Path Loss Models
Scenario

α

β [dB]

σ [dB]

LOS-B
LOS-NB
NLOS
NLOS-Best
ALL
ALL-Best

1.9
1.4
0.0
0.6
1.3
3.7

71.6
129.4
158.8
118.7
132.5
53.5

1.8
10.6
9.1
9.8
10.1
12.8

dB, which means that path loss at the close-in distance of 1 m is much greater (more
than 30 dB) than what free space path loss would predict and where obstructions
would likely not exist. That is to say that the NLOS FI path loss model is not
applicable or realistic outside of the range of measurements. While the FI model
does result in a better fit to the data, i.e. smaller standard deviation / shadow factor,
the improvement is minimal compared to the CI model, where shadowing values are
within 1 dB or so in most cases. The 1 dB difference is a minimal improvement when
shadow factor standard deviations are on the order of 9 dB or more in NLOS or offboresight antenna alignments, which does not motivate the use of a more complicated
FI model with two parameters, compared to the simpler CI model with one parameter.

5.3.2

Directional Path Loss as a Function of RX Elevation
Angle

The measurement procedure outlined in Section 4.5 detailed that for each TXRX link combination, measurements were made at three fixed elevation angles at the
RX. The first measured elevation angle was the “best” elevation angle that resulted
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in the strongest received power at the RX, with the two additional elevation angles
at one HPBW increment above and below the “best” elevation angle. For LOSB, the “best” elevation angle was always at the boresight-aligned elevation angle
between the TX and RX antennas, resulting in 11 path loss data points (see black
circles in Fig. 5.1). The elevation angles for NLOS-Best were typically taken at the
“best” elevation angle and resulted in 25 path loss data points (see blue diamonds
in Fig. 5.1). However, the LOS-NB and NLOS arbitrary pointing angle path loss
data were taken across all three elevation angles. Therefore, it is worth considering
path loss models for the three specific elevation angles measured for the LOS-NB
and NLOS environment scenarios: 1) best elevation angle (Best-El); 2) one HPBW
down from the best elevation angle (HPBW-Down); and 3) one HPBW up from the
best elevation angle (HPBW-Up). While the elevation angles of the RX antenna for
each individual TX-RX location combination were not identical, they were quantized
according to −15°, 0°, and +15° for convenience and since the exact elevation antenna
pointing angles for each quantized region were within a single RX antenna HPBW
(15°) across all measurement locations.
The LOS-NB VV directional path loss CI model parameters for the three elevation angles measured across all LOS RX locations are given in Table 5.5 where
LOS-NB-Best-El indicates path loss for the best elevation angle at the RX in LOS-NB,
and LOS-NB-HPBW-Down and LOS-NB-HPBW-Up represent the directional path
loss for the measurements one HPBW increment below and above the best elevation
angle, respectively. The shadow fading for LOS-NB path loss at the best elevation
angle and one HPBW below and above, are all relatively similar around 12 dB and
well within an order of magnitude difference of each other. As expected, the best elevation angle has the lowest directional PLE of 4.5 for any arbitrary antenna pointing
angle in LOS for non-boresight TX-RX antennas. The elevation angle one HPBW
below the best elevation angle resulted in a PLE of 4.7, while the elevation angle one
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Table 5.5: 73 GHz directional LOS-NB CI V-V path loss model (5.4) parameters with
d0 = 1 m at three elevation angles for the UMi O.S. scenario in downtown Brooklyn
with TX heights of 4.0 m and RX heights of 1.4 m. TX antennas had 27 dBi of gain
with 7◦ azimuth and elevation HPBW and RX antennas had 20 dBi of gain with 15◦
azimuth and elevation HPBW. LOS-NB-Best-El refers to the directional path loss
that corresponds to the measurements at the best elevation angle at each RX, while
LOS-NB-HPBW-Down and LOS-NB-HPBW-Up correspond to measurements at one
HPBW increment down and one HPBW increment up from the best elevation angle,
respectively.
73 GHz VV Directional LOS-NB Elevation CI Path Loss Models for d0 = 1 m
LOS-NB-HPBW-Down
σ [dB]
PLE
4.7

11.9

LOS-NB-Best-El
σ [dB]
PLE
4.5

12.7

LOS-NB-HPBW-Up
σ [dB]
PLE
4.8

12.1

HPBW above the best elevation plane resulted in a PLE of 4.8. Even though the
PLEs of 4.7 and 4.8 are nearly identical, the observation reveals that more energy
arrives at the RX in a LOS-NB scenario at the elevation angle one HPBW below the
best elevation angle, compared to one HPBW above the best elevation angle, and is
likely attributed to MPC ground bounce reflections.
The NLOS VV directional path loss CI model parameters for the three elevation
angles measured at each RX are given in Table 5.6 where NLOS-Best-El indicates
path loss for the best elevation angle at the RX in NLOS, and NLOS-HPBW-Down
and NLOS-HPBW-Up represent the directional path loss for the measurements one
HPBW increment below and above the best elevation angle, respectively. The shadow
fading for path loss at the best elevation angle is nearly 1 dB greater than the elevation angles one increment below and above the best elevation angle, at 10.8 dB and
indicates a slight increase in large-scale fading at the best elevation angle in NLOS
when using directional antennas. The PLE for the best elevation angle in NLOS for
arbitrary pointing antennas in the azimuth plane is 4.5. The NLOS PLE is 4.7 for
the elevation angles one HPBW increment above and below the best elevation angle,
indicating an additional 2 dB per decade of distance increase in path loss beyond the
first meter compared to the best elevation angle. Therefore, if the best elevation is
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Table 5.6: 73 GHz directional NLOS CI V-V path loss model (5.4) parameters with
d0 = 1 m at three elevation angles for the UMi O.S. scenario in downtown Brooklyn
with TX heights of 4.0 m and RX heights of 1.4 m. TX antennas had 27 dBi of
gain with 7◦ azimuth and elevation HPBW and RX antennas had 20 dBi of gain
with 15◦ azimuth and elevation HPBW. NLOS-Best-El refers to the directional path
loss that corresponds to the measurements at the best elevation angle at each RX,
while NLOS-HPBW-Down and NLOS-HPBW-Up correspond to measurements at one
HPBW increment down and one HPBW increment up from the best elevation angle,
respectively.
73 GHz VV Directional NLOS Elevation CI Path Loss Models for d0 = 1 m
NLOS-HPBW-Down
σ [dB]
PLE
4.7

10.1

NLOS-Best-El
σ [dB]
PLE
4.5

10.8

NLOS-HPBW-Up
σ [dB]
PLE
4.7

10.0

blocked in NLOS when using directional antennas at 73 GHz, steering the antenna
above or below the best elevation angle will have the same impact and probability
of reception due to the identical PLE and nearly identical shadow fading standard
deviation terms derived from the measurements and provided in Table 5.6.

5.4

Omnidirectional Path Loss Models

While directional path loss models are useful for simulating and designing systems that will use narrowbeam antennas and beamforming techniques, omnidirectional path loss models are historically used by standards bodies since most legacy
wireless systems use quasi-omnidirectional or sectored antennas at the base station
and relatively omnidirectional antenna patterns at the mobile side. Typically, arbitrary antenna patterns and MIMO processing can be simulated and analyzed with
omnidirectional path loss models. In order to create omnidirectional path loss models from the directional and unique antenna pointing angle base station diversity
measurements, the omnidirectional received power was synthesized by using measurements from all of the unique antenna pointing angle combinations between the
TX and RX antennas for each TX-RX location combination. A general procedure for
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determining omnidirectional path loss values from [16] is now described.
Directional antenna measurements are first made for i TX locations and j RX
locations for arbitrary TX antenna pointing angles θt and φt in the azimuth and elevation planes, respectively, and for arbitrary RX antenna pointing angles θr and φr in
the azimuth and elevation planes, respectively. Received power (or area under a PDP)
is then determined for each and every unique TX and RX azimuth/elevation antenna
pointing angle combination for every distinct TX-RX location pair. The θ and φ angle values for every distinct pointing angle combination correspond to received power
g
Pr
i,j (θr , φr , θt , φt ) for every directional measurement [16, 82, 83]. TX and RX antenna
g
gains (in dB) are then removed for each received power level Pr
i,j (θr , φr , θt , φt ) such
g
that Pri,j (θr , φr , θt , φt ) = Pr
i,j (θr , φr , θt , φt ) − GT X − GRX . Then for each distinct TXRX location combination measured, the received power for each and every unique
TX and RX azimuth and elevation angle combination (with antenna gains removed)
are summed together to recover an omnidirectional received power from which an
omnidirectional path loss value is computed. The omnidirectional received power can
be synthesized in this way because each narrowbeam angle spread measured over the
entire 4π steradian sphere can be regarded as an orthogonal non-overlapping spatial
segment, obviating the need to de-embed the antenna pattern when calculating the
omnidirectional received power. The accuracy of this approach was carefully proved
in [83] by studying and comparing the summed versions of adjacent directional measurements that were separated by HPBW increments. For each TX-RX location pair,
omnidirectional path loss can be recovered from the unique antenna pointing angle
received powers with the equation below:
"
PLi,j [dB] = Pti,j [dBm] − 10 log10

#
XXXX
z

y

x



Pri,j θrw , φrx , θty , φtz [mW]

w

(5.6)
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Table 5.7: Omnidirectional path loss model environment terminology.
Setting
LOS
NLOS

Description
Path loss when there is a clear optical path between the TX and RX site.
Path loss when the TX and RX sites are separated by obstructions and there
is no clear direct/optical path between the TX and RX sites.

where Pti,j is the transmit power in dBm. The procedure explained here for synthesizing omnidirectional path loss values in order to generate omnidirectional path loss
models from directional data is further elaborated in [8,16,45,70,82,83]. The LOS and
NLOS terminology for the omnidirectional path loss models follows the traditional
modeling sense and is described in Table 5.7. Similar to the directional path loss
models, the omnidirectional models synthesized from directional measurement data
are contingent upon detectable signals from the directional measurement system that
had a maximum measurable path loss of 175 dB.
The LOS and NLOS CI omnidirectional path loss models (5.4) and path loss
data are plotted in Fig. 5.4, with CI path loss model parameters given in Table 5.8.
The omnidirectional CI model PLE is n = 1.9 and indicates a multipath rich LOS
environment. Since Fig. 5.1 showed that the directional LOS PLE was n = 2.0, an
omnidirectional PLE of n = 1.9 indicates that the LOS UMi O.S. environment results
in 1 dB less attenuation per decade of distance when using omnidirectional antennas
compared to narrowbeam directional antennas. However, it is important to note
that omnidirectional antennas have less gain than directional antennas, meaning the
system range and link budget will be smaller when using omnidirectional antennas,
despite the slightly smaller PLE [22]. Thus, it can be inferred that the direct LOS
path contains most but not all of the propagating energy from the TX to the RX
such that multipath reflections, scatterers, and diffuse components also contribute
to the total received power at the RX. The omnidirectional LOS PLE of n = 1.9 is
comparable to the LOS PLE of n = 1.85 reported for the UMi O.S. scenario in [61].
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73 GHz Omnidirectional V-V CI Path Loss Models in a UMi Open Square
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Figure 5.4: 73 GHz base station diversity omnidirectional CI V-V path loss models
for the UMi open square scenario in downtown Brooklyn, NY. Blue circles represent
LOS path loss data and red crosses indicate NLOS path loss data.

Table 5.8: 73 GHz omnidirectional CI V-V path loss model (5.4) parameters with
d0 = 1 m for the UMi open square scenario in downtown Brooklyn with TX heights
of 4.0 m and RX heights of 1.4 m. The LOS distances ranged from 20.6 m to 139.5
m and the NLOS distances ranged from 58.7 m to 169.9 m.
73 GHz Omnidirectional CI Path Loss Models for d0 = 1 m
LOS

NLOS

ALL

PLE

σ [dB]

PLE

σ [dB]

PLE

σ [dB]

1.9

1.7

2.8

8.7

2.5

10.6
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The NLOS PLE for the UMi O.S. scenario at 73 GHz was determined to be
n = 2.8 and might indicate more reflections and scattering compared to the UMi
Street Canyon and UMa scenarios that reported PLEs of n = 3.0 or greater [61,
78]. The relatively low PLE of 2.8 in NLOS in the UMi O.S. can be attributed
to light foliage and large cross-sectional reflectors (buildings) in the environment
that result in low attenuation and strong multipath components, respectively. The
UMi O.S. NLOS CI path loss model in [61] reported a PLE of 2.83 which is nearly
identical to the PLE of 2.8 found here, both of which indicate a multipath rich urban
environment. The “ALL” scenario of combined LOS and NLOS data gives a PLE
of 2.5 and shadow fading standard deviation of 10.9 dB, which does not indicate an
extreme mean attenuation rate as a function distance when disregarding environment
type, but does result in a larger variation about the mean attenuation compared to
distinct LOS and NLOS environment categories which resulted in 1.7 dB and 8.7 dB
of shadow fading, respectively.
The FI models for omnidirectional path loss are shown in Fig. 5.5 for LOS,
NLOS, and ALL scenarios with model parameters provided in Table 5.9. The LOS
FI model parameters are nearly identical to the LOS CI model parameters, with a
slope attenuation factor α = 1.9 and CI PLE of 1.9, and the FI model β floating
intercept value of 69.9 dB compared to the close-in free space reference distance path
loss value of 69.8 dB for the CI model. The only major difference is the shadow
fading standard deviation of 1.6 dB for FI compared to 1.9 dB for CI, a rather
minuscule improvement for adding an additional modeling parameter. The LOS FI
model parameters matching well with the CI model makes sense since in a LOS
environment there are no obstructions or large blockages such that measured path
loss would tend towards theoretical free space path loss. But just like the NLOS
scenario for directional path loss models, the FI model in NLOS produces unrealistic
model parameters with a slope attenuation factor of 1.4, meaning that path loss
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Table 5.9: 73 GHz omnidirectional FI V-V path loss model (5.5) parameters for the
UMi O.S. scenario in downtown Brooklyn with TX heights of 4.0 m and RX heights
of 1.4 m. The LOS distances ranged from 20.6 m to 139.5 m and the NLOS distances
ranged from 58.7 m to 169.9 m.
73 GHz VV Omnidirectional FI Path Loss Models
Scenario

α

β [dB]

σ [dB]

LOS
NLOS
ALL

1.9
1.4
3.5

69.9
98.0
50.5

1.6
8.4
10.6

attenuates at a slower rate with distance than theoretical free space path loss. The
NLOS FI floating-intercept β value of 98.0 extremely over-predicts path loss at closein distances where obstructions or blockers are likely to not exist. Furthermore, for
the combined LOS and NLOS “ALL” FI model, the β value of 50.5 dB extremely
under-predicts path loss at close in distances, by nearly 20 dB compared to free space
at a 1 m T-R separation distance. The FI model standard deviation values are less
than a dB or no different from the corresponding CI model shadow fading standard
deviations, thus showing little to no improvement in using a more complicated and
non-physically-based model with more parameters. The values derived here for the
FI model once again reveal inaccuracies and model sensitivities for predicting path
loss at distances outside of the measurement range used to calculate the model, and
underpins the strength in the physically-based, more accurate, and less sensitive CI
path loss models.

5.5

Multipath and Temporal Characteristics

Multipath components (MPCs) arise from propagating signals that experience
reflection, scattering, and diffraction in an environment, that arrive at an RX at
separate time delays and which contribute to intersymbol interference (ISI) and frequency selective fading. Multipath was once considered a limiting factor for wireless
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73 GHz Omnidirectional V-V FI Path Loss Models in a UMi Open Square
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Figure 5.5: Base station diversity omnidirectional FI V-V path loss models for the
UMi open square scenario in downtown Brooklyn, NY. Blue circles represent LOS
path loss data and red crosses indicate NLOS path loss data.
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communications systems, causing extremely deep fades in narrowband systems and
frequency selective fading in wideband systems. However, researchers and scientists
have developed algorithms and methods to either mitigate multipath effects or to use
them to their advantage in order to improve wireless networks. For instance, OFDM
systems use a cyclic prefix to combat multipath delay spread, and MIMO communications systems use sophisticated signal processing schemes to send multiple data
streams due to the separate paths that a propagating wave takes from a TX to an
RX [8]. While current 5G systems employ similar techniques that 4G/LTE systems
do, mmWave systems may in-fact use different techniques such as extremely-large
antenna arrays that can form narrow beams to mitigate multipath fading along with
simple equalization methods [70, 89], or use massive-MIMO with hundreds of TX
antenna elements to simultaneously serve multiple users [160].
The root-mean-square (RMS) delay spread of a propagation channel is an important parameter that describes the frequency-selective fading, coherence bandwidth,
and time dispersion of a channel [294], and typically dictates physical layer design.
The RMS delay spread essentially quantifies the spread of multipath energy over
time, as the square root of the second central moment of a power delay profile and is
calculated as follows [81]:
q
στ = τ 2 − (τ )2

(5.7)

where,
N
P

τ=

τ2 =

N
P

a2k τk

k=1
N
P

=
a2k

P (τk )τk

k=1
N
P

(5.8)
P (τk )

k=1

k=1

N
P

N
P

a2k τk2

k=1
N
P
k=1

=
a2k

P (τk )τk2

k=1
N
P

(5.9)
P (τk )

k=1

and where N is the number of sample delay bins, ak is the sample voltage magnitude
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in mV at time delay bin τk , and P (τk ) is the power in mW at time delay bin τk . The
mean excess delay is τ and τ 2 is the second moment of a PDP.
Omnidirectional RMS delay spreads were extensively measured at UHF/Microwave bands in order to design current 3G and 4G systems, and revealed RMS
delay spreads from 15.7 ns to 23.75 ns with an UWB pulse of 2.2 GHz between 3.1
and 5.3 GHz in [295]. Typical mean RMS delay spreads at 400 MHz and 1900 MHz in
multipath-rich LOS and NLOS environments were measured on the order of 300-400
ns and 730 ns, respectively, over 10-20 MHz of RF bandwidth [296]. The mean and
maximum RMS delay spreads observed using directional antennas in a NLOS dense
urban wideband cellular study were 12.2 ns and 117 ns at 38 GHz, respectively [215].
A study at 59 GHz showed that 90% of wideband measurements had RMS delay
spreads less than 20 ns in a dense UMi environment for T-R separation distances less
than 200 m [256], and the typical RMS delay spread at 60 GHz in another study in a
city street environment was below 20 ns [297]. While a majority of UHF/microwave
band measurements consist of omnidirectional measurements with omnidirectional
delay spreads, mmWave band measurements are typically conducted with directional
antennas and result in directional delay spreads as described in Chapter 1. The following two subsections present directional and omnidirectional RMS delay spread
statistics from the base station diversity measurements described in Chapter 4 [174].

