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Executive Summary

In this document, detailed information for five millimeter-wave (mmWave) measurement
campaigns is provided. The 28 GHz and 73 GHz outdoor measurement campaigns conducted
at New York University (NYU) are described in Sections | and I, respectively, and the 38 GHz
and 60 GHz outdoor measurement campaigns conducted at the University of Texas at Austin
(UTA) are presented in Sections Il and IV, respectively [3]-[7], [11]-[19], [30], [33], [34]. The
last section (Section V) describes the 28 GHz and 73 GHz indoor measurement campaign
conducted at NYU [2], [20], [21]. Each section consists of three subsections, namely, the
measurement parameter list, measurement environment description, and measurement results.
The measured path loss data and map coordinates are also provided.
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Introduction

As annual mobile traffic will continue growing at extremely fast rates [43], [44], [45], current
wireless spectrum (below 6 GHz) will not meet future demand. A very promising method to
solve this problem is to use the spectrum above 6 GHz and up to 300 GHz (higher centimeter-
wave and millimeter-wave bands) due to the vast spectrum bandwidth available at these
frequencies. This report presents five extensive millimeter-wave (mmWave) measurement
campaigns which were conducted from 2011 to 2014 at New York University (NYU) and
University of Texas at Austin (UTA) [2], [3]-[7], [11]-[19], [21], [33], [34]. A wideband sliding
correlator channel sounder with directive rotatable horn antennas at both the transmitter (TX)
and receiver (RX) were used for all the measurement campaigns. The mmWave frequencies
considered in these measurement campaigns include 28 GHz, 38 GHz, 60 GHz and 73 GHz.
Apart from diverse frequency bands measured, a broad range of measurement scenarios were
also included: base station-to-mobile, base station-to-backhaul, peer-to-peer (P2P) and in-
vehicle scenarios. For each measurement campaign, detailed information of the measurement
parameters, measurement environment, and measurement results is provided.

These measurement campaigns provided in this report will aid researchers in channel
characterization and modeling [13], [15], [30], [32], [34], the design of ray tracers [35], [36],
[37], [38], [39], [48]-[51] signal transmission simulator [40], [41], [42], and the construction of
beamforming and beam combining techniques [16], [19] for future fifth-generation (5G)
mmWave systems. In order to facilitate easy comparisons and improvements between different
propagation and channel model results, the path loss parameters for all the measurement
campaigns provided in the report are based on a 1 m close-in free space reference distance path
loss model [1], [4], [30].

In this report, Section | presents the 28 GHz outdoor cellular measurement campaign in an
urban microcell (UMi) environment. The 73 GHz outdoor cellular measurement campaign
described in Section Il was also measured in a UMi environment, but two scenarios were
considered, which were base station-to-backhaul and base station-to-mobile scenarios. Section
111 describes the 38 GHz outdoor measurement campaign consisted of base station-to-mobile
and P2P scenarios. It is worth mentioning that the 38 GHz cellular measurements were
conducted in both UMi and urban macrocell (UMa) environments since different TX antenna
heights were used in this scenario. The 60 GHz outdoor measurement campaign is presented in
Section 1V where detailed information of P2P and vehicular scenarios included in this
measurement is provided. The last section (Section V) presents an indoor measurement
campaign including two frequency bands which are 28 GHz and 73 GHz. The journal papers
that most represent the findings of this report are [1], [2],and [4].



Section 1. 28 GHz Outdoor Cellular Measurement Campaign [1],

[4], [11], [12], [22]

1.1 Measurement Parameter List [4], [11], [12], [22]

Parameter

Parameter description

Basic channel sounder architecture

Transmit signal

Sinusoid/VNA, binary pseudo random signal, chirp, FMCW,
OFDM

Pseudorandom binary sequence (PRBS) was transmitted.

Signal recording

Real-time sampling, periodic subsampling, sliding correlation
(bandwidth compression), frequency sweep

Signal was recorded by sliding correlation (bandwidth

compression) [11], [22]-[27].

Tx Antenna architecture

omni vs directive, single vs array

Single directive rotatable horn antenna.

Rx Antenna architecture

Omni vs directive, single vs array

Single directive rotatable horn antenna.

Antenna array architecture

One sided vs. two sided, parallel vs. switched antenna access
vs. synthetic aperture. Same for TX and RX?

Single rotatable horn antenna at both TX and RX.

Tx/Rx synchronization

Cable or fiber synchronization, atomic/GPS clock remote
synchronization

Freguency was synchronized, phase was not synchronized (free
running high-stability oscillator at both Tx and Rx, frequency
tuning was performed at the beginning of each day).

Dual Polarization capability

Number of parallel Tx/Rx channels (1x1, 2x1, 1x2, 2x2), true
parallel or switched? HP/VP or LHCP/RHCP)

Number of parallel Tx/Rx channels was: 1x1, Tx and Rx antennas
were both vertically polarized (VP/VP).

Auxiliary remarks

Rotatable pyramidal horn antenna with gain 24.5 dBi, AZ. HPBW
10.9° and EL. HPBW 8.6° was used at both transmitter and
receiver [1], [4], [11], [12], [13], [16], [18], [19], [33], [34].

Key technical parameters

Center Frequency

28.0 GHz [4], [11], [12]

Bandwidth and spectrum envelope
shape/filter

rectangular, sinc*2, etc.