5.5.1

Directional RMS Delay Spread

The base station diversity measurements conducted in 2016 resulted in hundreds
of directional PDPs for each unique antenna pointing angle combination between each
measured TX-RX location combination. Fig. 5.6 shows examples of typical LOS-B,
LOS-NB, and NLOS PDPs from the measurement campaign described in Section 4.5
and in Fig. 4.1. The measurement results show a common trend noticed in the
literature and from previous mmWave measurements in similar UMi environments,
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where RMS delay spread can be significantly reduced if the TX and RX antennas
are aligned to the pointing angles with the strongest received power [16, 89]. Fig. 5.7
shows the cumulative distribution functions (CDFs) of the boresight-aligned (LOS-B)
TX/RX antenna pointing angles and the non-boresight-aligned (LOS-NB) RMS delay
spreads in the LOS environment for all unique pointing angles between the TX and RX
antennas over all LOS TX-RX location combinations when transmitting with a 1 GHz
RF null-to-null bandwidth. Not surprisingly, the LOS-B RMS delay spreads are all
under 1 ns since the boresight-aligned angles result in the point-to-point path between
a narrowbeam TX and RX antenna without any secondary reflections or scatterers.
On the other hand, approximately 20% or less of the measured LOS-NB RMS delay
spreads are within 1 ns, indicating a large number of secondary off-boresight angles
in the LOS environment that have one strong MPC and little or no secondary paths
for arbitrary pointing angles between the TX and RX antennas.
The median or 50% RMS delay spread for off-boresight pointing angles also shows
relatively little time dispersion in the channel, at 13.1 ns. Furthermore, the 90% mark
of 61.0 ns for the LOS-NB RMS delay spread CDF is similar to UMi measurements at
28 GHz and 73 GHz that reported 80 ns and 38 ns 90% CDF points, respectively [89].
The maximum RMS delay spread of 334.6 ns for LOS-NB is not out of the ordinary in
an open square reflective environment and indicates strong reflections and scatterers
in the environment, similar to maximum LOS RMS delay spreads of 309.6 ns and
173.1 ns at 28 GHz and 73 GHz, respectively [89]. While there are arbitrary pointing
angles in the LOS environment that result in significant MPC time dispersion and
large delay spreads, the LOS-B CDF and the 20% LOS-NB CDF value indicates that
narrowbeam TX and RX antennas could search to find optimal pointing directions to
maximize received power and to mitigate delay spread effects in a LOS environment.
Fig. 5.8 shows the cumulative distribution functions (CDFs) of the NLOS and
NLOS-Best RMS delay spreads in the NLOS environment for all unique pointing an-
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(a) Typical LOS-B PDP

(b) Typical LOS-NB PDP

(c) Typical NLOS PDP

Figure 5.6: Examples of typical PDPs from base station diversity measurements from
Fig. 4.1: a) LOS-B PDP, b) LOS-NB PDP, and c) NLOS PDP.
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73 GHz LOS Directional V-V RMS Delay Spread CDFs with TX Height: 4.0 m
and RX Height: 1.4 m Using 27/20 dBi, 7.0°/15.0° HPBW TX/RX Antennas
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Figure 5.7: Base station diversity 73 GHz V-V LOS directional RMS delay spread
CDFs over all pointing angles in azimuth and elevation using high-gain directional
antennas with 27 dBi of gain and 7° HPBW at the TX, and 20 dBi of gain and 15°
HPBW at the RX, and while transmitting across 1 GHz of RF null-to-null bandwidth.
LOS-B refers to the directional RMS delays spreads for boresight-aligned TX/RX
antennas, and LOS-NB refers to all other random and arbitrary antenna pointing
angles between a TX and RX.
gles between the TX and RX antennas over all NLOS TX-RX location combinations.
A key observation from the NLOS RMS delay spreads is that the mean, median, and
90% values are all extremely similar to the LOS-NB case. For example, the NLOS
median value for RMS delay spread is 11.5 ns compared to 13.1 ns for LOS-NB, and
the 90% point is 61.9 ns for NLOS and 61.0 ns for LOS-NB. A conjecture for this
observation is that LOS-NB is similar to a NLOS situation where the TX and RX
antennas are pointed in completely arbitrary and random directions relative to one
another and that in a UMi open square scenario, the temporal distribution of MPCs
are similar. The maximum RMS delay spread in NLOS of 290.1 ns is smaller than
in LOS and may be attributed to a large propagation delay situation where later
arriving MPCs were not detectable by the measurement system.
Fig. 5.8 illustrates an important point when considering the unique antenna
pointing angles that result in the strongest received power between a TX and RX,

179
Probability (RMS Delay Spread < Abscissa)

73 GHz NLOS Directional V-V RMS Delay Spread CDFs with TX Height: 4.0 m
and RX Height: 1.4 m Using 27/20 dBi, 7.0°/15.0° HPBW TX/RX Antennas
1
0.9
0.8

NLOS Mean
NLOS 50%

0.7

NLOS 90%

0.6

NLOS Max

0.5

t
t
t
t

: 23.4 ns

: 11.5 ns
: 61.9 ns
: 290.1 ns

NLOS-Best Mean

0.4

NLOS-Best 50%
NLOS-Best 90%

0.3

NLOS-Best Max

t

: 10.3 ns

: 1.0 ns
t
t
t

: 41.7 ns

: 77.0 ns

0.2
73 GHz NLOS CDF
73 GHz NLOS-Best CDF

0.1
0
0

10

20

30

40

50

60

70

80

90

100

RMS Delay Spread (ns)

Figure 5.8: Base station diversity 73 GHz V-V NLOS directional RMS delay spread
CDFs over all antenna pointing angles in azimuth and elevation using high-gain directional antennas with 27 dBi of gain and 7° HPBW at the TX, and 20 dBi of gain
and 15° HPBW at the RX, and while transmitting across 1 GHz of RF null-to-null
bandwidth. A CDF of the NLOS-Best antenna pointing angles that result in the
strongest received power between each NLOS TX-RX location combination is also
provided.
in that the observed RMS delays spreads are much lower than for arbitrary pointing
beams. The NLOS-Best and LOS-B RMS delay spreads are comparable up to the
median value on their respective CDFs (Fig. 5.8 and Fig. 5.7) indicating that 50% or
less of the measured RMS delay spreads for both scenarios are less than 1 ns. The
key observation of extremely low RMS delay spreads around 1 ns for the strongest
received power beams is similar to what was found in [16,89] and which motivates the
use of beam searching and beamforming algorithms with directional antennas that
will mitigate ISI / frequency-selective fading and that will effectively increase the
coherence bandwidth of the channel for improved system performance. Directional
beam scanning is an effective way to reduce MPC time dispersion and RMS delay
spread, which are additional benefits when using the necessary high-gain directional
antennas at mmWave that overcome the added free space path loss in the first meter
of propagation compared to traditional microwave and UHF wireless systems that
use sectored and quasi-omnidirectional antennas.

Probability (RMS Delay Spread < Abscissa)
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Figure 5.9: Base station diversity 73 GHz V-V LOS and NLOS omnidirectional delay
spread CDFs when transmitting across 1 GHz of RF null-to-null bandwidth.

5.5.2

Omnidirectional RMS Delay Spread

Fig. 5.9 displays the LOS and NLOS omnidirectional RMS delay spread CDFs
from the base station diversity measurements. Omnidirectional profiles for each TXRX location combination were made possible via the synchronization procedure outlined in Section 2.4.4 with the mmWave channel sounder. Since the measurement procedure and post-processing steps allowed for recovering relative time delay alignment
for all PDPs recorded for each TX-RX location combination, the PDPs from all angles
of arrival and departure were stitched together by adding power in mW from common
time delay bins. Once the omnidirectional PDP was formed in post-processing for
each TX-RX combination, the RMS delay spread was calculated using (5.7).
It is clear in Fig. 5.9 that the omnidirectional LOS delay spread is relatively
small with a median value of 15.9 ns and a 90% mark of 28.3 ns. The small median
RMS delay spread indicates a lack of significant MPC time dispersion in the 73 GHz
mmWave channel in a LOS UMi open square scenario. While there are numerous
MPCs at various delays for each LOS delay profile, the LOS component and strongest
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lobe at the receiver is generally much stronger than secondary lobes or MPCs. The
NLOS RMS delay spread CDF indicates larger RMS delay spreads, which is typical
in a NLOS environment that generally has two to three main lobes of arrival at the
RX with a larger spread of MPC power in the time delay, as was determined in the
mmWave channel in [167]. An interesting note about the mean omnidirectional RMS
delay spreads in Fig. 5.9 is that they are very similar to the values determined at
73 GHz in the Manhattan UMi environment in [89]. For example, the mean RMS
delay spreads here are 17.8 ns and 55.0 ns for LOS and NLOS, respectively, whereas
they were found to be 14.6 ns and 45.7 ns in [89] for LOS and NLOS, respectively.
Measurements at 28 GHz in [298] in downtown Daejeon, South Korea resulted in a
mean NLOS RMS delay spread of 55.43 ns, nearly identical to the 55.0 ns mean RMS
delay spread measurements in the UMi open square at 73 GHz presented here.
The multipath and temporal measurement data from the 2016 base station diversity measurement campaign could be further used to compute time clusters and
spatial lobes in future work, since the data exists. From a rough visual inspection,
there appear to be no more than 6 multipath time clusters in LOS and NLOS environments, similar to earlier findings by NYU in [167, 299] as part of the time-cluster
spatial-lobe (TCSL) clustering method. The small number of no more than 6 physically observable time clusters is again much lower than the 12 and 19 time clusters
in LOS and NLOS environments, respectively, that 3GPP defines for UMi scenarios
in the TR 38.901 channel model [75] and which are not derived from real-world measurements at mmWave bands. Unrealistically large time clusters like those used by
3GPP, can over-predict diversity gains in mmWave channels [167, 299]. Therefore,
deriving time cluster and spatial lobe statistics from the real-world 2016 base station
diversity measurement will be useful future work for mmWave channel modeling.
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5.6

Outage Statistics with Directional Path Loss
Models

Path loss models are typically used to estimate coverage in diverse environments
with varying propagation characteristics and for a range of system parameters. For
the base station diversity directional antenna measurements from 2016, the maximum
transmit power fed into the TX antenna was 14.9 dBm, the TX antenna gain was 27
dBi, the RX antenna gain was 20 dBi, the RF null-to-null bandwidth was 1 GHz, the
receiver noise figure was 6 dB, and the maximum measurable path loss with a 5 dB
SNR noise floor threshold was 175 dB. Therefore, the received power threshold for
the measurement conditions can be calculated as:
Pr(thresh.) = PT X + GT X + GRX − P Lmax + 10 log10 (BW[GHz])
= 14.9 dBm + 27 dBi + 20 dBi − 175 dB + 0 dB

(5.10)

= −113.1 dBm
which can be modified for similar systems by scaling the bandwidth relative to 1
GHz, for different transmit powers, for various antenna gains, and/or for different
maximum measurable path losses or link budget constraints. We note here that the
outage probabilities presented in this section are based on the path loss data from
directional measurements where signal was detectable, since all locations measured
during the base station diversity campaign resulted in one or more directional beams
with detectable signal above the noise floor our of measurement system (maximum
measurable path loss of 175 dB). Earlier work explained in Section 1.1.5 used a
larger set of data where locations with and without detectable signal were aggregated
to generate combined LOS, NLOS, and outage probability models as a function of
distance [16, 88].
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5.6.1

73 GHz UMi Open Square Signal Coverage at CellEdge

Using the measurement system specifications and characteristics described in
Chapter 4 Section 4.5, along with the empirically-based CI path loss model parameters for various environment conditions in Table 5.2, it is possible to determine the
probability that a received signal is above the threshold Pr(thresh.) in (5.10). Mean
received power at a distance d can be calculated by using the directional path loss
exponents in Table 5.2 for the LOS-B, LOS-NB, NLOS, and NLOS-Best scenarios,
when using 27 dBi/7◦ HPBW TX antennas and 20 dBi/15◦ HPBW RX antennas, and
by using the RF bandwidth assumption described after Eq (5.10). Additionally, since
the CI path loss model has a large-scale shadow fading term modeled as a normal
random variable in dB about the distant-dependent mean path loss, the probability
of outage with the large-scale fading distribution can be determined. For the base
station diversity measurements, the first, second, and third nearest neighbor base
station median distances from a random RX location (see Table 4.3 and Fig. 4.1)
were 61 m, 78 m, and 87 m, respectively, and are used as the distances for coverage
estimations as subsequently shown. Furthermore, since the cell radius of mmWave
systems in dense urban environments is predicted to be between 100 m and 200 m,
both of these distances are also used for estimating outage.
First, the average received power at the five distances d: 61 m, 78 m, 87m, 100
m, and 200 m are determined by calculating the mean path loss at each distance
using the CI model in (5.4) at a carrier frequency of 73.5 GHz, for a transmit power
of 14.9 dBm into the TX antenna, and with TX/RX antenna gains of 27 dBi/20 dBi
as shown here:
Pr (d) = Pt + GT X + GRX − P L(d)
(5.11)
= 14.9 dBm + 27 dBi + 20 dBi − (32.4 + 20 log10 (73.5) + 10n log10 (d))
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where n is the PLE. Then the probability distribution of received power about the
mean received power at a distance d can be expressed by the Gaussian distribution
with shadow fading standard deviation σ in dB [81, 300]:
2 
1
 − Pr (d) − Pr (d) 
p (Pr (d)) = √
exp 

2σ 2
2πσ 2
#
"
1
− (x − x)2
=√
exp
2σ 2
2πσ 2




(5.12)

where x replaces Pr (d), x replaces Pr (d), x0 replaces Pr(thresh.) , and σ takes on the
standard deviation values provided in Table 5.2. Thus, the probability that x exceeds
the threshold x0 at a distance d is given by [81, 300]:
Z

∞

Px0 (d) = P [x > x0 ]
p(x)dx
x0


x0 − x̄
1 1
√
= − erf
2 2
σ 2
=

1 1
− erf
2 2

Pr(thresh.) − Pr (d)
√
σ 2

(5.13)
!

where erf is the error function. Therefore, the probability of outage at a distance d
conditioned on a beam existing is:

Poutage at a distance|beam exists (d) = 1 −

1 1
− erf
2 2

Pr(thresh.) − Pr (d)
√
σ 2

!!
(5.14)

where Pr(thresh.) is specified above as −113.1 dBm, Pr (d) is calculated using (5.11),
and the PLE n and σ shadow fading standard deviation are taken from Table 5.2.
By following the steps outlined here along with the directional VV CI path loss
model parameters in Table 5.2, outage probabilities at distances d were calculated and
are provided in Table 5.10. Fig. 5.10 displays an example showing the distance d at the
cell-edge for which the outage probabilities are calculated for. As one might suspect,
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Distance to cell-edge

Figure 5.10: Cell-edge sketch example for which a mobile at a distance d from a base
station will experience the calculated outage probabilities provided in Table 5.10.

Table 5.10: Directional LOS-B, arbitrary LOS-NB, arbitrary NLOS, and NLOS-Best
beam pointing angle outage probabilities at 73 GHz conditioned on a beam existing,
at median nearest neighbor distances, and 100 m and 200 m cell-edge distances.
Poutage at a distance|beam exists (d) for Directional Path Loss Models in Table 5.2
Scenario
LOS-B
LOS-NB
NLOS
NLOS-Best

Nearest Neighbor (d)
1st (61 m) 2nd (78 m) 3rd (87 m)
0%
4.2%
1.4%
9.9×10−5 %

0%
9.4%
4.1%
4.5×10−4 %

0%
12.7%
6.3%
8.5×10−4 %

Cell-Edge Distance (d)
100 m

200 m

0%
18.2%
10.3%
1.9×10−3 %

0%
59.2%
52.2%
6.1×10−2 %
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the probability of outage is 0% at an RX being served from the three nearest neighbor
base stations and at distances of 100 m and 200 m for LOS-boresight conditions with
directional antennas using the received power threshold described above and system
characteristics from the measurement campaign (see Table 4.6 in Section 4.5). A
somewhat counterintuitive result of the outage estimations is that arbitrary pointing
angles for LOS-NB result in higher probabilities of outage compared to arbitrary
pointing angles in NLOS, for the five distances analyzed. The reason for higher
outage probabilities for LOS-NB compared to NLOS is the PLE of 4.6 for NLOS
compared to 4.7 for LOS-NB and the larger shadow fading standard deviation of 12.4
for LOS-NB compared to 10.3 for NLOS. The larger measured shadow fading in LOS
could be attributed to the measurement system being able to measure large path loss
values near the noise floor of the system at close-in distances in LOS for arbitrary
pointing angles which creates such a large PLE for LOS-NB, where the same noise
floor limit of the system is used to measure NLOS path loss at much farther distances
compared to LOS-NB. Perhaps the NLOS PLE would be slightly greater and nearly
identical to the LOS-NB directional PLE given a system with a larger maximum
measurable path loss. There are some noteworthy observations, however, for NLOS
and NLOS-Best directional outage probabilities. First, at a cell-edge distance of 100
m, the probability of outage is less than 10.3% for arbitrary and random pointing
directional TX and RX antennas in NLOS. Therefore, mobiles at the edge of a 100
m cell radius in NLOS for a UMi O.S. scenario can maintain signal reception with
nearly 90% probability with the system specifications described above and for random
pointing TX and RX antennas. This is a quite remarkable coverage probability for
randomly pointed directional antennas at both the TX and RX in NLOS at 73 GHz.
Furthermore, if the TX and RX antennas are able to align their pointing angles to
maximize power at the receiver, then the probability of outage at a cell-edge with radius
200 m is less than one tenth of a percent, and is a notable result. Thus, for cellular
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Table 5.11: Directional arbitrary LOS-NB and arbitrary NLOS beam pointing angle
outage probabilities at 73 GHz at median nearest neighbor distances, and 100 m and
200 m cell-edge distances, using the probabilities that directional beams in LOS or
NLOS exist.
Poutage at a distance (d) for Directional Path Loss Models in Table 5.2
Scenario
LOS-NB
NLOS

Nearest Neighbor (d)
1st (61 m) 2nd (78 m) 3rd (87 m)
35.1%
64.6%

38.7%
65.6%

41.0%
66.4%

Cell-Edge Distance (d)
100 m

200 m

44.6%
67.8%

72.4%
82.8%

systems at 73 GHz with 14.9 dBm of TX power fed into a 27 dBi narrowbeam TX
antenna, a 20 dBi narrowbeam antenna at the RX, 175 dB of link margin, and when
the TX and RX antennas are able to perfectly align, even at hundreds of meters
of separation distance in NLOS, an outage is still extremely unlikely. For outdoorto-outdoor propagation this result is useful, but outdoor-to-indoor propagation with
penetration loss might exhibit an additional 30 dB to 40 dB [61] of loss which would
likely result in a much greater probability of outage.
The outage probabilities in Table 5.10 are conditioned on directional beams actually existing. Here we assume that the specific LOS-B and NLOS-Best beams do
exist, but that not all arbitrary beams are possible at each location as shown by our
measurement results in Chapter 4 where in LOS and NLOS, the probability of an arbitrary directional beam existing is 67.7% and 35.9%, respectively. Therefore, we can
determine a more realistic outage probability by using the probability that an arbitrary beam does exist for arbitrary LOS-NB and arbitrary NLOS directional beams,
along with the previous conditional outage probabilities (Poutage|beam exists ) that are
conditioned on a beam existing:
Poutage at a distance (d) = 1−P [coverage at a distance|arbitrary beam exists]×P [arbitrary beam exists]
(5.15)
Poutage at a distance (d) = 1 −

1 1
− erf
2 2

Pr(thresh.) − Pr (d)
√
σ 2

!!
× P [arbitrary beam exists] (5.16)
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Table 5.11 provides more realistic arbitrary beam outage probabilities than Table 5.10, and the results make more sense, where arbitrary LOS beams have lower
outage probabilities as a function of distance compared to arbitrary NLOS beams
at the same distance. For instance, at a distance of 100 m, probability of outage
across all arbitrary and random pointing antenna beams is 44.6% in LOS and 67.8%
in NLOS. The directional beam outage probability in the LOS environment indicates
that nearly half (55%) of arbitrary pointing antenna beams will receive a signal above
the threshold as defined by the parameters of our measurement system (see Table 4.6)
and calculated using (5.10). Furthermore, nearly one-third of all arbitrary and random pointing antenna beams will receive a signal above the threshold in NLOS at a
distance of 100 m, which is an expected maximum cell-edge distance for UMi mmWave
networks.

5.6.2

73 GHz UMi Open Square Access Point Signal Coverage Area

One may extend the coverage analysis in the previous section to determine the
percentage of a coverage area where a mobile will receive a signal above a given
threshold. The same specifications from Section 5.6.1 for determining outage at a
boundary region are used here for determining the percentage of outage in a coverage
area: PT X = 14.9 dBm into the TX antenna, GT X = 27 dBi, GRX = 20 dBi, RF
null-to-null bandwidth of 1 GHz, and Pr(thresh.) = −113.1 dBm. Next, it is assumed
that the coverage region consists of the area with radius R from a base station.
From the previous sub-section it can be assumed that the probability that a
received signal is above a threshold at a distance r = d in an infinitesimally small
area dA is : P [Pr (r) ≥ Pr(thresh.) ], subsequently, the probability of coverage in an
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entire circular area with radius R is [81, 300]:
1
U (Pr(thresh.) ) =
πR2

Z
P [Pr (r) ≥ Pr(thresh.) ]dA

(5.17)

Then, if we re-write (5.14) using the appropriate system parameters and solve for the
path loss referenced to the cell boundary such that r = R, given that a beam exists:
1
PCoverage in a cell|beam exists (r) =
2


Pr(thresh.) − [Pt + GT X + GRX − (32.4 + 20 log10 (73.5) + 10n log10 (r) + 10n log10 (r/R))]
1
√
− erf
2
σ 2
(5.18)

With the following substitutions:
√
a = (Pr(thresh.) − (Pt + GT X + GRX ) + 32.4 + 20 log10 (73.5) + 10n log10 (R))/σ 2
√
b = (10n log10 (exp(1)))/σ 2
(5.19)
we are left with:
1
1
U (Pr(thresh.) ) = − 2
2 R

Z
0

R


r
r · erf a + b ln
dr
R

(5.20)

Then, by further substituting t = a + b log10 (r/R), the integral can be expressed
as [81, 300]:





1
1 − 2ab
1 − ab
U (Pr(thresh.) ) =
1 − erf
1 − erf(a) + exp
2
b2
b

(5.21)

By evaluating the expression in (5.21) for the three nearest neighbor median base
station distances and for a 100 m and 200 m cell radius, outage estimates throughout
a cell area are determined and given in Table 5.12. Fig. 5.11 displays an example
for the coverage region within a cell where the signal strength is above the specified
threshold and is identified as the green area, whereas the light blue region is the area
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Signal above threshold

Signal below threshold

Distance to cell-edge
Radius = R

Figure 5.11: Cell coverage area sketch example for a mobile within a cell of radius R.
The probability of outage is calculated as the fractional portion of the blue area out
of the entire coverage region with radius R.
Table 5.12: Directional LOS-B, arbitrary LOS-NB, arbitrary NLOS, and NLOS-Best
beam pointing angle outage probabilities at 73 GHz conditioned on a beam existing,
throughout a cell as a function of cell radius for: nearest neighbor median distances
and for maximum cell radii of 100 m and 200 m.
Poutage in a cell|beam exists (d) Throughout a Cell as a Function of Cell Radius
Scenario
LOS-B
LOS-NB
NLOS
NLOS-Best

Nearest Neighbor (d)
1st (61 m) 2nd (78 m) 3rd (87 m)
0%
1.4%
0.4%
2.3×10−5 %

0%
3.5%
1.3%
1.1×10−4 %

0%
5.0%
2.0%
2.1×10−4 %

Cell Radius (d)
100 m

200 m

0%
7.5%
3.6%
4.9×10−4 %

0%
33.0%
26%
1.8×10−2 %

for which signal strength is below the threshold. The outage probability is calculated
as the percentage of the light blue area out of the entire region bounded by the red
circumference with radius R.
The probability of outage for a LOS-Boresight scenario within a cell of radius 200
m or less is 0% as provided in Table 5.12, and makes sense for boresight-aligned antennas with no obstructions. The LOS-B coverage would be expected to be much greater
than 200 m as well. However, if the TX and RX directional antennas are unable to
align perfectly on boresight in LOS (LOS-NB), then the probability of outage within
a cell for arbitrary antenna pointing angles increases significantly. For instance, the
probability of outage (received power below the system threshold) for an RX within
a LOS coverage region to the 3rd nearest base station is 5% for arbitrary and random
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pointing antenna beams, but increases to a 33% probability of outage throughout a
cell with a radius of 200 m. Similar to the cell-edge outage probabilities, the probability of outage within a cell is greater for arbitrary and random antenna pointing
angles in LOS-NB compared to NLOS and can be attributed to the slightly larger
PLE and shadow factor standard deviation in LOS-NB. An interesting observation
for arbitrary pointing narrowbeam TX and RX antennas in NLOS is that coverage
within a cell of radius 100 m is greater than 95%. The NLOS outage probability of
3.6% for random and arbitrary TX and RX antenna pointing angles are akin to TX
and RX antennas making random initial guesses with no knowledge of where to point.
However, a significant improvement in coverage within a cell for NLOS is observed
when the TX and RX antennas are both capable of aligning and finding the best beams
to maximize received power at the RX, where the probability of outage is less than one
tenth of a percent over the entire coverage area for a cell radius of 200 m. We note
that the outage probabilities are provided for a single cell scenario with a single TX
and RX, and are useful for future mmWave site-planning [301]. The high probability
of coverage when the TX and RX antennas can beam track and align to maximize
received power is important for mmWave systems that experience higher attenuation in the first meter of propagation compared to microwave bands. The ability of
mmWave systems to electrically steer directional beams to search for the best angles
to maximize SNR even in heavily shadowed NLOS scenarios will significantly help
to reduce outage. Chapter 6 provides analysis for mmWave systems with multiple
serving base stations that will help to benefit 5G mmWave networks in dense urban
environments.
Similar to the outage probabilities at a cell-edge provided in Section 5.6.1, the
outage probabilities throughout a coverage region in Table 5.12 are conditioned on
a detectable signal actually existing. Therefore, we used the probabilities from the
measurement data of an arbitrary LOS or NLOS beam actually existing, in order to
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Table 5.13: Directional arbitrary LOS-NB and NLOS beam pointing angle outage
probabilities at 73 GHz throughout a cell as a function of cell radius for: nearest
neighbor median distances and for maximum cell radii of 100 m and 200 m.
Poutage in a cell (d) Throughout a Cell as a Function of Cell Radius
Scenario
LOS-NB
NLOS

Nearest Neighbor (d)
1st (61 m) 2nd (78 m) 3rd (87 m)
33.2%
64.2%

34.7%
64.6%

35.7%
64.8%

Cell Radius (d)
100 m

200 m

37.4%
65.4%

54.6%
73.4%

determine outage probabilities in a coverage region. The outage probabilities within
a coverage region for LOS-NB and NLOS arbitrary and random pointing antenna
beams were calculated by:
Poutage in a cell (d) = 1 − P [coverage within a cell|arbitrary beam exists] × P [arbitrary beam exists]
(5.22)

Table 5.13 provides the outage probabilities within coverage areas for different
cell-edge distances for arbitrary and random antenna pointing beams in LOS-NB and
NLOS by using the probability that a beam actually exists in LOS or NLOS, which
were determined from the base station diversity measurement campaign results. For
a cell with a radius of 87 m which was the median third nearest neighbor distance
from our measurement campaign, the outage probability within the cell is just over
one-third (35.7%) for arbitrary and random TX and RX antenna pointing beams in
LOS. For arbitrary and random antenna pointing beams in a NLOS environment in a
cell with the same edge distance of 87 m, the probability of outage is 64.8%. While the
outage probabilities may seem high, if one considers multiple independent pointing
beams, then the outage probability becomes a product of outage probabilities on the
order of the number of beams considered, which would significantly reduce outage
probability.
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5.6.3

Percentage of RX Locations with Reception at All Measured Angles with Multiple Base Stations

As described in Chapter 4, the maximum transmit power using a 1 GHz RF nullto-null bandwidth for the base station diversity measurements was 14.9 dBm into the
TX antenna and the maximum measurable path loss was 175 dB using 27 dBi and
20 dBi gain TX and RX antennas, respectively. For all 36 TX-RX link combinations
tested, there were one or more angle combinations between the TX and RX antennas
for each link combination that resulted in a received signal above the system noise
floor with a 5 dB SNR threshold (less than 175 dB path loss). Since each RX was
scanned in 15◦ increments over the 360◦ azimuth plane (24 pointing angles) and at
three separate elevation planes, 72 overall RX beamformed angles were tested at an
RX for each TX. Of the 36 TX-RX single link combinations, 20 RX locations were able
to measure recordable signal above the 5 dB SNR threshold for all 72 measured RX
pointing angles (24 azimuth angles x 3 elevation angles) and when considering all TX
angles of departure. The 20 RX locations with measurable signal over all RX pointing
angles resulted in 55.6% of all random RX locations to be able to receive detectable
signal from just a single TX when considering the entire 120◦ base station sector,
over all arbitrary RX antenna pointing directions. The data was then examined to
determine the percentage of RX locations for which signal was detectable over all RX
antenna pointing angles if being served by two, three, four, or five base stations.
Next, we wanted to determine the percentage of RX locations that could receive
signal across all of the 72 tested antenna pointing angles if being served by multiple
base stations. Since up to five base stations were used to transmit to a single RX
location, there were multiple combinations of two, three, or four base stations that
transmitted to a common RX, resulting in 54, 42, 17, and 3 combinations, respectively,
of multiple TXs to one RX. Fig. 4.1 shows the TX and RX locations, and Table 4.1
lists the TXs that transmitted to a common RX from the 2016 base station diversity
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Table 5.14: Percent of RX locations with various numbers of multiple serving base
stations for which signal was detectable above the noise floor with a 5 dB SNR
threshold at all 72 arbitrary RX antenna pointing angles at 73 GHz from the 2016
base station diversity measurement campaign [174].
Number of
serving base
stations

Total combinations
for RXs with # of
base stations

Percent of RX locations for which
every RX angle had reception

1

36

55.6% (20/36)

2

54

81.5% (44/54)

3

42

90.5% (38/42)

4

17

94.1% (16/17)

5

3

100.0% (3/3)

measurement campaign. We note that each RX had multiple combinations of 2, 3, and
4 transmitting base stations (see Table 4.1), which resulted in multiple base station
combinations for each of the 9 RX locations tested. For example, in Table 4.1, the
RX at location L2 was transmitted to from TX locations L3, L9, and L12. Therefore,
the set of TX and RX locations resulted in 3 combinations of 2 TXs transmitting to
a single RX (L3 and L9 to L2, L3 and L12 to L2, and L9 and L12 to L2).
Of the 54 combinations with one RX and two base stations, a received signal
was detectable over all 72 pointing angles at the RX for 44 of the combinations,
or 81.5%, a nearly 26% improvement in reception for all beamformed angles at an
RX compared to service from a single base station which was 55.6%, as given in
Table 5.14. Furthermore, 90.5% of the RX locations which had three serving base
stations resulted in received detectable signal over all 72 RX antenna pointing angles.
Table 5.14 provides the percent of RX locations for varying numbers of serving base
stations for which all 72 RX antenna pointing angles had reception, using the layout
depicted in Fig. 4.1 in Chapter 4. The results here indicate that multiple serving
base stations in a UMi open square scenario at mmWave will increase the number of
narrowbeam pointing angles with detectable signal an RX, which will help to maintain
a link and provide increased coverage reliability, compared to an RX with a single
serving base station.

195

5.7

Conclusion

In this Chapter, directional and omnidirectional path loss models were presented
from the 73 GHz UMi open square base station diversity measurement campaign from
2016. The measurement campaign included 36 individual TX-RX location combinations and 9 RX locations that were transmitted to from 3 or more base stations, using
a typical future coordinated multipoint (CoMP) deployment setup (see Fig. 4.1) that
would allow multiple base stations to serve an RX in random locations. A comprehensive analysis of propagation path loss models and outage was presented by using the
directional antenna pointing beam measurements from the measurement campaign.
Path loss models were derived from the propagation measurements and a comparison of the two well-known CI and FI path loss models showed inaccurate and
strange model parameters for the FI model, while the CI model that is grounded in
the true physics of free space path loss had similar model performance in regards to
the shadow fading standard deviation. For directional path loss, the LOS-B PLE of
2.0 matched perfectly with theoretical free space path loss. The directional NLOS-Best
PLE of 3.1 indicated that when TX and RX directional antennas can scan to find the
angles that result in the strongest receive power, that path loss can be reduced by
15 dB per decade of distance compared to randomly pointing TX and RX antennas.
The LOS and NLOS omnidirectional PLEs of 1.9 and 2.8, respectively, were shown
to be nearly identical to UMi scenario omnidirectional PLEs from previous mmWave
measurement campaigns at 28 and 73 GHz in dense urban environments [16, 50, 61].
Directional RMS delay spread statistics revealed a significant reduction in RMS
delay spread when considering the unique antenna pointing angle beams between each
TX and RX in LOS and NLOS that resulted in the strongest received power, a confirmation of the work presented in [89]. Thus, future mmWave systems that can beam
steer and scan for antenna pointing angles with strong received power will be able
to significantly reduce frequency selective fading observed at the receiver. Omnidi-
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rectional RMS delay spreads were made possible by synthesizing directional PDPs
from synchronized measurements and were comparable to omnidirectional RMS delay spreads synthesized with ray-tracing from an earlier 73 GHz UMi measurement
campaign in Manhattan [16, 89].
Outage probability analysis was performed using the directional path loss models
from Tables 5.2 and 5.3 along with Eqs. (5.17) to (5.21) and showed that if TX and
RX antennas arbitrarily or randomly point their beams in NLOS in a cell with a
200 m radius and one serving base station, then the probability of outage is 52.2%,
conditioned on a beam existing. However, in the same scenario for a cell with a 200
m radius and one serving base station, outage within the cell is much less than 1% in
NLOS if the TX and RX can align their antenna beams to find the strongest received
power, conditioned on a NLOS-Best beam existing.
Furthermore, Section 5.6.3 showed the effect of using multiple base stations to
serve a single RX by analyzing the base station diversity measurements for a typical
UMi CoMP deployment. It was shown that 55.6% of RXs served by single base
stations could receive detectable signal at all measured 72 pointing angles. More
importantly, it was shown that 90.5% of RX locations that were served by three base
stations could receive detectable signal at all measured 72 pointing angles, a significant
increase in angular coverage compared to one serving base station. The increase in
percentage of RX locations with detectable signal at all measured angles when served
by multiple base stations shows the usefulness of base station diversity for improving
coverage in future mmWave system deployments.
Publications related to the propagation analysis for the base station diversity
measurements in this Chapter include: [174]. Chapter 6 presents shadow fading diversity analysis from the 2016 base station diversity measurement campaign, link
reliability analysis by combining measurement results with human blockage models
from Chapter 3, and finally, CoMP network analysis in regards to interference mit-
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igation and system performance gains for future 5G networks, by utilizing the base
station diversity propagation measurements.