The first null-to-null RF bandwidth was 800 MHz and the
spectrum envelope shape was sinc”2 [1], [4], [11], [13], [16],
[18], [34].

CIR period

Alternative: difference between frequency samples(=1/CIR
period)

5117.5 ns undilated, 40.9 ms dilated (slide factor of 8000) [4],
[11], [13], [18], [19], [34].

Tx power

Power at input port of antenna? Radiated power? If radiated
power, provide antenna gain. Provide methodology.

Power at input port of antenna was 30.1 dBm [4], [11], [34].

Maximum instantaneous

range

dynamic

dB difference in the peak of the power delay profile or received
CW signal in the passband for LOS only (just below saturation)
and peak noise level, without temporal averaging. Noise level
must be defined (e.g., thermal, quantization, correlation noise,
etc.)

The maximum instantaneous dynamic range was 30 dB based on
thermal noise and quantization noise (8-bit ADC digitizer).




Measurable channel attenuation

range

dB difference between lowest and highest channel attenuation
that can be measured with an SNR of xx dB. The AGC range over
which the defined instantaneous dynamic range can be
maintained.

Measurable channel attenuation range was 170-180 dB with an
SNR of 5 dB. Linear response was guaranteed by using selective
attenuator [4], [1], [11], [13], [34].

CIR repetition rate fcir (Hz)

The inverse of the time between received CIRs. Determines
maximum Doppler bandwidth, where BW=1/2 fcir

24.45 Hz [4], [11], [18], [34].

Averaging

No. of averages in complex and/or power domain. Time
alignment method?

Single power delay profile (PDP) was acquired by averaging 20
consecutive PDP snapshot samples with each sample lasting
40.9 ms [4], [11], [18], [34]. Time alignment method was based
on peak voltage trigger.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1], [4], [11)-{13], [15], [16], [18], [19], [33], [34].

Calibration procedures

Frequency response

Back to back? Including antennas? Bandwidth, number of
frequency points, number of power levels. Including AGC?

Antennas were included.

Received power/path loss

Wideband? Narrowband? Number of power levels checked?
Antennas included? If so, how is antenna gain determined?

Both wideband and narrowband were used in calibration
procedures. The calibration attenuation setting at the receiver
was from 0 dB to 70 dB with 10 dB increments for each step. The
received power/path loss was calculated with antenna gain
removed. Antenna gain was determined by the “three antenna
method” [29] and verified by antenna specification sheet. The
gain of converter box is flat across the 800 MHz frequency
bandwidth [32]. Free space path loss calibration was conducted
using a 5 meter close-in free space power measurement [11],
[12], [18].

Antennas and antenna arrays

Complex radiation patterns? Including polarization? Including
azimuth and elevation (full solid angle)? Including antenna
switch and feeds?

Single rotatable horn antenna was used at both Tx and Rx. The
antenna polarization configuration used in the calibration was
VP/VP (both Tx and Rx antennas vertically polarized). Azimuth
and elevation angles were included.

Tx/Rx LO frequency synchronization
(in case of remote operation)

Training of atomic clocks

Frequency was tuned at the beginning of each day and
synchronized.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1], [4], [11)-{13], [15], [16], [18], [19], [33], [34].




1.2 Measurement Environment Description [4], [11], [12]

The 28 GHz outdoor measurement campaign was conducted in the summer of 2012 in
downtown Manhattan around NYU’s main campus which is a dense urban microcell (UMi)
environment [4], [11], [12], [18]-[19], [34]. A map describing the specific locations of TX and
RX is shown in Figure 1.
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Figure 1 Map of TX and RX locations around NYU’s Manhattan campus for 28 GHz measurements during the summer of
2012. Yellow starts indicate TX locations and red dots indicate RX locations [1].

According to Figure 1, three TX locations and 27 RX locations were included in the 28 GHz
outdoor measurement campaign, and six line-of-sight (LOS) and 68 non-line-of-sight (NLOS)
TX-RX location combinations were measured [1], [4], [11]. Signal was detected at all the LOS
and 20 NLOS locations [1], [4], [31]. All of the RX antennas were set at 1.5 m above ground
level (AGL) around typical sidewalks on the NYU campus [3]. The heights and the specific
GPS coordinates of TX antennas are provided in Table 1.

Table 1 TX locations, GPS coordinates in decimal degrees, and TX heights for the 28 GHz measurement campaign in New
York City [3].

TXID Latitude (°) Longitude (°) Height (m)
COoL1 40.7270944 -73.9974972 7
CcoL2 40.7268833 -73.9970556 7
KAU 40.7290611 -73.9962500 17

The overall environment of this outdoor measurement campaign was a typical urban microcell
environment which mainly consisted of NYU’s school buildings, apartment complex
(Washington Square Village), foliage, lamp-posts, vehicles, signs and handrails. Almost all of
the buildings surrounding NYU’s main campus had 7-12 stories except for the apartment
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complex located in the southwest part of Figure 1. The apartment complex contained two
parallel tower slabs of two buildings each and each building had around 16 stories. As seen
from Figure 1, one tower slab was exactly in front of TX-COL1 and part in front of TX-COL2.

COL1 and COL2 were located on the northwest and northeast corners of the Coles Sports
Center rooftop, respectively [4]. It should be noted that the rooftop of Coles Sports Center was
a tennis court, and on the left side of COL1 the foliage was very dense. On the other side, in
front of COL2 was a relatively open area but the foliage with around 5 m away was also very
dense. TX location KAU was placed on the fifth-story balcony of the Kaufman Business School
[4], [11]. This TX location was surrounded by NYU’s school buildings which were around 10
stories. The foliage around this TX location was sparse. Additional details about the
environment of this measurement campaign can be found in [1], [4], [11]. Table 2 shows the
measurement path loss results for 28 GHz outdoor measurement campaign where GPS
coordinates, environment type, TX-RX 3D separation distance and omnidirectional path loss
value for each TX-RX location combination are provided.

1.3 Measurement Results [1]

Table 2 28 GHz TX-RX location combinations with corresponding TX IDs, RX IDs, Latitude (Lat) and Longitude (Long)
coordinates in decimal degrees, environment (Env.) type, T-R 3D separation distances in meters, and omnidirectional path loss
(PL) values. A “L” means LOS environment whereas a “N” means NLOS environment. A “-” in the path loss value
column indicates no signal (i.e. an outage), whereas a “**” indicates that the location was not considered for

omnidirectional path loss. All RX heights were set to 1.5 m AGL [1].

TX RX Lat (°) Long (°) Env. | 3DT-R(m) | PL (dB)
coLr| 1 40.7273222 | -73.9973000 L 31 92.3
coLlr | 2 40.7275417 | -73.9970833 N 61 123.8
coLlr| 3 40.7279056 | -73.9980556 L 102 *
coLl | 4 40.7280750 | -73.9980167 N 118 136.4
coLl| 5 40.7269861 | -73.9988417 N 114 115.6
COL1| 6 40.7295000 | -73.9978889 N 270 -
coLi| 7 40.7298361 | -73.9976167 N 305 -
coL1| 8 40.7297444 | -73.9971278 N 296 -
coLl| 9 40.7303444 | -73.9983000 N 368 -
COL1 | 10 | 40.7286694 | -73.9955139 N 242 -
COL1 | 11 | 40.7287806 | -73.9957667 N 238 -
COL1 | 12 | 40.7300500 | -73.9957083 N 362 -
COL1 | 13 | 40.7281139 | -73.9966750 N 133 132.9
COL1 | 14 | 40.7283472 | -73.9964389 N 165 137.1
COL1 | 15 | 40.7285319 | -73.9973250 N 159 -
COL1 | 16 | 40.7287500 | -73.9973000 N 185 -
COL1 | 17 | 40.7278333 | -73.9975000 N 82 148.1
COL1 | 18 | 40.7301222 | -73.9945389 N 419 -
COL1 | 19 | 40.7302361 | -73.9948806 N 413 -
COL1 | 20 | 40.7302833 | -73.9958972 N 379 -
COL1 | 21 | 40.7299306 | -73.9954500 N 360 -
COL1 | 22 | 40.7290528 | -73.9940278 N 365 -




COL1 | 23 | 40.7295556 | -73.9946806 N 362 -
COL1 | 24 | 40.7289722 | -73.9948361 N 306 -
COL1 | 25 | 40.7285361 | -73.9943917 N 307 -
COL2 1 40.7273222 | -73.9973000 L 53 100.8
COL2 2 40.7275417 | -73.9970833 N 73 121.4
coLz2 | 3 40.7279056 | -73.9980556 N 142 119
coL2 | 4 40.7280750 | -73.9980167 N 155 141.4
CoL2 | 5 40.7269861 | -73.9988417 N 151 124.9
COL2 6 40.7295000 | -73.9978889 N 299 -
COoL2 7 40.7298361 | -73.9976167 N 332 -
coL2 | 8 40.7297444 | -73.9971278 N 318 -
COL2 9 40.7303444 | -73.9983000 N 399 -
COL2 | 10 | 40.7286694 | -73.9955139 N 237 -
COL2 | 11 | 40.7287806 | -73.9957667 N 237 -
COL2 | 12 | 40.7300500 | -73.9957083 N 370 -
COL2 | 13 | 40.7281139 | -73.9966750 N 141 124.8
COL2 | 14 | 40.7283472 | -73.9964389 N 171 144.5
COL2 | 15 | 40.7285139 | -73.9973250 N 183 -
COL2 | 16 | 40.7287500 | -73.9973000 N 209 -
COL2 | 17 | 40.7278333 | -73.9975000 N 112 142.2
COL2 | 18 | 40.7301222 | -73.9945389 N 418 -
COL2 | 19 | 40.7302361 | -73.9948806 N 415 -
COL2 | 20 | 40.7302833 | -73.9958972 N 390 -
COL2 | 21 | 40.7299306 | -73.9954500 N 365 -
COL2 | 22 | 40.7290528 | -73.9940278 N 351 -
COL2 | 23 | 40.7295556 | -73.9946806 N 358 -
COL2 | 24 | 40.7289722 | -73.9948361 N 298 -
COL2 | 25 | 40.7285361 | -73.9943917 N 290 -
KAU 1 40.7273222 | -73.9973000 N 213 -
KAU 2 40.7275417 | -73.9970833 N 184 -
KAU 3 40.7279056 | -73.9980556 N 200 -
KAU 4 40.7280750 | -73.9980167 N 186 149.2
KAU 5 40.7269861 | -73.9988417 N 318 -
KAU 6 40.7295000 | -73.9978889 N 147 -
KAU 7 40.7298361 | -73.9976167 N 145 -
KAU 8 40.7297444 | -73.9971278 N 107 -
KAU 9 40.7303444 | -73.9983000 N 225 -
KAU | 10 | 40.7286694 | -73.9955139 N 77 124.2
KAU | 11 | 40.7287806 | -73.9957667 L 54 102.1
KAU | 12 | 40.7300500 | -73.9957083 N 120 140
KAU | 13 | 40.7281139 | -73.9966750 N 112 -