Chapter 6
MmWave Macrodiversity, Link
Reliability, and CoMP Analysis
6.1

Introduction

The use of multiple base stations or access points is expected for mmWave network deployments, and can serve a multitude of purposes. An important study item
is understanding the macrodiversity of mmWave in UMi scenarios with real-world
measurements. Using a realistic CoMP deployment on the NYU Engineering campus
in Brooklyn as described in Chapter 4, we sought to determine how macrodiversity
and CoMP at mmWaves could be used to improve coverage and reliability in the
presence of human blockers, and the impact it would have on interference mitigation
with narrowbeam and directional antennas. While Chapter 5 gave insights into path
loss modeling and outage probabilities for single base stations and signal reception
from multiple base stations, this Chapter builds on measurement data from Chapter
4 and the models from Chapter 5 for extensive multiple base station and coordination
analysis for future mmWave networks. The first section of this chapter uses the base
station diversity measurements to study the cross-correlation of large-scale shadow
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fading between multiple base stations and a user, with cross-validation testing to
show whether or not macrodiveristy at mmWave can help to reduce outage via independent large-scale shadow fading from multiple base stations to a user [38, 39]. The
study here is important because it has not been clear in the literature whether or not
independent shadowing from multiple base stations may be assumed for random user
drops at mmWave bands, aside from a few theoretical studies and small measurement
campaigns [175, 302].
The second section of this chapter uses the base station diversity measurements
based on the deployment described in Section 4.5 and measured signals with distances
given in Table 4.1 to investigate whether or not multiple base stations can be used
to keep a user from experiencing an outage in the presence of rapid fading human
blockage events, and the extent of possible improvements. Traces of human blockage
events to represent the added impact of human blockage are simulated and superimposed on top of the directional beam path loss and angular measurements from
Chapter 4. Then, commonly used diversity techniques [81, 303] are used with the
measurement data from multiple TXs for an RX, to show the realistic improvements
in link reliability signal-to-noise ratio (SNR) when using multiple base stations to
serve a single user, compared to one base station.
Lastly, the third section of this chapter investigates the use of CoMP downlink
precoding with joint processing and coordinated beamforming in order to suppress
interference in a mmWave network with 2 BSs and 2 users [38, 39, 299, 304]. Comparisons between networks with uncoordinated and coordinated base stations are made
to identify whether or not downlink coordination used for interference mitigation has
a significant impact on users in mmWave UMi scenarios.
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6.2

Shadow Fading Cross-Correlation for Macrodiversity

Macrodiversity has often been used in wireless communications to combat largescale shadow fading by use of geographical separation [124, 128]. If two or more base
stations are separated geographically by some unknown distance and also by angle
to a mobile, then it is likely that the signal propagation paths to the mobile are uncorrelated, hence, shadow fading is uncorrelated. Since shadow fading is commonly
modeled by a Gaussian random variable, uncorrelated Gaussian shadow fading implies independent shadow fading [8, 81, 291, 305]. It is more favorable if the signal
propagation paths are independent since it would allow for random drops and random modeling without the need for second order correlations, but it can be much
harder to prove independence [81]. If shadowing is independent, then even if a signal from one base station to the mobile experiences a deep fade, it is likely that a
signal from a secondary and independent base station does not experience a deep
fade [81, 127]. Macrodiversity has been extensively studied for UHF and microwave
bands [124,127,128,306], but experimental measurements for mmWave macrodiversity
in UMi scenarios are non-existent. In this Section we describe a problem formulation
studying shadow fading cross-correlation with the base station diversity measurements
described in Section 4.3, outline the steps for hypothesis testing with cross-validation
for determining if shadow fading is independent (uncorrelated Gaussian) or correlated
based on the measurements, and then provide analysis on the test results.

6.2.1

Problem Formulation with Measurement Data

Typically, measurements include base stations that transmit with quasi-omnidirectional
or sectored antennas where the mobile measures path loss data along a route either
simultaneously or at separate times from each base station, using an omnidirectional
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antenna, as depicted in Fig. 6.1 [128, 306]. The entire ensemble of path loss measurements is used to create a large-scale path loss model as a function of T-R distance,
where the shadow fading values are calculated by finding the difference in each measured path loss from the mean path loss model at the measured distance. The shadow
fading values from multiple base stations can then be used to determine the crosscorrelation and covariance matrix of shadow fading among multiple base stations and
a mobile [125, 300, 306]. The resulting covariance matrix and cross-correlation coefficients can provide insight into how correlated shadow fading is among multiple base
stations and a mobile. Our goal is to determine whether the signals received at a user
from geographically separated base stations are more likely to experience independent
large-scale shadow fading (assuming individual links at mmWave experience Gaussian shadow fading [16]), or if it is more likely that shadow fading is correlated among
multiple base stations transmitting to a single RX. We investigate both omnidirectional and directional shadow fading, but focus on narrowbeam directional antenna
measurements since mmMave systems will not use omnidirectional antennas. We test
whether or not shadow fading from two or more base stations is correlated or not
through hypothesis testing, for the null hypothesis H0 , associated with independent
fading (e.g. uncorrelated Gaussian), and the alternative hypothesis, H1 , representing
correlated shadow fading. We carry out the hypothesis testing for directional and
omnidirectional path loss data sets, but first describe the steps for the test in general.
Contrary to traditional route-based measurements, the base station diversity
measurements outlined in Chapter 4 were carried out for multiple stationary TXRX location combinations. Due to the complexity of the measurements, which were
designed to encompass diverse environments and various T-R separation distances,
and using extensive narrowbeam and directional antenna measurements at the TX
and RX, only nine RX locations were measured from three or more TX locations (see
Table 4.1 and the map in Fig. 4.1). For each RX i with i ∈ {1, 2, 4, 7, 8, 9, 10, 12, 13},
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BS1

BS2

End of route
Start of route

Figure 6.1: Example of two base stations transmitting to a single mobile along a route
for which shadow fading cross-correlation between each base station and the mobile
is traditionally analyzed [124, 128].
the three closest TX locations are identified and the shadow fading values from each
TX to RX i are represented by a vector xi = [xi1 , xi2 , xi3 ]T , where xij denotes the
shadow fading (in dB) from the j th closest TX to RX i. The shadow fading values are
calculated by subtracting the measured path loss values (in dB) from the mean path
loss values (in dB) predicted from the CI path loss models in Table 5.2 and Table 5.8
at the specific T-R separation distances from the measurements using (5.4), according
to the designated environment (LOS or NLOS), for each individual TX-RX location
combination. The method of determining the difference in measured path loss from
the mean path loss is a typical and accurate way of calculating shadow fading [81].
The steps in the following section outline how to use the calculated shadow fading
values at an RX with three serving base stations for the hypothesis testing, but can
similarly be used for shadow fading analysis from two base stations. While there
were only 9 RX locations measured overall, there were multiple sets of 2 TX to 1 RX
(54 sets) and 3 TX to 1 RX (42 sets) combinations as described in Sections 4.6 (see
Table 4.1) and 5.6.3, and are used for analysis in this Section.
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6.2.2

Steps for Shadow Fading Cross-Correlation Testing

The calculated shadow fading vectors xi are assumed to be realizations of a zeromean multivariate Gaussian distribution, xi ∼ N (0, Q), with probability density:


1
1 T −1
px (xi |Q) =
exp − xi Q xi
(2π)d/2 |Q|1/2
2

(6.1)

where d is the number of parameters / dimensions and in our case is 3 for the closest
three base stations, and Q is a 3×3 covariance matrix. This is a reasonable assumption
for our path loss data sets since path loss is well known to be modeled by a distant
dependent path loss model given in (5.4) where the shadow fading is Gaussian in dB
about the distant dependent mean path loss [8,16,81]. The shadow fading value data
is organized as an N × d matrix or 9 × 3 for N = 9 realizations (9 RX locations) and
d = 3 parameters (3 base stations), X = [x1 , x2 , x4 , x7 , x8 , x9 , x10 , x12 , x13 ]T , and due
to the limited data set, hypothesis testing is performed with cross-validation. Crossvalidation is a typical statistical method used to validate a model by splitting data into
training and test sets in order to evaluate how well the model generalizes [307–309].
Two simple models are suggested for cross-validation here due to the limited data
set, since a more complex model will likely over-fit the data and perform worse than
the simpler models [310]. The testing is done for:
 Null hypothesis H0 : independent (uncorrelated Gaussian) shadow fading, xi ∼

N (0, Q0 ) ∀i,




1 0 0




Q0 = a 0 1 0




0 0 1
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 Alternative hypothesis 1 H1 : correlated shadow fading, xi ∼ N (0, Q1 ) ∀i,





a b b 




Q1 =  b a b 




b b a
With the two hypothesis, Q0 and Q1 , log-likelihoods and cross-validation [309, 310]
are used to determine which hypothesis is more likely.
The log-likelihood function of the zero-mean multivariate Gaussian distribution
in (6.1) is written as:
1
1
d
log(px (xi |Q)) = − log(2π) − log |Q| − xTi Q−1 xi
2
2
2

(6.2)

for which we want to maximize the likelihood. To simplify (6.2), we take the negative
of both sides in order to minimize the log-likelihood and ignore terms independent of
the parameters, and set them as a constant:

− log(px (xi |Q)) =

1
1
log |Q| + xTi Q−1 xi + const.
2
2

(6.3)

The constant can further be ignored since we will be comparing the ratio of likelihoods,
for which the constant is negligible:

− log(px (xi |Q)) =

1
1
log |Q| + xTi Q−1 xi
2
2

(6.4)

Cross-validation testing is performed via the leave-one-out method [310, 311] by
first removing one of the N = 9 realizations xi from matrix X, which is used as
the test set, and the remaining N − 1 = 8 realizations are used as the training set
X̃ = [x̃m,k ], which is an 8 × 3 matrix, and this procedure is repeated N = 9 times.
The training set matrix X̃ is used for determining Q and Q−1 in (6.4) for which the
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test set will be applied to when determining the log-likelihoods, where Q is of the
form Q0 and Q1 , for H0 and H1 , respectively.
The value of a in Q0 is determined so as to minimize the log-likelihood function
and is calculated as follows:
N
−1 N
−1
X
X
1
a=
x̃2m,k
(N − 1)d m k

(6.5)

with m ∈ {1, ..., 8} and k ∈ {1, 2, 3} [305]. Calculating a in this way is the same
as taking the average of the measured variances from each of the three independent
parameters (three base stations). The value of a in Q1 is calculated with the same
equation as for Q0 in (6.5), which refers to the mean variances over all parameters
(base stations). Since shadow fading is assumed to be correlated for H1 , b in Q1 is:
d
N
−1 X
d X
X
1
x̃m,k x̃m,t
b=
(N − 1)d(d − 1) m=1 k=1 t6=k

(6.6)

which represents the average covariance of all shadow fading values. The Q0 and
Q1 covariance matrices calculated from each training set are then used in the loglikelihood function (6.4) along with the test set xi that was left out, in order to
calculate the log-likelihood value of H0 and H1 for each of the 9 training and test
sets. The average log-likelihood values for hypotheses H0 and H1 are then used to
make a decision on which hypothesis is more likely, where a lower value indicates the
hypothesis is more likely [310, 311].

6.2.3

Results and Analysis for Shadow Fading Cross-Correlation
Testing

The shadow fading cross-correlation hypothesis testing with cross-validation was
performed for omnidirectional and directional path loss data and with calculated
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shadow fading values from the measured data and models given in Table 5.2 and
Table 5.8. The sub-sections below discuss the results for each type of path loss from
the measurement data. Both omnidirectional and directional shadow fading about
the mean distant dependent path loss from multiple base stations are shown to be
uncorrelated and can be assumed to be independent at mmWave.

6.2.3.1

Omnidirectional Shadow Fading Cross-Correlation

The shadow fading cross-correlation hypothesis testing was performed for four
omnidirectional scenarios: 1) 9 RX locations and the 2 nearest neighbor base stations
that transmitted to them; 2) all 54 combinations of 2 base stations that transmitted to a common RX; 3) 9 RX locations and the 3 nearest neighbor base stations
that transmitted to them; 4) all 42 combinations of 3 base stations that transmitted
to a common RX. Calculated results of the average log-likelihoods for the H0 and
H1 shadow fading hypotheses for all 4 omnidirectional scenarios are provided in Table 6.1. The hypothesis with the lower average log-likelihood is considered to be the
more likely hypothesis by following the test procedures in Section 6.2.2 and taking
the average of the calculated values for (6.4) across all training sets for each hypothesis. Scenarios 1 and 2 for shadow fading from 2 base stations result in H0 and H1
test scores (average log-likelihoods: LL) that are nearly identical for the respective
scenarios, as well as their standard errors. The result of similar test scores shows that
there is no clear differentiation between correlated or independent shadow fading at
a receiver being transmitted to from two separate base stations. Thus, we can assume that a more complicated shadow fading model (correlated) is not necessary to
use when modeling shadow fading between 2 base stations and a RX at mmWave.
Rather, a less complicated shadow fading model that assumes independent shadow
fading between the two closest base stations to an RX is a viable model to use for
simulation purposes (e.g. random draws of the shadow fading component in Eq. (5.4)
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Table 6.1: Omnidirectional shadow fading hypothesis testing cross-validation results.
LL is the average log-likelihood across all the tests and SE(LL) is the sample standard
error of the log-likelihood values for each hypothesis. Shadow fading was calculated
with (5.4) by using the LOS and NLOS omnidirectional CI path loss models from
Table 5.8. Note that H0 and H1 are the null-hypothesis for independent shadow
fading and the alternative hypothesis for correlated shadow fading, respectively.
73 GHz Omnidirectional Shadow Fading Hypothesis Testing
Scenario 1: 9 RXs each with 2 BSs
H0
H1

LL
4.53
4.51

SE(LL)
0.29
0.28

Scenario 2: 54 Combinations of an RX with 2 BSs
H0
H1

LL
5.02
5.04

SE(LL)
0.10
0.11

Scenario 3: 9 RXs each with 3 BSs
H0
H1

LL
7.35
7.93

SE(LL)
0.38
0.88

Scenario 4: 42 Combinations of an RX with 3 BSs
H0
H1

LL
7.59
7.62

SE(LL)
0.13
0.14

can be superimposed on the distant dependent path loss estimated from multiple base
stations). Both scenarios 1 and 2 show that the smaller data set of 9 RXs and larger
data set of all 54 combinations of 2 BSs and a RX, provide favorable observations
for independent shadow fading with omnidirectional propagation. Even though the
log-likelihood average for H1 is lower than H0 for scenario 1, both test scores are
within the standard error of one another. For situations like this, it is common practice to choose a simpler model when log-likelihoods (LLs) are similar and within the
standard error (SE) [312].
Similarly for scenarios 3 and 4 with 3 base stations and omnidirectional propagation, the null and alternative hypotheses have similar test scores. Therefore, we can
again choose the more simpler, independent (uncorrelated Gaussian) shadow fading
model, when cross-validation results in similar test scores between two hypothesis and
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when they are within the standard error of one another [312], as shown in Table 6.1.
The results here for omnidirectional shadow fading from multiple base stations to
a RX suggest the usefulness of multiple base stations and macrodiversity in a UMi
open-square scenario at mmWave, where if the signal from one of the two or three
closest base stations to a RX experiences a deep fade, then it is likely that the signal
from one of the other closest base stations does not experience a deep fade, thus motivating the use of macrodiversity at mmWave to reduce outage. Since it is unlikely
that omnidirectional antennas will be used for mmWave base stations and mobiles,
the hypothesis testing with cross-validation was performed for directional shadow
fading with results provide in the next section.