KAU | 14 | 40.7283472 | -73.9964389 N 82 127
KAU | 15 | 40.7285139 | -73.9973250 N 110 -
KAU | 16 | 40.7287500 | -73.9973000 N 96 140
KAU | 17 | 40.7278333 | -73.9975000 N 173 -
KAU | 18 | 40.7301222 | -73.9945389 N 187 -
KAU | 19 | 40.7302361 | -73.9948806 N 175 137
KAU | 20 | 40.7302833 | -73.9958972 N 140 -
KAU | 21 | 40.7299306 | -73.9954500 N 119 118
KAU | 22 | 40.7290528 | -73.9940278 N 188 -
KAU | 30 | 40.7287806 | -73.9957667 L 53 94.6
KAU | 31 | 40.7288778 | -73.9960028 L 33 88.4




Section I1: 73 GHz Outdoor Cellular Measurement Campaign [1],
[3], [4], [22]

2.1 Measurement Parameter List [3], [4], [22]

Parameter Parameter description
Basic channel sounder architecture
Transmit signal Sinusoid/VNA, binary pseudo random signal, chirp, FMCW,
OFDM
Pseudorandom binary sequence (PRBS) was transmitted.
Signal recording Real-time sampling, periodic subsampling, sliding correlation

(bandwidth compression), frequency sweep

Signal was recorded by sliding correlation (bandwidth
compression) [11], [22]-[27].

Tx Antenna architecture omni vs directive, single vs array
Single directive rotatable horn antenna.
Rx Antenna architecture Omni vs directive, single vs array
Single directive rotatable horn antenna.
Antenna array architecture One sided vs. two sided, parallel vs. switched antenna access

vs. synthetic aperture. Same for TX and RX?

Single rotatable horn antenna at both TX and RX.

Tx/Rx synchronization Cable or fiber synchronization, atomic/GPS clock remote
synchronization

Freguency was synchronized, phase was not synchronized (free
running high-stability oscillator at both Tx and Rx, frequency
tuning was performed at the beginning of each day).

Dual Polarization capability Number of parallel Tx/Rx channels (1x1, 2x1, 1x2, 2x2), true
parallel or switched? HP/VP or LHCP/RHCP)

Number of parallel Tx/Rx channels was: 1x1, both transmitter
and receiver antennas were vertically polarized (VP/VP).

Auxiliary remarks Rotatable pyramidal horn antenna with gain 27 dBi, AZ. HPBW
7° and EL. HPBW 7° was used at both transmitter and receiver
[1], [3], [4], [34].

Key technical parameters

Center Frequency 73.5 GHz [3], [4]

Bandwidth and spectrum envelope | rectangular, sinc"2, etc.

shape/filter The first null-to-null RF bandwidth was 800 MHz and the
spectrum envelope shape was sinc”2 [3], [4], [34].

CIR period Alternative: difference between frequency samples(=1/CIR
period)

5117.5 ns undilated, 40.9 ms dilated (slide factor of 8000) [3],
[4], [16], [34].

Tx power Power at input port of antenna? Radiated power? If radiated
power, provide antenna gain. Provide methodology.

Power at input port of antenna was 14.6 dBm [3], [4], [34].

Maximum instantaneous dynamic | dBdifference in the peak of the power delay profile or received
range CW signal in the passband for LOS only (just below saturation)
and peak noise level, without temporal averaging. Noise level
must be defined (e.g., thermal, quantization, correlation noise,
etc.)

The maximum instantaneous dynamic range was 30 dB based on
thermal noise and quantization noise (8-bit ADC digitizer).

dB difference between lowest and highest channel attenuation
that can be measured with an SNR of xx dB. The AGC range over




Measurable channel attenuation
range

which the defined instantaneous dynamic range can be
maintained.

Measurable channel attenuation range was 170-180 dB with an
SNR of 5 dB. Linear response was guaranteed by using selective
attenuator [3], [4], [15], [34].

CIR repetition rate fcir (Hz)

The inverse of the time between received CIRs. Determines
maximum Doppler bandwidth, where BW=1/2 fcir

24.45 Hz [3], [4], [16], [34].

Averaging

No. of averages in complex and/or power domain. Time
alignment method?

Single PDP was acquired by averaging 20 consecutive PDP
snapshot samples with each sample lasting 40.9 ms [3], [4], [16],
[34]. Time alignment method was based on peak voltage trigger.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1], [3], [4], [15], [16], [34].

Calibration procedures

Frequency response

Back to back? Including antennas? Bandwidth, number of
frequency points, number of power levels. Including AGC?

Antennas were included.

Received power/path loss

Wideband? Narrowband? Number of power levels checked?
Antennas included? If so, how is antenna gain determined?

Both wideband and narrowband were used in calibration
procedures. The calibration attenuation setting at the receiver
was from 0 dB to 70 dB with 10 dB increments for each step. The
received power/path loss was calculated with antenna gain
removed. The antenna gain was determined by the "three
antenna method” [29] and verified by antenna specification
sheet. The gain of converter box is flat across the 800 MHz
frequency bandwidth [32]. Free space path loss calibration was
conducted using a 4 meter close-in free space power
measurement [3], [16].

Antennas and antenna arrays

Complex radiation patterns? Including polarization? Including
azimuth and elevation (full solid angle)? Including antenna
switch and feeds?

Single rotatable horn antenna was used at both Tx and Rx. The
antenna polarization configuration used in the calibration was
VP/VP (both Tx and Rx antennas were vertically polarized).
Azimuth and elevation angles were included.

Tx/Rx LO frequency synchronization
(in case of remote operation)

Training of atomic clocks

Frequency was tuned at the beginning of each day and
synchronized.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1], [3], [4], [15], [16], [34].




2.2 Measurement Environment Description [3], [4]

The 73 GHz outdoor measurement campaign was conducted in the summer of 2013 in
downtown Manhattan around NYU’s main campus which is a dense UMi environment [3], [4],
[15]-[16], [34]. A map describing the specific locations of TX and RX is shown in Figure 2.
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Figure 2 Map of TX and RX locations around NYU’s Manhattan campus for 73 GHz measurements during the summer of
2013. Yellow stars indicate TX locations and red dots indicate RX locations [3].

In the 73 GHz outdoor measurement campaign, two more TX locations were considered besides
KAU, COL1, and COL2, and their GPS coordinates and antenna heights are provided in Table

3.
Table 3 TX locations, GPS coordinates in decimal degrees, and TX heights for the 73 GHz measurements [3].

TXID Latitude (°) Longitude (°) Height (m)
COoL1 40.7270944 -73.9974972 7
coL2 40.7268833 -73.9970556 7
KAU 40.7290611 -73.9962500 17
KIM1 40.7300472 -73.9978333

KIM2 40.7297444 -73.9977222

The extra two TX locations KIM1 and KIM2 were situated on the northwest and southeast
corners of the 2"-floor balcony of the Kimmel center of NYU [4]. On the right side of KIM1
and KIM2 was the EImer Holmes Bobst Library which was a 12-story, 425,000 square feet
(39,500 m?) structure [8]. In front of KIM1 and KIM2 was the Washington Square Park which
had dense foliage and may affect the signals transmitted from KIM1 and KIM2, and received
by the RXs located in the northeast corner of Figure 2. Additional details about the environment
of this measurement campaign can be found in [1], [3], [4].
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The number of RX locations for this measurement campaign was also 27, but there were two
kinds of RX antenna height scenarios; the mobile scenario had RX antenna heights of 2 m AGL
and the backhaul scenario had RX antenna heights of 4.06 m AGL [3], [4]. There were 36 and
38 TX-RX location combinations measured for mobile and backhaul scenarios, respectively [1],
[4], [31]. Signal was detected at 30 TX-RX locations for mobile scenarios which include all the
five LOS locations and 25 NLOS locations. On the other hand, for the backhaul scenario (five
LOS and 34 NLOS locations), signal was detected at all the LOS locations and 28 NLOS
locations [4], [31]. The measurement results for 73 GHz outdoor measurement campaign is
shown in Table 4 where GPS coordinates, environment type, TX-RX 3D separation, RX
antenna height, and path loss value for each TX-RX location combination is provided.

2.3 Measurement Results [1]

Table 4 73 GHz TX-RX location combinations with corresponding TX IDs, RX IDs, Latitude (Lat) and Longitude (Long)
coordinates in decimal degrees, the RX height hrx, where “M” corresponds to a mobile height of 2 m and “B” corresponds to
a backhaul height of 4.06 m, environment (Env.) type, T-R 3D separation distances in meters, and omnidirectional
path loss (PL) values. A “L” means LOS environment whereas a “N” means NLOS environment. A “-” in the path

loss value column indicates no signal (i.e. an outage) [1].

TX | RX | Lat(°) Long (°) | hrx | Env. | 3D T-R(m) | PL (dB)
COL1| 1 |[40.7270861 | -73.9980611 | M | N 48 123.7
COL1| 2 |40.7270361 | -73.9981167 | M | N 53 136.5
COL1l| 3 |40.7271917 | -73.9982417 | M | N 64 128.2
COL1| 4 |40.7269000 | -73.9987000 | M | N 104 131.8
COLL1| 5 |40.7268472 | -73.9985722 | M | N 95 132.3
COLLl| 6 |40.7267694 | -73.9982250 | M | N 71 136.2
COL1| 7 |40.7268111| -73.9983194 | M | N 76 136.7
COL1| 8 |40.7272972| -73.9972694 | M | L 30 108.4
COLL1| 9 [40.7275139 | -73.9970806 | B | N 58 137.4
COL1| 10 |40.7277861 | -73.9981556 | B | N 95 137.3
COL1| 11 |40.7279917 | -73.9980242 | B | N 109 150.9
COL1| 12 |40.7281306 | -73.9965472 | B | N 140 138.3
COL1| 13 |40.7286333 | -73.9975111 | M | N 171 -