6.2.3.2

Directional Shadow Fading Cross-Correlation

The shadow fading hypothesis testing was performed for four directional scenarios where the LOS-B and NLOS-Best path loss data were considered for each individual TX-RX location combination by using the path loss models from Table 5.2.
The four scenarios are identical to the omnidirectional test cases: 1) 9 RX locations
and the 2 nearest neighbor base stations serving each of them; 2) all 54 combinations
of 2 base stations that transmitted to a common RX; 3) 9 RX locations and the 3
nearest neighbor base stations transmitting to them; 4) all 42 combinations of 3 base
stations that transmitted to a common RX (see Table 4.1 in Section 4.3). Results
for the shadow fading hypothesis testing for all 4 directional scenarios are provided
in Table 6.2.
Hypothesis testing for directional shadow fading cross-correlation resulted in similar observations as compared to omnidirectional testing in the previous sub-section,
such that both hypotheses resulted in similar average log-likelihood test scores. For
scenarios 1 and 2 we assume an RX receives directional signals simultaneously from
2 base stations, and the average log-likelihoods of H0 and H1 for each respective
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shadow fading hypothesis test were extremely close and within the standard error of
each other for both scenarios. Even though the LL of 5.12 for H0 was higher than 5.08
for H1 , the numbers are extremely close and within the standard error of each other,
which were 0.10 and 0.11 for H0 and H1 , respectively. Scenario 3 results in a much
better test score for H0 at 7.95 compared to 8.63 for H1 , indicating that independent
(uncorrelated Gaussian) shadow fading is more likely among the directional and simultaneous received signals at an RX from the three nearest base stations, compared
to correlated shadow fading. When considering all 42 combinations of 3 BSs and
a RX, the H0 test score is higher than H1 , but is within the standard error of H1 ,
indicating that the null hypothesis can be chosen here. Similar to the omnidirectional
shadow fading hypothesis testing, all scenarios for directional shadow fading result
in similar null- and alternative-hypothesis test scores for each of the four respective
tests, as given in Table 6.2. The results here show that it is not necessary to use a
more complicated covariance matrix for directional shadow fading between a RX and
its closest (in distance) serving base stations for both the small and larger data sets.
Since the H0 covariance matrix Q0 can be used to model shadow fading for the best
directional received powers between a RX and its closest base stations, we can make
the conjecture that shadow fading is independent among multiple base stations transmitting to a common RX. Therefore, if an RX is being served by the best directional
beams in a UMi scenario at mmWave, it is reasonable to independently model the
large-scale shadow fading for each base station to the RX. The conjecture of independent shadow fading promotes the use of macrodiversity techniques in a mmWave
UMi network, that can take advantage of multiple access points in a coverage region
to mitigate the effects of large-scale shadow fading.
Given the hypothesis testing log-likelihood scores from the data sets with 9 RX
locations (RXs with 2 and 3 nearest neighbor base stations), 54 combinations of 2
base stations transmitting to a common RX, and 42 combinations of 3 base stations
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Table 6.2: Directional shadow fading hypothesis testing cross-validation results. LL
is the average log-likelihood across all the tests and SE(LL) is the sample standard
error of the log-likelihood values for each hypothesis. Shadow fading was calculated
with (5.4) by using the LOS-B and NLOS-Best directional CI path loss models from
Table 5.2. Note that H0 and H1 are the null-hypothesis for independent shadow
fading and the alternative hypothesis for correlated shadow fading, respectively.
73 GHz Directional Shadow Fading Hypothesis Testing
Scenario 1: 9 RXs each with 2 BSs
H0
H1

LL
5.08
5.16

SE(LL)
0.33
0.44

Scenario 2: 54 Combinations of an RX with 2 BSs
H0
H1

LL
5.12
5.08

SE(LL)
0.10
0.11

Scenario 3: 9 RXs each with 3 BSs
H0
H1

LL
7.95
8.63

SE(LL)
0.16
0.36

Scenario 4: 42 Combinations of an RX with 3 BSs
H0
H1

LL
8.00
7.83

SE(LL)
0.16
0.36
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transmitting to a common RX, we can conclude that shadow fading is independent,
which is useful for future mmWave simulations. Therefore, one would not have to use
the complicated multivariate Gaussian distribution in (6.1) to generate shadow fading
terms when simulating path loss at a receiver from multiple base stations, rather one
can simply use independent Gaussian distribution draws in simulation and analysis.
It is worth mentioning, however, that this study has only used a small (e.g. 9) number
of RX locations and it would be useful to conduct more extensive measurements across
more T-R separation distances and consistent environments (separate tests for LOS
and NLOS) in order to further validate the conclusion of independent shadow fading
at 73 GHz in a UMi scenario.

6.3

Coordinated Multipoint for Link Reliability

The received power level at a mobile has been shown to be significantly affected
by the presence of human blockers at mmWave bands, due to the smaller-wavelengths
at mmWaves that result in reduced diffraction [115, 123, 173]. The use of directional
narrowbeam antennas at mmWave bands also results in smaller angular spreads for
which energy is transmitted and received compared to 4G/LTE base stations and
mobile devices that transmit and receive energy over much larger angular spreads [8,
115, 173, 274]. Human hands and heads can also block signals, which could cause
fades due to various orientations of a person’s hand or location of a mobile near their
body [84]. Therefore, it is envisioned that mmWave deployments will use a diverse
set of multiple base stations to simultaneously serve a single user or use rapid rerouting, as a means to mitigate shadowing and rapid signal degradation [286], and
such a network deployment directly motivated the experimental design of the 2016
base station diversity measurement campaign explained in Chapter 4, and the body
of work in this report. Simultaneous transmission from multiple base stations to
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mitigate effects of human blockers may be considered a type of macrodiversity or
coordinated joint transmission (JT) method [146, 304] (refer to Section 1.1.12.2 for
CoMP overview), and rapid re-routing or selection diversity may be considered a type
of dynamic point selection (DPS), both of which are downlink CoMP techniques, and
which require sharing channel state information (CSI) between base stations (e.g.
multiple base stations coordinate either simultaneous transmission with one another
or schedule which base station should transmit [145, 299, 313, 314]). In this section
we combine simulations of rapid fading human blockage events based on extensive
measurements and modeling [173] with multipoint path loss measurements from the
base station diversity campaign [174] to simulate the actual impact of human blockage
and to determine the potential user and network gains and reduced outage in a
typical UMi open square environment, where a mobile is connected to one or multiple
base stations that are subsequently connected to a central unit (CU) via high-speed
backhaul for scheduling and coordination [159].

6.3.1

Simulation Use Cases

The 7◦ antenna HPBW four-state Markov model transition rates from Table 3.7
were used with the four-state shadowing event CDF parameters from Table 3.6 in
order to simulate rapid fading human blockage traces. Three use-cases: Case 1) one
serving base station for a mobile; Case 2) two simultaneous serving base stations for
a mobile; and Case 3) three simultaneous serving base stations for a mobile, were
investigated to compare the effects of single and multiple base stations serving a
mobile in the presence of multiple human blockage events. The investigation was
done by using the 100 best directional antenna beam measurements, described in
Section 4.5, for each individual TX-RX location combination for both LOS and NLOS
conditions, and superimposing simulated human blockage event attenuation on top
of the measured path loss data.
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6.3.1.1

Case 1: One Base Station

There were 36 individual TX-RX location combinations tested during the measurement campaign as described in Chapter 4 and in Table 4.1. Each of the 36
TX-RX location combinations resulted in a TX and RX antenna pointing orientation
that maximized received power (minimized path loss) as indicated by the LOS-B and
NLOS-Best path loss data in Fig. 5.1. However, there were many more TX and RX
antenna pointing angle configurations that resulted in strong and detectable signal,
besides the very best pointing angles at both the TX and RX. For example, adjacent
beam pointing angles may have substantial signals due to a small decrease in gain
within the main antenna lobe, or with other various pointing angles that had smaller
attenuation on a particular direction than the main beam pointing directions. Thus,
in order to represent a better statistical sense of the potential beams that could be
formed between a TX and RX in a real-world scenario and assuming that both the TX
and RX could steer their beams for maintaining coverage, the 100 strongest received
powers (lowest path loss) for each TX-RX location combination were used for analysis
as realistic link realizations of typical user beams in a CoMP base station deployment
(see Fig. 4.1). Note that these 100 beams were formed with 7° and 15° HPBW antennas across a 120° TX azimuth sector and 360° at the RX using the locations shown in
Fig. 4.1 and in Table 4.1. Using the 100 strongest received power antenna pointing
angle configurations for each TX-RX location combination resulted in 36 × 100 (36
TX-RX combinations and 100 best beams per TX-RX combination) measurement
link realizations for analysis from the measurements. A simulation was setup for each
measurement link realization with base station TX power PT X = 30 dBm, TX antenna gain GT X = 27 dBi, RX antenna gain GRX = 20 dBi, measurement bandwidth
BW = 1 GHz, average thermal noise floor across 1 GHz bandwidth N0 = −84 dBm,
and noise figure N F = 10 dB, with parameters also provided in Table 6.3. In Case 1
(one base station to one user), each base station and user are assumed to have each
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TX1

RX beam 1
Figure 6.2: Sketch of one base station forming a single RF beam to serve a mobile
which also has a single RF beam, based on the system setup in Fig. 4.1.
Table 6.3: Parameters used to simulate and analyze the effect of simulated rapid
fading events with measured path loss values from the measurement campaign.
Parameter

Setting

Total Transmit Power
TX antenna gain
RX antenna gain
Bandwidth
Thermal Noise Power (N0 )
Noise Figure (N F )
Max Measurable Path Loss

30 dBm
27 dBi
20 dBi
1 GHz
−84 dBm
10 dB
175 dB
From measurement
campaign – w/o antenna
gains (See Fig. 5.2)
7° HPBW Four-State
Markov Model (See
Chapter 3, Section 3.5.3.2)

Path Loss

Human Blockage Model

formed a single RF beam for each of the 36 × 100 link realizations, as depicted in the
sketch in Fig. 6.2. The TX and RX antenna beams are also assumed to have the same
characteristics as the narrowbeam high-gain antennas used during the measurement
campaign (see Table 4.6).
Here, we make a justification for the use of the TX and RX antenna characteristics used in our measurements, for future 5G mmWave base stations and mobile
devices operating at 73 GHz. The wavelength at 73 GHz is approximately 4.1 mm
which corresponds to a half-wavelength antenna separation of 2.05 mm. If a BS an-
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tenna array has 256 elements where each antenna element is a patch antenna with 3
dBi of gain, it would cover a reasonably sized surface of approximately 32.8 mm ×
32.8 mm and result in a gain of 27 dBi (not considering feeder loss). Additionally, if a
mobile antenna array has 16 elements where each antenna element is a patch antenna
with 6 dBi of gain, it would cover an area of approximately 8.2 mm × 8.2 mm (less
than one square-centimeter) and result in a gain of 18 dBi (not considering feeder
loss), which is similar to the RX antenna gain of 20 dBi from the measurements.
The average received power using real-world measured path loss (P Lmeas ) from
Chapter 4, Section 4.5, and the system parameters identified in Table 6.3 were calculated as shown here:
Pr (d)[dBm] = PT X [dBm] + GT X [dBi] − P Lmeas. (T X, RX, θT X , θRX , d)[dB] + GRX [dBi]
(6.7)

Where P Lmeas. is the measured path loss and is a function of the T X and RX locations, T X antenna pointing angle θT X , RX antenna pointing angle θRX , and distance
d from the measurements. SNR in dB was calculated as:

SNR[dB] = Pr [dBm] − (N0 + N F )

(6.8)

p
In linear, if the average received signal amplitude is represented as α ( Pr [mW]) and
the average noise power including thermal noise and noise figure in mW is represented
by σn2 , then SNR γ is calculated as:

γ=

|α|2
σn2

(6.9)

This calculation is first made using the measured path loss data and simulation parameters in Table 6.3 to generate 36 × 100 realistic data points (link realizations) for
analysis purposes.
Next, using the received power calculated from the 100 best beams over all TX-
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RX locations in (6.7), human blockage simulations are generated and the additional
attenuation from the blockage events is superimposed on top of the received powers
in order to calculate SNR in the presence of random blockage events. The 3GPP
TR 38.901 V14.2.0 (Release 14) [75] channel model specifies 5 potential independent
blockers per path (1 self-blocking and 4 non-self blocking), therefore, one to five independent rapid fading blockage simulation traces were generated across time for
each received power beam. The average mean attenuations for fading events modeled
in Fig. 3.22 and in Chapter 3 (and simulated here) were shown to be 15.8 dB. We
note here that the fading event simulations are based on peer-to-peer level measurements [173] and are not representative of transmitters at base station heights to user
heights, nevertheless, this was deemed reasonable since at T-R separation distances
greater than 40 m or so, the base stations are on the horizon and thus are at similar
heights, relative to the user. We also note that base station to user level blockage
scenarios like those at 60 GHz in [315] might result in less outages and less severe
fade depths compared to the results presented here.
Multiple (1 to 5) random blockage event traces were simulated for each received
power beam from time t0 = 0 seconds to T = 14 seconds, meaning that multiple
blockers could simultaneously and cumulatively reduce the signal strength for a given
TX-RX beam. Then, a random and arbitrary time ti was chosen in order to sum
up the total combined blockage loss in dB across all random blockage event traces
at time ti . Fig. 6.3 displays five independent blockage event traces (blue lines) and
an arbitrary time ti (red line) across the traces for which a combined blockage loss
is calculated and applied to a received power beam measurement. Since the average
occurrence of independent blockage events is approximately every 4.76 seconds (see
Chapter 3 and [173] on human blockage models), it is rare that multiple blockers
would attenuate a received power beam simultaneously, but is shown in Fig. 6.3 as an
example, where the cumulative attenuation is approximately 45 dB. The individual
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Simulation of 5 Blockage Events and Arbitrary Selection
of Time Across Multiple Events
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Figure 6.3: Example of a simulation of 5 independent blockage event traces with
an arbitrary time selected across the traces in order to determine the cumulative
blockage loss that is applied to measured received power as calculated in (6.10). The
cumulative blockage attenuation across the 5 traces shown here is 45 dB.
simulated traces for blockage events are assumed to be ergodic since the average
attenuation across time is equal to the average attenuation across multiple traces at
a fixed time.
The received power in the event of m blockage events (uniformly distributed
between 1 and 5) at an arbitrary time ti is calculated as:

Prblock [dBm] = PT X [dBm] + GT X [dBi] − P Lmeas. +

m
X

L(n, ti )[dB] + GRX [dBi] (6.10)

n=1

where L(n, ti ) is the blockage loss in dB for blockage event n at arbitrary time instant
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ti . Thus, the SNR in the presence of blockage events in dB is:

SNRblock [dB] = Prblock [dBm] − (N0 + N F )

(6.11)

where SNRblock [dB] is the SNR of the received beam after accounting for attenuation
due to blockage events, receiver noise figure, and thermal noise power across 1 GHz of
bandwidth by using the parameters in Table 6.3. For an average received amplitude
p
of αblock ( Prblock [mW]) in the presence of blockers, the SNR in linear is calculated
as:
γblock =

|αblock |2
σn2

(6.12)

This calculation is made for each of the 36 × 100 (36 TX-RX combination and 100
best beams per TX-RX combination) measurement beams in order analyze the effects
of rapid fading human blockage events in a typical CoMP deployment scenario in
a downtown UMi environment at mmWave (see Fig. 4.1). Section 6.3.2 provides
analysis with CDFs of user SNRs with and without blockage events.

6.3.1.2

Case 2: Two Base Stations

The measurement campaign described in Chapter 4 and Section 4.6 resulted in
54 sets of combinations where 2 common TX locations transmitted to 1 RX location
(see Table 4.1). Each of the 2 TX to 1 RX sets resulted in numerous pointing angle
combinations between the two TXs and an RX. For Case 2, it was assumed that
the RX could simultaneously form 2 separate RF beams by using two transceivers,
for either selecting or combining signals from two serving TXs (select the strongest
received power beam from one TX or combine the received signals from both [38,286]).
Fig. 6.4 displays an example of two TXs and an RX with two RF beams, one for each
TX. We note that each RX beam can be used for only one TX, such that we are
forcing base station diversity in this analysis. Thus, in order to consider a number
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Figure 6.4: Toy example of two base stations each forming an RF beam to simultaneously serve a mobile which can form 2 RF beams for either selecting or combining
signals from the two serving base stations. Note that each RX beam is meant for
only one TX beam (forced diversity).
of strong beams between each TX and RX, the 100 strongest received power beams
(as measured in Chapter 4, Section 4.5) between each TX and the RX were used as
received power data points for analysis purposes. By considering the 100 strongest
beams between each TX and the RX, 54 × 1002 possible user beam combinations
(realizations) for 2 TXs to one RX were used for analysis. For each of the measured
user beams, the same blockage model (1 to 5 blockage events per beam) and simulation
setup was used for analysis as outlined in Table 6.3. However, when considering two
base stations for Case 2, the transmit power was evenly split between the two base
stations for fairness, such that each of the two base stations transmitted 27 dBm
of power for a combined overall transmit power of 30 dBm between the two base
stations. Additionally, because the measurements used narrowbeam TX/RX antennas
(7°/15°), blockers among separate beams are considered independent, especially when
T-R separation distances are more than 20 meters (all cases in measurements), based
on observations of short spatial correlation distances presented in [85, 175].
At the receiver, three techniques were used to determine the effective SNR and
outage through the diversity gain of using two transmitters and two received analog
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RF beams, where each RX beam points to and communicates with only 1 TX (forced
diversity), and include:
 Selection Diversity (SD) - the received signal with the strongest power is se-

lected at the receiver and is the received power Pr(SD) with SNR: γSD [26,81,303].
With this method, coordination among base stations to schedule and simultaneously transmit can be associated with macrodiversity transmission or joint
transmission in downlink CoMP with CSI shared between base stations [146,
304], and where the user will select the beam with the strongest received power.
 Equal Gain Combining (EGC) - the received signals from multiple TXs are

co-phased, multiplied by unity gain, and summed coherently at the receiver, to
provide equal gain diversity and result in an EGC SNR of γEGC [26, 81, 303].
This method is similar to joint transmission in downlink CoMP with CSI at the
base stations [26, 81, 303], and is comparable to macrodiversity transmission.
 Maximum Ratio Combining (MRC) - the received signals from multi-

ple TXs are co-phased, multiplied by a gain that is proportional to the signal
amplitude (effectively matched filtering), and are summed coherently at the
receiver, to provide maximum ratio combining and result in an MRC SNR of
γMRC [81, 303]. This method can also be associated with joint transmission
in downlink CoMP with CSI between base stations, and with coordination for
macrodiversity transmission [313, 316].
If the received signal amplitude in linear (mW) after the TX and RX antenna
gains, path loss, and blockage loss from the ith TX of N total TXs is αi , then the
received power for selection diversity (SD) is:

Pr(SD) = max |αi |2
i



(6.13)
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and the SNR is:

γSD = max
i

|αi |2
σn2


(6.14)

For equal gain combining (EGC), the received signal power is calculated as follows:
"
Pr(EGC) =

N
X

#2
|αi |

(6.15)

i=1

while the SNR is calculated as:
hP

N
i=1

γEGC =

i2
|αi |

N σn2

(6.16)

where N is the number of TXs and number of RX beams, and αi is the received signal
amplitude from the ith TX.
For maximum ratio combining (MRC), the calculation for received signal power
is:
Pr(MRC) =

N
X

|αi |2

(6.17)

i=1

where the SNR is determined to be:
PN
γMRC =

i=1

|αi |2

σn2

(6.18)

Note that the Eqs. (6.13)-(6.18) are applied for both the unblocked and blocked users
for comparison.