COL1| 13 |40.7286333 | -73.9975111 | B | N 171 -

COL1| 14 |40.7288139 | -73.9973361 | M | N 192 -

COL1| 14 |40.7288139 | -73.9973361 | B | N 192 -

COL1| 15 |40.7283639 | -73.9964111 | M | N 168 -

COL1| 15 |40.7283639 | -73.9964111 | B | N 168 -

COL2| 1 |40.7270861 | -73.9980611 | B | N 88 132.2
COL2 | 2 |40.7270361 | -73.9981167 | M | N 91 140.7
COL2 | 2 |40.7270361 | -73.9981167 | B | N 91 143
COL2 | 3 |40.7271917 | -73.9982417 | M | N 106 137.6
COL2 | 3 |40.7271917 | -73.9982417 | B | N 106 137.3
COL2 | 4 |40.7269000 | -73.9987000 | M | N 139 148.1
COL2 | 4 |40.7269000 | -73.9987000 | B | N 139 154.6
COL2 | 5 |40.7268472 | -73.9985722 | M | N 128 148.2
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COL2 | 5 |40.7268472 | -73.9985722 B N 128 147.9
COL2 | 6 |40.7267694 | -73.9982250 | M N 99 158
COL2 | 6 |40.7267694 | -73.9982250 B N 99 144.3
COL2 | 7 |40.7268111 | -73.9983194 B N 107 148.6
COL2 | 8 |40.7272972 | -73.9972694 | M L 50 108.1
COL2 | 9 |40.7275139 | -73.9970806 B N 70 142.1
COL2 | 10 |40.7277861 | -73.9981556 B N 137 136
COL2 | 11 |40.7279917 | -73.9980242 B N 148 159.7
COL2 | 12 | 40.7281306 | -73.9965472 B N 145 139.8
COL2 | 13 |40.7286333 | -73.9975111 | M N 198 -
COL2 | 13 |40.7286333 | -73.9975111 B N 198 -
COL2 | 14 |40.7288139 | -73.9973361 | M N 216 -
COL2 | 14 |40.7288139 | -73.9973361 B N 216 -
COL2 | 15 |40.7283639 | -73.9964111 | M N 173 -
COL2 | 15 | 40.7283639 | -73.9964111 B N 173 -
KAU | 15 |40.7283639 | -73.9964111 | M N 80 134.6
KAU | 15 | 40.7283639 | -73.9964111 B N 80 139.5
KAU | 16 |40.7287639 | -73.9957806 | M L 54 99.5
KAU | 16 |40.7287639 | -73.9957806 B L 54 99.4
KAU | 17 |40.7289361 | -73.9957167 | M L 49 103.3
KAU | 17 | 40.7289361 | -73.9957167 B L 49 106.1
KAU | 18 |40.7285917 | -73.9959694 | M N 59 117.4
KAU | 18 | 40.7285917 | -73.9959694 B N 59 122.9
KAU | 19 |40.7287472 | -73.9954278 | M N 79 128
KAU | 19 |40.7287472 | -73.9954278 B N 79 135.5
KAU | 20 |40.7301583 | -73.9948972 | M N 168 136.1
KAU | 20 | 40.7301583 | -73.9948972 B N 168 145.9
KAU | 21 |40.7301833 | -73.9947111 | M N 181 133.5
KAU | 21 |40.7301833 | -73.9947111 B N 181 137.4
KAU | 22 |40.7298583 | -73.9951444 | M N 129 129.2
KAU | 22 |40.7298583 | -73.9951444 B N 129 139.6
KAU | 23 | 40.7296889 | -73.9950056 | M N 127 135.1
KAU | 23 | 40.7296889 | -73.9950056 B N 127 140.4
KAU | 24 |40.7299028 | -73.9954194 | M N 118 133.6
KAU | 24 |40.7299028 | -73.9954194 B N 118 118.6
KAU | 25 |40.7299694 | -73.9955833 | M N 117 138.3
KAU | 25 |40.7299694 | -73.9955833 B N 117 133.3
KIM1 | 25 |40.7299694 | -73.9955833 | M N 190 146
KIM1 | 25 |40.7299694 | -73.9955833 B N 190 149.3
KIM1 | 26 |40.7297389 | -73.9974000 | M N 50 132
KIM1 | 26 |40.7297389 | -73.9974000 B N 50 133.3
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KIM1 | 27 |40.7293861 | -73.9976972 | M N 74 135
KIM1 | 27 |40.7293861 | -73.9976972 B N 74 137.3
KIM2 | 25 |40.7299694 | -73.9955833 | M N 182 154.5
KIM2 | 25 |40.7299694 | -73.9955833 B N 182 156.2
KIM2 | 26 |40.7297389 | -73.9974000 B L 27 103.3
KIM2 | 27 |40.7293861 | -73.9976972 | M L 40 98
KIM2 | 27 |40.7293861 | -73.9976972 B L 40 97.8

13




Section I11: 38 GHz Outdoor Cellular and Peer-to-Peer (P2P)
Measurement Campaign [1], [4], [6], [11], [22]
3.1 Measurement Parameter List [4], [6], [11], [22]

Parameter

Parameter description

Basic channel sounder architecture

Transmit signal

Sinusoid/VNA, binary pseudo random signal, chirp, FMCW,
OFDM

Pseudorandom binary sequence (PRBS) was transmitted.

Signal recording

Real-time sampling, periodic subsampling, sliding correlation
(bandwidth compression), frequency sweep

Signal was recorded by sliding correlation
compression) [11], [22]-[27].

(bandwidth

Tx Antenna architecture

omni vs directive, single vs array

Single directive rotatable horn antenna.

Rx Antenna architecture

Omni vs directive, single vs array

Single directive rotatable horn antenna.

Antenna array architecture

One sided vs. two sided, parallel vs. switched antenna access
vs. synthetic aperture. Same for TX and RX?

Single rotatable horn antenna at both TX and RX.

Tx/Rx synchronization

Cable or fiber synchronization, atomic/GPS clock remote
synchronization

Freguency was synchronized, phase was not synchronized (free
running high-stability oscillator at both Tx and Rx, frequency
tuning was performed at the beginning of each day).

Dual Polarization capability

Number of parallel Tx/Rx channels (1x1, 2x1, 1x2, 2x2), true
parallel or switched? HP/VP or LHCP/RHCP)

Number of parallel Tx/Rx channels was: 1x1, both TX and RX
antennas were vertically polarized (VP/VP).

Auxiliary remarks

Identical Ka-band vertically polarized rotatable horn antennas
were used at transmitter and receiver. For TX locations,
narrowbeam antennas with gain 25 dBi, AZ. HPBW 7.8° were
used. For RX locations, both narrowbeam antenna (gain 25 dBi,
AZ. HPBW 7.8°) and widebeam antenna (gain 13.3 dBi, AZ. HPBW
49.4°) were used [1], [4], [5], [6], [11], [13], [14], [47].

Key technical parameters

Center Frequency

37.625 GHz [4], [5], [6], [11], [14], [47]

Bandwidth and spectrum envelope
shape/filter

rectangular, sinc*2, etc.

The first null-to-null RF bandwidth was 800 MHz and the
spectrum envelope shape was sinc”2 [1], [4], [5], [11], [13].

CIR period

Alternative: difference between frequency samples(=1/CIR
period)

5117.5 ns undilated, 40.9 ms dilated (slide factor of 8000) [4],
(6], [11], [13], [14].

Tx power

Power at input port of antenna? Radiated power? If radiated
power, provide antenna gain. Provide methodology.

Power at input port of antenna was 21.2 dBm [1], [4], [6], [14].

Maximum instantaneous

range

dynamic

dB difference in the peak of the power delay profile or received
CW signal in the passband for LOS only (just below saturation)
and peak noise level, without temporal averaging. Noise level
must be defined (e.g., thermal, quantization, correlation noise,
etc.)
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The maximum instantaneous dynamic range was 30 dB based on
thermal noise and quantization noise.

Measurable channel attenuation
range

dB difference between lowest and highest channel attenuation
that can be measured with an SNR of xx dB. The AGC range over
which the defined instantaneous dynamic range can be
maintained.

Measurable channel attenuation range was 150-160 dB. Linear
response was guaranteed by using selective attenuator [1], [4],
[6], [11], [13], [14].

CIR repetition rate fcir (Hz)

The inverse of the time between received CIRs. Determines
maximum Doppler bandwidth, where BW=1/2 fcir

24.45 Hz [4], [6].

Averaging

No. of averages in complex and/or power domain. Time
alignment method?

Single PDP was acquired by averaging 20 consecutive PDP
snapshot samples with each sample lasting 40.9 ms [4], [6]. Time
alignment method was based on peak voltage trigger.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1), [4), [5], (6], [11], [13], [14], [46]. [47].

Calibration procedures

Frequency response

Back to back? Including antennas? Bandwidth, number of
frequency points, number of power levels. Including AGC?

Antennas were included.

Received power/path loss

Wideband? Narrowband? Number of power levels checked?
Antennas included? If so, how is antenna gain determined?

Both wideband and narrowband were used in calibration
procedures. The calibration attenuation setting at the receiver
was from 0 dB to 70 dB with 10 dB increments for each step. The
received power/path loss was calculated with antenna gain
removed. The antenna gain was determined by the “three
antenna method” [29] and verified by antenna specification
sheet. The gain of converter box is flat across the 800 MHz
frequency bandwidth [32]. Free space path loss calibrations
were conducted using 3 and 5 meter close-in free space power
measurements for peer-to-peer and base station-to-mobile
access scenarios, respectively [6].

Antennas and antenna arrays

Complex radiation patterns? Including polarization? Including
azimuth and elevation (full solid angle)? Including antenna
switch and feeds?

Single rotatable horn antenna was used at both Tx and Rx. The
antenna polarization configuration used in the calibration was
VP/VP (both Tx and Rx antennas vertically polarized). Azimuth
and elevation angles were included.

Tx/Rx LO frequency synchronization
(in case of remote operation)

Training of atomic clocks

Frequency was tuned at the beginning of each day and
synchronized.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [1), [4), [5], (6], [11], [13], [14], [46]. [47].
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3.2 Measurement Environment Description [4], [6], [11]

The 38 GHz outdoor measurement campaign was conducted in the summer of 2011 at the UTA
campus [4], [6], [47], which represents urban macrocell (UMa) and UMi environments. Two
scenarios were considered in this measurement campaign which includes Base Station-to-
Mobile Scenario and Peer-to-Peer (P2P) Scenario.

a) Base Station-to-Mobile Scenario
A map describing the TX and RX locations for this scenario is given in Figure 3.
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Figure 3 Map of the northeastern corner of the University of Texas at Austin campus showing the transmitter and receiver
locations. All receiver locations were measured using a narrowbeam 25 dBi gain antenna. About half of the receiver locations
were also measured using a wider beam 13.3 dBi antenna [5].