6.3.1.3

Case 3: Three Base Stations

There were 42 combinations with 3 common TX locations to 1 RX location from
the base station diversity measurement campaign described in Chapter 4 and Section 4.5. Similar to Case 2, in Case 3 it was assumed that the RX could form 3
analog RF beams simultaneously for receiving and combining signals from three serv-
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Figure 6.5: Toy example of three base stations each forming an RF beam to simultaneously serve a mobile which can form 3 RF beams via analog beamforming for
either selecting or combining signals from the three serving base stations. Note that
each RX beam is meant for only one TX beam (forced diversity).
ing TXs, as depicted by the sketch in Fig 6.5. We note that each RX beam is meant
to be specific to one TX beam, such that only three links can be made simultaneously
and where base station diversity is forced. In order to consider a number of strong
beams between each TX and RX, the 100 strongest received powers between each TX
and the RX were used for analysis purposes. By considering the 100 strongest beams
that were measured in the field measurements shown in Fig. 4.1 between each TX
and the RX, 42 × 1003 possible user received power beam combinations realizations
for 3 TXs to one RX were used for analysis. In order to calculate received power
from the measurements in the presence of human blockers, the same blockage model
(1 to 5 blockage events per received power beam) and simulation setup was used for
analysis as outlined in Section 6.3.1.1 and Table 6.3. However, the transmit power
was equally divided between the three base stations for fairness such that each of the
three TXs transmitted 25.2 dBm of power, for a combined transmit power of 30 dBm.

223

6.3.2

Results and Analysis

Results from the three use cases with measured data from the CoMP setup in
Fig. 4.1 on the NYU Engineering campus with additive random human blockage
event simulations (mean attenuation of random blockage events was 15.8 dBm, see
Section 3.5.3.2) across numerous user beams from the measurements are discussed in
this subsection and are compared with one another to show the SNR and coverage
improvements through diversity gain when using multiple base stations to serve a
single user.

6.3.2.1

Case 1: One Base Station Serving a Single User

Fig. 6.6 displays the CDF of single user SNRs in the presence of blockage events
(red line) when being served by a single base station, compared to the CDF of single
user SNRs with no blockage events (blue line) when being served by a single base
station, for all possible 36×100 (36 TX-RX combinations and 100 best beams per TXRX combination) received power data points (realizations) from the measurements.
The results in Fig. 6.6 exemplify the user SNRs expected in a typical mmWave UMi
open square downlink scenario for T-R separation distances that range from 20.6 m to
169.9 m for LOS and NLOS scenarios (see Chapter 4, Section 4.3 for more details on
the measurement environment). Table 6.4 provides specific details from the CDFs on
outage with a -5 dB SNR threshold and the 5% CDF points for SNR levels in dB. A -5
dB SNR threshold is a typical value used for modeling outage in the literature [317].
The CDFs in Fig. 6.6 reveal that 16.5% of users in a UMi open-square scenario
will experience an outage when using a -5 dB SNR threshold with the system parameters specified in Table 6.3. In the presence of blockage events (1 to 5 events), the SNR
at a user degrades, where the probability of outage increases to 24.7%. Fig. 6.6 and
Table 6.3 also show that 5% of the users experience a -10.8 dB SNR or worse without
a blockage event, but that 5% of the users experience -17.7 dB SNR in the presence
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Figure 6.6: Single base station CDF of user SNRs without blockers and with simulated
blockage events for up to 5 human blockage events per beam at 73 GHz.
of rapid fading blockage events. The increase in outage and signal degradation with
blockage events is significant in the mmWave regime, and motivates the use of multiple base stations and multiple user beams so that a user can maintain sufficient signal
level above an SNR threshold when human blockers are present in a dynamic urban
environment. Case 2 and Case 3 in the following subsections investigate the use of
two and three serving base stations for a single user with two and three UE beams,
respectively.
Table 6.4: Single base station CDF of user SNR values (in dB) with and without
human blockage events at 73 GHz (see Fig. 6.6).
CDF of SNR Values for Blockage w/ One Base Station

6.3.2.2

No. of TX / blockage?

-5 dB SNR Thresh. %

5% SNR

1 TX: no blockage
1 TX: blockage

16.5%
24.7%

-10.8 dB
-17.7 dB

Case 2: Two Base Stations Serving a Single User

Using two base stations to serve a user during random and independent blockage
events results in significant SNR improvements when using selection diversity, equal
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Figure 6.7: CDF of user SNRs for diversity when served by two base stations using
selection diversity (SD) and equal gain combining (EGC) at the receiver, with and
without human blockage events at 73 GHz. The two beams at the user each come
from a separate base station.
gain combining, and maximum ratio combining at the user, as compared to the single
base station case. We note in this case that the user can form two beams, one each
to a separate base station as depicted in Fig. 6.4. Fig. 6.7 shows the typical user
SNRs with and without blockage events when served by two base stations and when
employing SD and EGC at the receiver, while Fig. 6.8 shows the results for SD and
MRC as a comparison. Table 6.5 highlights the coverage and SNR improvements using
two base stations with and without human blockage events from Figs. 6.7 and 6.8.
Without human blockage events, results for 2 base stations with SD at the user
show that 7.3% of users would experience outage when using a -5 dB SNR threshold, compared to 16.5% when served by 1 base station. The probability of outage
(defined as -5 dB SNR) reduces more for EGC and MRC which are 6.6% and 5.4%,
respectively, without blockage events. When random blockage events (the average
mean attenuation of rapid fading blockage events was shown to be 15.8 dB in Chapter 3, Section 3.5.3.2) were simulated on each of the 2 TX beams to a user from the
two different base stations, the probability of outage for SD, EGC, and MRC were
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Figure 6.8: CDF of user SNRs for diversity when served by two base stations using
selection diversity (SD) and maximum ratio combining (MRC) techniques at the
receiver, with and without human blockage events at 73 GHz. The two beams at the
user each come from a separate base station.

Table 6.5: CDF of user SNR values for diversity with two serving base stations using
selection diversity (SD), equal gain combining (EGC), and maximum ratio combining
(MRC) at the receiver, with and without human blockage at 73 GHz (see Figs. 6.7
and 6.8). The two beams at the user each come from a separate base station.
CDF of SNR Values for Blockage w/ 2 Base Station Diversity
No. of TX / blockage?

-5 dB SNR Thresh. %

2 TX-SD: no blockage
2 TX-EGC: no blockage
2 TX-MRC: no blockage
2 TX-SD: blockage
2 TX-EGC: blockage
2 TX-MRC: blockage

7.3%
6.6%
5.4%
12.2%
12.2%
10.2%

5% SNR
-6.6
-6.0
-5.3
-9.7
-9.4
-8.6

dB
dB
dB
dB
dB
dB
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lower than outage with a single TX serving a user during blockage events, showing
the significant improvements of using diversity base stations with directional beams
at mmWave. With coordinated joint transmission in the downlink and for each of
the three diversity techniques (SD, EGC, MRC) at the user, the 5% SNR CDF point
has an improvement of 8 dB or more compared to the single base station case with
blockage. In traditional wireless communications systems that employ diversity techniques, MRC is commonly superior to EGC and SD [291]. However, depending on
the individual channel and SNR conditions for each narrow and directional beam,
EGC can sometimes be inferior to SD. The relatively similar performance in EGC
and SD for the 2 base station scenario (as shown in Table 6.5), highlights this condition, and can be explained by the fact that the beams from separate TX locations to
a user result in varying individual SNR values that can range from 3 dB to 20 dB in
difference. In such a situation, it would be more reasonable to implement SD since
it is less complex at the receiver than EGC. While MRC shows 2% less outage and
approximately 1 dB 5% SNR improvement from both EGC and SD, MRC has added
receiver architecture and computational complexity compared to EGC and SD, that
may not be worth such small gains. We must note, that since we do not allow multiple
beams from a single TX to serve a user in this work, we are essentially investigating
forced base station diversity. Therefore, future work could extend the contributions
in this report to investigate the diversity and coverage of multiple beams from a single
base station to multiple beams at a user.

6.3.2.3

Case 3: Three Base Stations Serving a Single User

Figs. 6.9 and 6.10 plot the user SNR CDFs when employing SD along with EGC
and MRC, respectively, for diversity with three base stations where a user receives
a separate beam from each of the three base stations. We note in this case that the
user can form three beams, one each to a separate base station as depicted in Fig. 6.5.
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Figure 6.9: CDF of user SNRs for diversity with three serving base stations using
selection diversity (SD) and equal gain combining (EGC) at the receiver, with and
without human blockage events at 73 GHz. The three beams at the user each come
from a separate base station.
Table 6.6 provides the -5 dB SNR threshold outage probabilities and 5% CDF point
SNR values. As expected, outage probabilities are reduced as compared to users
served by one or two base stations. In particular, as shown in Figs. 6.9 to 6.10 and
Table 6.6, the probability of outage without blockage events by a user served by three
base stations is 6.3%, 6.2% and 4.3% for SD, EGC, and MRC, respectively. The low
probabilities of outage in the absence of blockers are a 10% or more improvement as
compared to a user with a single serving base station where the probability of outage
was 16.5%.
When considering the presence of 1 to 5 independent rapid human fading blockage events for each of the 3 TX beams serving a user, the probability that a user
experiences an SNR less than -5 dB is 6.3%, 6.2%, and 4.3% for SD, EGC, and MRC,
respectively, as shown in Figs. 6.9 to 6.10 and Table 6.6. Using three serving TXs
compared to 2 serving TXs in the presence of human blockers reduces the outage
probability by nearly a half when the receiver employs SD or EGC diversity, and
even more so for MRC where outage is reduced to 4.3% for three serving base sta-
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Figure 6.10: CDF of user SNRs for diversity with three serving base stations using
selection diversity (SD) and maximum ratio combining (MRC) at the receiver, with
and without human blockage events at 73 GHz. The three beams at the user each
come from a separate base station.

Table 6.6: CDF of SNR values for diversity with three serving base stations using
selection diversity (SD), equal gain combining (EGC), and maximum ratio combining
(MRC) at the receiver, with and without rapid fading human blockage events at 73
GHz (see Figs. 6.9 and 6.10). The three beams at the user each come from a separate
base station.
CDF of SNR Values for Blockage w/ 3 Base Stations
No. of TX / blockage?

-5 dB SNR Thresh. %

3 TX-SD: no blockage
3 TX-EGC: no blockage
3 TX-MRC: no blockage
3 TX-SD: blockage
3 TX-EGC: blockage
3 TX-MRC: blockage

3.0%
2.4%
1.6%
6.3%
6.2%
4.3%

5% SNR
-3.2
-2.9
-1.6
-6.1
-5.8
-4.4

dB
dB
dB
dB
dB
dB
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tions compared 10.2% for two serving base stations, as shown in Tables 6.5 and 6.6.
Furthermore, for beams with MRC from three geographically separated base stations
that each experience multiple independent blockage events, the results in Table 6.6
show that only 5% of user beams with three serving base stations will experience an
SNR less than -4.4 dB. Future mmWave networks will likely operate with multiple and
directional beams from separate base stations serving a user in order to mitigate rapid
fading events, either from humans, cars, or buses, etc., and coordination via local and
edge rapid re-routing techniques could be used to reliably serve a user under such
conditions in a UMi environment at mmWave [286]. The results in Tables 6.5 and 6.6
reveal that there are significant gains to be achieved with base station diversity and
coordination at mmWave for multiple TXs and a user that can form multiple beams
in the presence of rapid fading human blockage events. The large reductions in user
outage probability from 24.7% with one serving base station down to 10.2% with two
serving base stations and down to 4.3% with three base stations, highlight the benefits of and motivate the use of multiple base stations, rapid re-routing, and downlink
CoMP techniques for future UMi mmWave networks [38, 174, 286, 299, 314, 318].

6.4

Coordinated Multipoint for Interference Suppression

Coordinated multipoint (CoMP) techniques have been extensively studied in
simulation and through field trials in order to implement CoMP in current 4G and
LTE-A networks [148, 150–152, 304, 319] as described in Section 1.1.12. While CoMP
consists of numerous techniques and goals, one interesting area to consider is suppressing downlink interference, although 4G and LTE have had difficulties with such
implementations due to inaccuracies in obtaining channel state information (CSI)
between all BSs and users within a cellular network and due to the backhaul re-
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quirements [320, 321]. CoMP networks require extremely careful and synchronized
coordination with accurate and up-to-date CSI shared between access points and
base stations. Network latencies and out-of-date CSI information cause serious issues
when attempting to implement CoMP in practical scenarios [322,323]. Recently, simulations using mmWave channel models and ray-tracers have been used to study the
performance of multicell cooperation for future mmWave networks [299,314,324–326].
However, as discussed in Section 1.1.12.4, there have been few measurement studies
on CoMP or multipoint transmission at mmWave [162–166], nor have there been
measurement based studies on the interference effects of coordination in realistic cellular environments, and whether or not the coordination gain outweighs the overhead
cost for high-speed backhaul and sharing of accurate CSI via a centralized unit (CU).
Therefore, in this section we use the base station diversity measurements described
in Chapter 4, to study the effects of downlink CoMP with coordinated precoding at
the 73 GHz mmWave band in a realistic UMi open square scenario.

6.4.1

Problem Formulation and System Model

In a majority of CoMP simulations and analysis in the literature, fully digital TX
and RX architectures are considered, but it is likely that mmWave systems will employ
hybrid analog / digital architectures as a trade-off for lower power consumption [17,
299, 314, 327]. Moreover, future mmWave base stations for 5G are predicted to be
made up of large antenna array structures where RF chains are connected to specific
subsets of the antenna array known as subarrays, that can broadcast independent
streams, and that may be arranged in a tiled configuration [318, 328]. Fig. 6.11
displays a sketch of a large BS antenna array with 4 subarrays that are independently
connected to separate RF chains for up to 4 beamformed streams. Similarly, a mobile
may have multiple independent antenna subarrays each with an RF chain to form
multiple analog RF beams, each for an independent stream. Fig. 6.12 shows an

232
Subarray
connected
to RF chain

Figure 6.11: Sketch of potential BS antenna array made of up 4 tiled independent
subarrays each connected to a separate RF chain for up to 4 analog beamformed
streams [318].
example of Qualcomm’s mmWave mobile smartphone prototype with three separate
antenna arrays (subarrays) [329]. As described in [299, 314], future antennas in 5G
base station and mobile systems may also use hybrid beamforming, where different
subarrays may be combined digitally, although we do not consider that here.
Throughout this section, the following notation is used: A is a set, A is a matrix,
a is a vector, and a is a scalar. The Frobenius norm of A is denoted as ||A||F , while
AH , AT , A−1 , diag(A), and Tr(A) are its Hermitian (complex conjugate) transpose,
transpose, inverse, diagonal, and trace, respectively.
The following problem formulation and system model is for a general CoMP case
as it relates to our measurements in Chapter 4, for analysis, with the notion that each
subarray structure on the BS or UE can perform analog beamforming and that each
subarray is connected to a separate RF chain to baseband for a separate stream and
digital processing as part of a hybrid (analog / digital) beamforming architecture.
In our analysis we assume that there are M BSs each equipped with NBS antenna
subarrays that are each connected to an RF chain for independent streams via RF
analog beamforming. Thus, each BS has a large antenna array made up of NBS tiled
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Figure 6.12: Qualcomm’s mmWave mobile smartphone prototype with three separate
antenna arrays [329].
subarrays (see Fig. 6.11), for M ×NBS total streams in the network. There are K users
(or UEs) that are each equipped with NUE antenna arrays that are each connected to
an RF chain for independent streams via RF analog beamforming, similar to the BS,
where NUE is generally smaller than NBS . Note that M × NBS = K × NUE for our
analysis. For each user k with k ∈ {1, ..., K} having NUE antenna arrays (streams),
and each BS m with m ∈ {1, ..., M } having NBS subarrays (streams), the received
signal vector, y ∈ CK NUE ×1 for all K × NUE streams across the entire network is
expressed as:
y=

p
p
p
GRX HW GT X Pt s + n

(6.19)

where H ∈ CK NUE ×M NBS is the network-wide channel matrix, W ∈ CM NBS ×K NUE is
the linear baseband precoding matrix, s ∈ CK NUE ×1 is the transmit symbol vector,
and n ∈ CK NUE ×1 is the noise vector [17, 327, 328, 330]. GT X and GRX are the linear
antenna gains at all BS and user subarrays, respectively, and Pt is the average transmit
√
power fed into each BS subarray. Translated to a typical system model, GT X , the
main beam boresight, in the best direction for maximum SNR, may be considered
√
as the best RF analog precoder WRF , and GRX may be considered as the best RF
analog combiner FRF .
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The network-wide K NUE × M NBS channel matrix H in (6.19) is formed as

T

T
H = HT1 , ..., HTK , where Hk = hTk,i , ..., hTk,NUE
∈ CNUE ×M NBS is the channel
matrix between all BS subarrays and user k [18,328,330]. hk,i ∈ C1×M NBS denotes the
channel vector between all BS subarrays and the user k’s i-th subarray (stream). The
network-wide M NBS ×K NUE baseband linear precoding matrix W is defined as W =
[W1 , ..., WK ], where Wk = [wk,1 , ..., wk,NUE ] ∈ CM NBS ×NUE is the precoding matrix
jointly used across all BSs for transmitting streams to user k, and wk,i ∈ CM NBS ×1 is
the precoding vector for stream (subarray) i. Transmit symbol vector s is defined as
T

s = sT1 , ..., sTK , with sk = [sk,1 , ..., sk,NUE ]T , where sk,i denotes the transmit symbol
of stream (subarray) i for user k, and E[si,k sH
i,k ] = 1 for all i and k. Similarly, the noise
 T

T
vector n is expressed as n = n1 , ..., nTK , where nk = [nk,1 , ..., nk,NUE ]T denotes the
noise vector at user k, and nk,i ∼ CN (0, σn2 ). The noise variance σn2 includes thermal
noise power N0 and any additional noise power such as the noise figure.
To simplify (6.19), the received signal vector, yk ∈ CNUE ×1 at the k-th user is
written as:

yk =

K
X
p
p
p
p
p
p
Wl GT X Pt sl + nk
GRX Hk Wk GT X Pt sk + GRX Hk

(6.20)

l=1,l6=k

We now further decompose (6.20) to show the received signal, yk,i ∈ C1×1 of the i-th
stream for the k-th user:

yk,i

N
UE
X
p
p 
p
hk,i wk,l sk,l
= GRX GT X Pt hk,i wk,i sk,i +
| {z }
l=1,l6=i
Desired Signal
|
{z
}

Intracell Interference
N
K
UE
X
X

+

j=1,j6=k

|



hk,i wj,l sj,l + nk,i (6.21)
|{z}
l=1
Noise
{z
}

Intercell Interference

In the analysis we assume perfect network synchronization, and perfect CSI
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is known and shared with all base stations connected to a central unit (CU) via
high-speed backhaul in order to implement coordinating scheduling and coordinated
beamforming (CS/CB) in the downlink with network precoding [299, 330, 331], and
ignore human blockage. To eliminate interference in the network, zero-forcing (ZF)
precoding is used by multiplying the network channel H by its pseudoinverse, which
equalizes the channel of each stream, eliminates interference, and is mathematically
written as [144, 332–334]:
WZF = HH (HHH )−1

(6.22)

Zero-forcing precoding works by eliminating the intracell and intercell interference
in (6.21), although it ignores additive Gaussian noise and can inflate noise power in
low SNR conditions [332, 335]. Another precoding approach called matched filtering
(MF), is used to maximize the SNR of each stream to all K users by multiplying the
network channel by its conjugate, and is written as [332, 334]:

WMF = HH

(6.23)

MF essentially maximizes the desired signal power in (6.21) and works well in low SNR
regimes since it maximizes signal power, but performs poorly in high SNR regimes
since it disregards inter-stream and inter-user interference. The MMSE precoder is
nearly identical in form to the ZF precoder, yields significantly better performance
at low SNR compared to ZF and better performance at high SNR compared to MF.
Essentially, the MMSE precoder performance converges to that of MF precoding in the
low SNR regime and to ZF precoding in the high SNR regime as shown in [334, 336].
The MMSE precoding filter is expressed as [332, 334]:

WMMSE = HH (HHH + αI)−1

(6.24)
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where α is a regularization factor that is commonly chosen to be α = K × NUE σn2 /Pt ,
and has been shown to approximately maximize the receive SINR [332,337]. We note
that when α is equal to 0, MMSE is equivalent to ZF, and when α approaches ∞,
MMSE reverts to MF [332, 334].
In order to satisfy the power constraint for all precoders such that the total
transmit power Ptotal across all M × NBS BS subarrays does not exceed Pt × M × NBS ,
√
we normalize the transmit precoding vectors wk,i as w̃k,i , wk,i /( M NBS ||wk,i ||2F ).
Using (6.21), we can now express the SINR of the i-th stream for the k-th user
as:

SINRk,i =

GRX GT X Pt |hk,i w̃k,i |2
PK
PNUE
P UE
2
2
2
GRX GT X Pt N
j=1,j6=k
l=1 |hk,i w̃j,l | + σn
l=1,l6=i |hk,i w̃k,l | + GRX GT X Pt
(6.25)

Therefore, the network spectral efficiency is given by

R=

K
X
k=1

Rk =

K N
UE
X
X

log2 (1 + SINRk,i )

(6.26)

k=1 i=1

The problem formulation and system setup described in this subsection is subsequently used along with the base station diversity measurements to provide real-world
insights and analysis for mmWave CoMP.

6.4.2

Relation Between Measurements and Problem Formulation

Even though the base station diversity measurement campaign focused on studying coverage through diversity, the measurements yielded sufficient data for downlink
CoMP linear precoding analysis to observe the potential CoMP gains at mmWave.
Per the base station diversity measurement procedure outlined in Section 4.5, each
single TX-RX location combination includes PDP measurements for 15 or more TX
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angles of departure and up to 72 angles of arrival per angle of departure. For analysis
purposes, we consider the 15 angles of departure with the horn antenna gain of GT X
to be akin to an RF precoder WRF for each BS subarray. Similarly, we consider the
72 angles of arrival with the horn antenna gain of GRX to mimic an RF combiner
FRF for each user subarray. Considering the horn antennas as subarrays allows us to
consider multiple pointing beams between each TX and RX from the measurements
for analysis purposes, even though the individual angle measurements were recorded
separately.
By integrating the area under the PDPs from our measurements, we were able
to determine the average channel path loss for each directional beam, which was then
taken to be the average channel gain across a frequency-flat fading channel of 1 GHz
(like OFDM with flat-fading subcarriers) based on the RF null-to-null measurement
bandwidth [299]. By removing the antenna gains from the directional measurements,
the channel gain magnitude h is determined by taking the square-root of the ratio of
the received power to the transmit power:
r
h=

Pr
Pt

(6.27)

Since the measurements did not offer phase information, a random phase θ ∼ U (−π, π),
was applied to each channel coefficient h. Work has shown that the phase of each
MPC and subsequently the narrowband channel gain at a particular time and location can be considered to be drawn from an independent, uniform distribution ranging
from −π to π, since it can be assumed to vary deterministically [81, 171, 181–184].
We define a CoMP network setting with M = 2, K = 2, NBS = 1 and NUE = 1,
by choosing a set of 2 common TXs and 2 common RXs from the measurements (see
Section 4.3), such that each BS and user is equipped with a single subarray connected
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to one RF chain, resulting in a 2 × 2 network-wide channel matrix


h1,1 h1,2 
H=
,
h2,1 h2,2

(6.28)

where the diagonal elements denote the channel coefficients between the assigned BSuser pairs, and the off-diagonal elements denote the interfering channel coefficients,
as sketched in Fig. 6.13. The measurement campaign resulted in 34 such CoMP
network settings of 2 common TXs to 2 common RXs (see Chapter 4, Section 4.3
and Section 4.6). We assign one TX to one RX, and then swap the TX to RX
assignment to extend the total CoMP network settings to 2 × 34 = 68, for analysis.
Thus, a CoMP network setting is defined as a specific set of 2 TXs and 2 RXs with a
forced TX to RX assignment. In order to analyze a large number of CoMP network
settings, the 100 best beams (lowest path loss) between each TX to RX assignment
(from the measurements described in Section 4.5) were considered, resulting in a
total of 64 × 1002 CoMP network settings for analysis. We note that each of the 64
CoMP network settings of 2 TXs and 2 RXs consider all combinations of the 100 best
beams from the measurements between each TX to RX assignment. For example if
TX1 is assigned to RX1 and TX2 is assigned to RX2, than the diagonal elements
in (6.28) would be for the beam from TX1 to RX1 and TX2 to RX2. Furthermore,
the TX1 to RX1 beam could impose interference on the received beam at RX2, and
vice versa for RX1 (TX2 beam to RX1 beam is interference), which make up the
off-diagonal interference elements in (6.28). Therefore, when considering the 100 best
beams between each TX and RX assignment, we end up with 1002 possible beam
combinations among 2 TXs and 2 RXs for each forced TX to RX assignment, which
results in 64 × 1002 beam combination CoMP networks or network settings from the
measurement campaign. As noted in Section 6.4.3, 43% of the CoMP network settings
resulted in off-diagonal elements of 0 in (6.28), indicating that the two RXs for 43% of
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Figure 6.13: Sketch of a 2 × 2 CoMP network setting, with a single subarray/RF
chain at each BS and user. CSI is available at all base stations and the CU via
high-speed backhaul for joint processing and coordinated scheduling and coordinated
beamforming for CoMP downlink precoding.
the CoMP networks did not experience interference. We note that each measurement
beam was used to calculate a channel gain magnitude h, with a random phase applied
to each, as specified in (6.27) and the previous paragraph.
The analysis parameters are specified in Table 6.7, where the BS and user subarray gains are set to 27 dBi, and 20 dBi, respectively, as those were the gains of the
horn antennas used in the measurements (see Chapter 4, Section 4.5, and Table 6.7).
Note from Fig. 6.11, that a subarray is connected to one RF chain and generally is
tiled with other subarrays, but in our analysis, we assume each TX and RX only
employ one subarray which is essentially a single array at each TX and RX. Thus,
the TX and RX are only able to form 1 beam each at a time. The average transmit
power Pt per subarray at each BS is set to 30 dBm, the noise figure at each user
RF chain (one per user) is set to 10 dB, with thermal noise power N0 = −84 dBm
across 1 GHz of bandwidth. In the following subsection, we analyze the case of uncoordinated base stations that do not need or use CSI, and then analyze the use of
downlink CoMP precoding and joint processing with coordinated beamforming that
requires accurate and up-to-date CSI at the base stations which are assumed to be
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Table 6.7: Parameter settings for CoMP analysis using the base station diversity
measurements at 73 GHz.
Parameter
Carrier Frequency
Bandwidth
Number of BS
Antenna Arrays per BS
Number of Users
Antenna Arrays per User
Gain per BS Antenna Array
Average Transmit Power per BS Antenna Array
Gain per User Antenna Array
Max Measurable Path Loss
Thermal Noise Power N0
User Noise Figure
TX Polarization
RX Polarization

Setting
73.5 GHz
1 GHz
M =2
NBS = 1
M =2
NUE = 1
27 dBi
30 dBm
20 dBi
175 dB
-84 dBm
10 dB
Vertical
Vertical

connected to a central unit via high-speed backhaul for sharing CSI and scheduling
information. Downlink CoMP is analyzed with the three downlink precoding techniques described in Section 6.4.1: zero-forcing (ZF), matched filtering (MF), and
minimum mean square-error (MMSE) [331].

6.4.3

Results and Analysis

This section presents the results on per-user SINR, per-user spectral efficiency,
and network spectral-efficiency, for the 68 × 1002 CoMP network settings described
in Sec. 6.4.2. A result of the measurements (see Section 4.5) is that not all of the
64 × 1002 CoMP network settings resulted interference for one or both of the RX
beams (off-diagonal elements are 0 in (6.28)). For example, if TX1 was transmitting
to RX1 and TX2 was transmitting to RX2, there were many beam combinations
that resulted in the RX1 and/or RX2 beams not experiencing interference from the
unintended TX beam. The lack of extensive interference is expected due to the use of
narrow and directional beams in mmWave systems, which are typically noise-limited
rather than interference-limited [11, 12, 39]. As a result, only 22% of all the 64 × 1002
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CoMP network setting channel matrices have both off-diagonal interfering signals (e.g.
TX1 to RX2 and TX2 to RX1; both off-diagonal elements are non-zero in (6.28)),
referred to as full-interference in the following analysis, 35% of the CoMP network
settings have only one interfering signal (e.g. only interference from TX1 to RX2 or
TX2 to RX1; one off-diagonal element is non-zero in (6.28)), referred to as partialinterference. Furthermore, there were no interfering signals observed in 43% of the
64 × 1002 CoMP network settings, referred to as no-interference (both off-diagonal
elements are zero in (6.28)), which renders precoding as completely unnecessary for
downlink interference cancellation, where CSI and high-speed backhaul coordination
would not be necessary. The results for network downlink precoding at mmWave for
the three interference cases of full-, partial-, and no-interference are compared with
each other and with the uncoordinated case, and are presented next.

6.4.3.1

Full-Interference CoMP Network Setting

Fig. 6.14a shows user SINR CDFs for no coordination (uncoordinated), and
downlink precoding with zero-forcing, matched filtering, and MMSE. Table 6.8 gives
the 10%, 50% and 90% CDF points of user SINR in dB, user spectral efficiency (SE)
in b/s/Hz, and network SE in b/s/Hz, where an η% CDF point specifies the user
SINR, user SE, and network SE achieved by (100 − η)% of the users or networks,
respectively. It is observed from Fig. 6.14a, that MF precoding suppresses the interference experienced by the users such that the range of SINR across all network users
is reduced compared to the ZF and MMSE cases, which in turn limits the overall
performance in terms of spectral efficiency. The reduction in the range of user SINRs
with MF is specifically noticed in Table 6.8, where the 10% to 90% SINRs range
from -5.2 dB to 8.3 dB, respectively, compared to uncoordinated that ranges from
-13.4 dB to 15.0, respectively. With no coordination, 10% of the users experience
-13.4 dB SINR or less, however, with downlink precoding and network coordination,
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the 10% CDF point improves by 3.2 dB with ZF, by 5.9 dB with MMSE and by
8.2 dB with MF. The 10% CDF point for MF, ZF, and MMSE corresponds to SINR
values of -5.2 dB, -10.2 dB, and -7.5 dB, respectively, while the 90% CDF points
are 8.3 dB, 15.2 dB, and 17.2 dB, respectively. Even though MF results in a higher
10% SINR CDF point (e.g. better user SINR improvement in low SNR conditions)
compared to ZF and MMSE, the MF 90% CDF point is much worse than ZF and
MMSE due to high SNR conditions from the 100 best beam combinations chosen for
analysis from the measurements. MF is known to work well in low SNR conditions
by boosting the signal to the intended user, but is also know to increase interference
in high SNR conditions [334]. Since we used the best 100 beams from each individual TX-RX combination from the measurements for analysis, higher SNR conditions
are more likely, hence, MF is not desirable. The per-user and network performance
spectral efficiencies, displayed in Figs. 6.14b and 6.14c, illustrate the superiority of
ZF compared to MF, given that the system is operating in the high SNR regime, due
to mmWave beamforming [299, 314]. The MMSE precoder for the full-interference
case (22% of the CoMP networks) improves the network spectral efficiency compared
to both MF and ZF, even though it does not always perform better on a per-user
basis, as the precoder is designed to maximize the network performance, and not any
specific user [330, 334].
In regards to network spectral efficiency for the full-interference case, MF and
MMSE increase the low performing networks at the 10% point to 1.3 b/s/Hz and 1.6
b/s/Hz, respectively, compared to 0.8 b/s/Hz for the uncoordinated case that does
not employ downlink precoding or need CSI. Most notably though, ZF and MMSE
precoding improve a majority of network spectral efficiencies as shown in Fig. 6.14c,
especially at the 90% point with network spectral efficiencies of 8.8 b/s/Hz and 9.3
b/s/Hz, respectively, compared to UC and MF that have 90% points of 8.1 b/s/Hz,
and 5.8 b/s/Hz, respectively. The reason why MF performance is lower than UC
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Figure 6.14: 2 × 2 CoMP networks with full-interference at 73 GHz, for CDF of a)
per-user SINR, b) per-user spectral efficiency, and c) network spectral efficiency.

244
at the 90% point is due to the fact that MF increases both the signal strength and
interference, which reduces performance when SNR is high, and which is a result
of the beamforming gain at mmWave when considering the best beams [299]. The
improved spectral efficiency performance of ZF and MMSE is expected since both
work to suppress interference in the high SNR regime, compared to MF.
Table 6.8: CDF points of 2 × 2 CoMP networks with full-interference at 73 GHz, for
i) per-user SINR in dB, ii) per-user spectral efficiency in b/s/Hz, and iii) network
spectral efficiency in b/s/Hz.
CoMP Setting CDF Statistics for Full-Interference
Per-User SINR in dB
UC
MF
ZF
MMSE
CDF %
-13.4
-5.2
-10.2
-7.5
10%
1.4
0.7
2.8
3.9
50%
15.0
8.3
15.2
17.2
90%
Per-User Spectral Efficiency in b/s/Hz
UC
MF
ZF
MMSE
CDF %
0.08
0.4
0.1
0.2
10%
1.3
1.1
1.5
1.8
50%
5.0
3.0
5.1
5.7
90%
Network Spectral Efficiency in b/s/Hz
UC
MF
ZF
MMSE
CDF %
0.8
1.3
0.8
1.6
10%
3.3
2.2
3.7
4.3
50%
8.1
5.8
8.8
9.3
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Figure 6.15: CDF of network spectral efficiency gain relative to the uncoordinated
case for full-interference.
Fig. 6.15 displays the CDF of the network spectral efficiency normalized to the
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uncoordinated case. For MF and ZF, approximately 40% and 65% of the CoMP
network settings with full-interference do not show a gain in overall network spectral efficiency with downlink precoding, respectively, compared to when there is no
network coordination or downlink precoding. However, 81% of the CoMP network
settings show a network spectral efficiency gain when using MMSE precoding. The
under-performance of 19% of the full-interference CoMP network settings with MMSE
is due to the fixed (conventional) choice of the regularization factor α in (6.24), resulting in network spectral efficiencies to gravitate towards the suboptimal strategies
of MF or ZF. Further optimization of the parameter α in (6.24) across various SNR
levels from the measurements would likely achieve gains of 1 or higher in all CoMP
network settings for full-interference [334], but is outside the scope of this work and
may be considered for future work from this report.

6.4.3.2

Partial-Interference CoMP Network Setting

The user SINR CDFs with and without CoMP network coordination for the
partial-interference CoMP networks (only one user experiences interference) are shown
in Fig. 6.16a. Compared to the full-interference CoMP networks, the user SINRs for
partial-interference CoMP networks show smaller improvements with coordination,
but some improvements are made in terms of the percentage of users with low SINRs.
For example, Table 6.9 provides the CDF points of per-user SINRs and shows that
MF improves the 10% per-user SINR point from -12.7 dB and to -8.6 dB compared to
a network with no coordination. Like the full-interference CoMP networks described
in the previous section, MF performs worse in high SNR conditions as noticed by
the 90% point per-user SINRs of 12.8 dB for MF in Table 6.9 compared to 16.1 dB
and 16.7 dB for ZF and MMSE, respectively. ZF and MMSE are again expected to
perform better in high SNR conditions when mmWave beamforming is used, since
they work to suppress interference, whereas MF disregards additive interference in
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the pursuit of boosting signal strength [334, 336]. Since only one of the two users
being considered in the partial interference CoMP network experiences interference,
the 50% per-user SINR point is within 2 dB or so for the uncoordinated case and all
coordinated cases, meaning that median per-user SINRs see little to no improvement
with downlink precoding.
Figs. 6.16b and 6.16c plot the CDFs of per-user and network spectral efficiencies, respectively, and show the superiority of ZF and especially MMSE, given that
the measurements were typically in high SNR due to the use of high-gain directional
beams. Across all respective CDF points (10%, 50%, and 90%), there is no more
than approximately 1 b/s/Hz difference among the uncoordinated (no network coordination and no downlink precoding) and the three coordinated precoding cases.
While coordinated precoding does improve the overall network spectral efficiency compared to no coordination, it is apparent that the improvement is much less significant
compared to the full-interference case, where the 90% CDF points of network spectral
efficiency with partial-interference are 8.9 b/s/Hz and 9.3 b/s/Hz for UC and MMSE,
respectively, compared to 8.1 b/s/Hz and 9.3 b/s/Hz for the full-interference case.
The reason for this observation is the fact that not all users in the network experience
interference in the first place, thus, the overall network improvements are less for the
partial interference case.
The CDF of network spectral efficiency gains for coordinated network precoding normalized to the uncoordinated case are displayed in Fig. 6.17. The CDFs in
Fig. 6.17 show that each of the three downlink precoding techniques result in less network spectral efficiency gains compared to the full-interference case. While MMSE
shows that 81% of the CoMP networks (see the site layout in Fig. 4.1) experience
a gain compared to uncoordinated networks for partial-interference, only 7% of the
networks for the partial-interference case achieve a gain of 2 or better compared to
16% for the full-interference CoMP networks with MMSE. Network spectral efficiency
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Figure 6.16: 2 × 2 CoMP networks with full-interference at 73 GHz, for CDF of a)
per-user SINR, b) per-user spectral efficiency, and c) network spectral efficiency.
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Table 6.9: CDF points of 2 × 2 CoMP networks with partial-interference at 73 GHz,
for i) per-user SINR in dB, ii) per-user spectral efficiency in b/s/Hz, and iii) network
spectral efficiency in b/s/Hz.
CoMP Setting CDF Statistics for Partial-Interference
Per-User SINR in dB
UC
MF
ZF
MMSE
-12.7
-8.6
-13.4
-10.0
3.0
1.6
3.1
3.8
16.0
12.8
16.1
16.7
Per-User Spectral Efficiency in b/s/Hz
UC
MF
ZF
MMSE
CDF %
0.08
0.2
0.06
0.14
10%
1.6
1.3
1.6
1.8
50%
5.3
4.3
5.4
5.6
90%
Network Spectral Efficiency in b/s/Hz
UC
MF
ZF
MMSE
CDF %
0.8
1.0
0.6
1.1
10%
3.8
3.0
3.9
4.1
50%
8.9
8.0
9.1
9.3
90%
CDF %
10%
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90%
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Figure 6.17: CDF of network spectral efficiency gain relative to the uncoordinated
case for partial-interference.
gains are likely lower for partial-interference networks compared to full-interference
networks, since only one of the two users experiences interference and thus coordination with downlink precoding can only benefit one user compared to two. As
mentioned in Section 6.4.3.1, the under-performance of MMSE precoding for 19%
of the CoMP networks is likely due to the conventional and fixed choice of the regularization factor α in (6.24) which tends to bring the network spectral efficiencies
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towards the suboptimal MF and ZF techniques. Additionally, while MMSE and ZF
work well in the high SNR regime by mitigating interference, part of the transmit
power is sacrificed in nullifying the interference to the users, hence a lower resulting
per-user SINR and subsequent lower network spectral efficiencies in some scenarios.

6.4.3.3

No-Interference CoMP Network Setting

Although the users and network performance cannot be improved with downlink CoMP when no-interference is present, the results for CoMP networks with nointerference are provided here to display the typical performance for 43% of the overall
CoMP network settings considered in the CoMP analysis based on the measurements
and CoMP deployment in Section 4.3 and Fig. 4.1. Fig. 6.18a shows the typical user
SINRs for all 2 × 2 CoMP networks with no-interference, and Table 6.10 provides the
SINR CDF points. The 10% SINR CDF point (-6.1 dB) in Fig. 6.18a shows that the
lowest SINR users where no-interference exists are approximately 6 to 7 dB stronger
than users in CoMP networks with full- and partial-interference that experience -13.4
dB SINR and -12.7 dB SINR, respectively. An interesting observation in Fig. 6.18a
is that only 13% of users in the CoMP network settings with no-interference have an
SINR of -5 dB or lower, showing that nearly 87% of the users (from the deployment
in Fig. 4.1) will likely not experience an outage when a threshold of -5 dB SINR is
used. Therefore, site-specific deployment of mmWave networks will be critical for
overall performance, such that coverage interference can be predicted more reliably
at the installation of the system [301, 338, 339].
As expected, a majority of per-user spectral efficiencies in the no-interference
case shown in Fig. 6.18b (6.6 b/s/Hz 90% CDF point) perform better than the best
per-user spectral efficiencies for the full- and partial-interference cases which are 5.7
b/s/Hz and 5.6 b/s/Hz, respectively. Similarly, the network spectral efficiency 90%
point in Fig. 6.18c is higher for no-interference at 11.6 b/s/Hz, compared to MMSE
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Figure 6.18: 2 × 2 CoMP networks with no-interference at 73 GHz, for CDF of a)
per-user SINR, b) per-user spectral efficiency, and c) network spectral efficiency.
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network precoding for full- and partial-interference which are both 9.3 b/s/Hz. While
the no-interference CoMP networks do not show a gain from downlink precoding
since interference is not present, it is still important to show the typical network
performance here. It begs one to consider whether or not the resources needed for
coordinated multipoint for interference suppression are necessary when nearly half
(∼ 43%) of the CoMP networks result in no interference to either user. The result of
such a large number of CoMP networks with no-interference shows how site-specific
deployment, when used with narrowbeam and directional antennas at mmWave could
remove the need for downlink coordination and the exchange of accurate and up-todate CSI between base stations that would be needed for CoMP [330]. Thus, the use
of narrowbeam antennas at mmWave could in-fact render downlink interference mitigation unnecessary, which is agreeable with earlier work that described the mmWave
regime as noise-limited rather than interference-limited [12, 39]. However, the results
presented here are strictly based on the CoMP network deployment shown in Fig. 4.1,
therefore, future work is warranted.
Table 6.10: CDF points of 2 × 2 CoMP networks with no-interference at 73 GHz, for
i) per-user SINR in dB, ii) per-user spectral efficiency in b/s/Hz, and iii) network
spectral efficiency in b/s/Hz.
CoMP Setting CDF Statistics for No-Interference
CDF %
10%
50%
90%
CDF %
10%
50%
90%
CDF %
10%
50%
90%

Per-User SINR in dB
-6.1
7.9
19.8
Per-User Spectral
Efficiency in b/s/Hz
0.3
2.8
6.6
Network Spectral
Efficiency in b/s/Hz
2.4
5.8
11.6
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6.5

Conclusion

In this chapter, base station diversity and base station coordination were studied
using real-world mmWave propagation measurements in a UMi scenario at 73 GHz
(see Fig. 4.1). First, shadow fading cross-correlation was investigated for directional
and omnidirectional large scale shadow fading of the received signal between an RX
and two or three serving base stations. Using hypothesis testing with cross-validation
it was determined that the shadow fading between the two and three nearest neighbor
base stations and an RX can be modeled as independent (uncorrelated Gaussian) for
both directional and omnidirectional cases as shown by the log-likelihood test scores
in Tables 6.1 and 6.2, as opposed to a more complicated model with correlated shadow
fading between base stations. The conjecture of independent shadow fading indicates
that using macrodiversity techniques in mmWave networks will likely help to mitigate
outage caused by large-scale shadow fading since multiple base stations serving a
user are less likely to experience simultaneous large-scale shadow fading, which can
reduce outage for users in a UMi mmWave network. Therefore, in mmWave channel
model simulators such as NYUSIM [340], it is reasonable to assume that large-scale
shadow fading between multiple base stations and a user are independent for multicell
analysis, such that random drops can be simulated independently.
The second contribution of this Chapter simulated multiple human blockage
event traces from the model in Section 3.5.3.2, alongside the base station diversity
measurements from Section 4.5 to see whether or not using multiple serving base
stations and multiple beams at the receiver could be used to overcome signal degradation caused by rapid fading. Results were presented for selection diversity, equal
gain combining, and maximum ratio combining techniques at the user when served
by one, two, and three base stations and when using the 100 best beams between
a base station and the user, from the base station diversity measurement campaign.
Analysis shows that 24.7% of user realizations experience outage in the presence of
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human blockers with a -5 dB SNR threshold when served by a single base station as
shown in Table 6.4. Improvements are observed for all combining techniques at the
user when served by two or three base stations, compared to one serving base station.
Specifically with MRC, the percentage of user realizations in outage is reduced to
10.2% and 4.3% when using two and three base stations to serve the user (compared
to 24.7% with one base station), respectively, as shown in Tables 6.5 and 6.6, and
Figs. 6.8 and 6.10. Although not the most optimal combining technique, selection
diversity is the simplest, and is shown in Tables 6.5 and 6.6, to reduce the overall
user realization outages to 12.2% and 6.3% for two and three serving base stations
compared to no diversity, respectively, which shows that rapid re-routing techniques
will be useful in mitigating user outages in mmWave UMi scenarios [286].
The third contribution of this Chapter used the base station diversity measurements to analyze hundreds of thousands of typical 2 × 2 CoMP network settings with
2 BS and 2 users, each with a single RF chain, for which the use of network precoding via downlink CoMP was investigated and compared with an uncoordinated
scenario. Out of all the CoMP networks analyzed, only 22% out of 68 × 1002 had
interfering (full-interference) signals for both users and only 35% had interfering signals for one user (partial-interference), whereas 43% of the CoMP networks rendered
no interference (no-interference) for the users. The use of downlink network precoding for the full-interference scenario illustrated the superiority of MMSE precoding
which resulted in 90% of the networks achieving spectral efficiencies of 9.3 b/s/Hz
or less, compared to 8.1 b/s/Hz or less for an uncoordinated network, as shown in
Table 6.14. Additionally, 81% of the CoMP network spectral efficiencies had a gain
of one or greater with MMSE precoding compared to the uncoordinated case (see
Fig. 6.15), and nearly 16% of the CoMP networks with MMSE precoding network
coordination experienced a network spectral efficiency gain of two compared to the
uncoordinated case.
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While downlink CoMP network coordination with CSI at the base stations does
improve network performance when interference is present, this is only the case for
22% of the CoMP networks analyzed (full-interference), whereas network precoding
had minimal gain for partial-interference, and no gain as expected, when interference
was not present for 43% of the 680,000 CoMP networks analyzed. What this reveals
is that when BSs and users align their narrow and directional beams, the interference
to neighboring BS-user assignments is quite minimal. The minimal interference is
in-fact not a surprising observation since the use of narrow and directional beams at
the BS and user renders mmWave systems to be more noise-limited than interferencelimited [12, 39]. Therefore, the small performance gains achieved by CoMP for the
2 × 2 networks, may not be worth the sharing of full CSI and coordination between
base stations which requires enormous backhaul overhead and central unit processing
resources. Future work with more base stations, users, and beams in a CoMP network
setting with interference will be needed to further validate the observations here.

Chapter 7
Conclusions and Future Work
7.1

Summary

A new dual-mode mmWave channel sounder that can be configured to measure path loss for long-range distances without a cable and for small-scale, real-time,
and ultra-fast dynamic channel fluctuations was presented in this technical report,
along with calibration methods for recording absolute time delay (true time of flight)
PDPs [171, 172]. Measurements made with the real-time spread spectrum channel
sounder mode were used to characterize human blockage events in an indoor laboratory scenario and were used to develop a DKED-AG model that accurately accounts
for antenna directivity and showed that rapid fading events can exceed 30 to 40 dB
when a human blocker is close to the TX or RX antenna [85,115,171]. Outdoor peerto-peer rapid fading event measurements were used to develop a four-state Markov
model to accurately simulate realistic human blockage events caused by pedestrian
traffic. Mean signal fades were observed to be inversely related to antenna HPBW and
a new simple model for mean signal attenuation as a function of antenna HPBW was
introduced to account for this physical observation [173]. This technical report also
presented base station diversity propagation measurements using the real-time slid-
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ing correlator channel sounder mode from which UMi open-square path loss models
were developed and multipath dispersion characteristics were provided for arbitrary
and best (lowest path loss) antenna pointing beams between the TX and RX [174].
Coverage estimates for typical UMi cell sizes using the UMi open square path loss
models developed from the measurements were also provided.
In Chapter 4, we described an extensive base station diversity and CoMP system
setup and measurement campaign conducted in summer 2016 that resulted in more
than 130 Gigabytes of data that included more than 26,000 directional PDPs across
numerous locations and angles of departure and arrival, that were used for modeling
and analysis. With measured path loss data from the measurements, hypothesis
testing with cross-validation was used to reveal that large-scale shadow fading can
be modeled independently for geographically separated base stations serving a user,
which is an important result for potential macrodiversity gains at mmWave and when
simulating multicell mmWave networks. Furthermore, the probability of users that
experience outage in the presence of rapid fading human blockage events is shown to
significantly reduce by more than a factor of two when using two or three serving base
stations compared to one. In fact, as shown in Tables 6.4 and 6.6, base station diversity
is shown to reduce the percentage of user outages from 24.7% with one serving base
station, to 4.3% with three serving base stations, when a user is in the presence of
rapid fading human blockage events.
Finally, base station coordination with downlink precoding, i.e. CoMP, was
shown to improve the network performance for a majority of CoMP networks with
2 BS and 2 users when both users experienced interference. For instance, Fig. 6.15
showed that 81% of CoMP network settings resulted in a network spectral efficiency
gain when using MMSE precoding, compared to a network with no coordination.
However, 43% of the 680,000 CoMP networks resulted in no interference for either
user, and the CoMP gains for networks with full-interference only marginally outper-
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formed the uncoordinated case, where 90% of the full-interference networks achieved
spectral efficiencies of 9.3 b/s/Hz or less with MMSE downlink precoding, compared
to 8.1 b/s/Hz or less for an uncoordinated network, as shown in Table 6.8. Thus,
the network and backhaul overhead required (accurate and up-to-date CSI exchange
between base stations) for implementing coordinated downlink precoding, i.e. downlink CoMP, may not be worth the limited gain in mmWave systems that are likely to
be more noise-limited than interference-limited, but future measurements with more
base stations, users, and beams, may yield more insights on this observation.

7.2

Future Work

There are several potential directions for future research based on the work in
this technical report, some of which are listed below:
 An enormous amount of UMi open square propagation data was gathered (more

than 130 Gigabytes) during the base station diversity measurement campaign
contributed to this report in Chapter 4. The path loss models and temporal
characteristics along with numerous other propagation characteristics for the
UMi open square environment could be integrated into the NYUSIM channel
simulator.
 Extensions could be made to Chapter 6 by analyzing multiple beams from a

single BS to one or multiple users in a CoMP / multi-cell scenario. Additionally,
optimizing power allocation between each serving base station to the multiple
users could be an extension of this work.
 The dual-mode channel sounder presented in this technical report could be

used for a number of additional measurement campaigns. Since the measurement system has adjustable LO frequency references and a common 5 GHz IF,
multiple other frequency bands with the appropriate RF front-ends could be
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integrated with the current system, such as upconverters and downconverters
for 140 GHz. Additional measurements that might be of interest for various frequency bands include: material penetration for various antenna polarizations,
material characterization such as scattering properties that could be implemented into ray-tracers, and rapid fading measurements for vehicular traffic
across busy streets for developing realistic vehicular-to-vehicular (V2V) and
vehicular-to-infrastructure models (V2X).
 Various clustering methods and algorithms could be performed and developed

for wide bandwidth mmWave channel models with the relative and absolute
time-delay PDPs recorded during the base station diversity measurement campaign, a type of measurement and modeling that is lacking in current 3GPP
channel models for frequencies above 6 GHz.
 The relative and absolute time delay PDPs could potentially be used for mmWave

ray-tracing calibration and development, using the engineering campus of NYU
in Brooklyn, since the extensive measurements in Chapter 4 have accurate
joint temporal delay and spatial energy information from the channel. The
detailed channel information from the measurement campaign in summer 2016
is a unique feature that is lacking in a majority of channel sounder measurements with horn antennas.
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