As shown in Figure 3, four TX locations and 37 RX locations were considered in this
measurement campaign [1], [4]. All the RX antenna heights were set as 1.5 m AGL, and the
information of TX antenna heights are provided in Table 5. Additional details about the
measurement environment of this scenario can be found in [1], [4], [5], [6], [11].

Table 5 TX locations and TX heights for the 38 GHz measurements in Austin [5].

TXID Height
ECJ 8
WRW 23
ENSA 36
ENSB 36

Both narrowbeam and widebeam antennas were used for different RX locations in this
measurement campaign with 43 and 22 TX-RX location combinations for narrowbeam and
widebeam scenarios, respectively [1], [4], [6], [14]. The measurement results for this scenario
are presented in Table 6 and Table 7, respectively.
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b) Peer-to-Peer Scenario

In this scenario, one TX location and 10 RX locations were selected in a pedestrian walkway
courtyard surrounded by many buildings with 6-10 stories on the UTA campus [6]. Little
vegetation can be observed in the courtyard but several lamp poles existed [6], [7]. A map
describing the TX and RX locations and a photo of the TX site environment for this scenario
are shown in Figure 4 and Figure 5, respectively. Both the TX and RX antenna heights were set
at 1.5 m AGL representative of people holding mobile devices [7]. Additional details of the
measurement environment of this scenario can be found in [1], [4], [6], [7], [11].

Figure 4 Overhead image of 38 GHz and 60 GHz peer-to-peer measurement area with transmitter location marked as TX and
the surrounding receiver locations [6].

T\ |

Figure 5 Photo of campus measurement location with surrounding buildings, trees, light posts, and handrails. Metallic objects
were found to be useful reflectors that can be exploited in non-LOS conditions (circled in photo) [7].

In Table 8 the close-in free space reference distance (do = 1 m) directional path loss model [4]
for this scenario are presented.

17



3.3 Measurement Results [1], [4]

Table 6 38 GHz TX-RX location combinations for the narrowbeam cellular measurements with corresponding TX IDs, RX
IDs, environment (Env.) type, T-R 3D separation distances in meters, and omnidirectional path loss (PL) values. All RX heights
were set to 1.5 m AGL [1].

TX RX Env. | 3DT-R(m) PL (dB)
ECJ 5 L 104 99.6
ECJ 14 L 70 91.3
ECJ 27 L 49 108.0
ECJ 10 N 65 126.5
ECJ 15 N 29 119.6
ECJ 16 N 53 101.1
ECJ 25 N 185 126.8
ECJ 26 N 156 123.4
ECJ 31 N 225 131.7
ECJ 32 N 135 129.3
WRW | 1 L 74 98.5
WRW | 3 L 115 110.1
WRW | 4 L 139 107.9
WRW | 6 L 265 110.8
WRW | 7 L 70 100.2
WRW | 8 L 163 106.5
WRW | 22 L 203 108.4
WRW | 2 N 61 111.4
WRW | 18 N 145 113.2
WRW | 20 N 150 139.0
WRW | 24 N 101 119.7
ENSA| 6 L 200 108.5
ENSA| 9 L 122 106.9
ENSA| 12 L 200 104.4
ENSA | 14 L 85 105.1
ENSA| 19 L 110 98.9
ENSA| 21 L 291 103.1
ENSA| 11 L 728 115.0
ENSA| 21 L 295 114.2
ENSB| 30 L 132 98.5
ENSB| 33 L 245 107.8
ENSB | 34 L 410 113.5
ENSB| 35 L 448 117.6
ENSB| 36 L 570 116.6
ENSB| 37 L 930 121.6
ENSA| 4 N 75 117.4
ENSA| 13 N 295 142.3
ENSA| 17 N 118 126.6
ENSA| 20 N 159 134.0
ENSA| 25 N 270 115.7
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ENSB 28 N 284 118.4
ENSB 29 N 377 115.3
ENSB 31 N 282 127.7

Table 7 38 GHz TX-RX location combinations for the widebeam cellular measurements with corresponding TX IDs, RX IDs,
environment (Env) type, T-R 3D separation distances in meters, and omnidirectional path loss (PL) values. All RX heights
were set as 1.5 m AGL [1].

TX | RX Env. | 3D T-R(m) PL (dB)
ECJ 5 L 104 99.3
ECJ 14 L 70 98.0
ECJ 27 L 50 104.1
ECJ 15 N 29 112.9
ECJ 16 N 54 98.9
ECJ 26 N 156 123.7
WRW | 1 L 74 100.6
WRW | 4 L 139 102.2
WRW | 6 L 265 104.4
WRW | 7 L 70 95.8
WRW | 22 L 203 108.4
WRW | 24 N 101 116.4
ENSA| 6 L 200 104.5
ENSA| 9 L 122 101.6
ENSA| 19 L 110 101.6
ENSB| 11 L 728 113.6
ENSB| 35 L 448 115.1
ENSA| 4 N 75 112.7
ENSA| 25 N 270 115.2
ENSB| 11 N 728 129.4
ENSB | 28 N 284 115.8
ENSB| 29 N 377 117.5

Table 8 38 GHz P2P close-in free space reference distance (do = 1 m) directional path loss model. PLE is the path loss exponent,
o is the standard derivation of the zero-mean Gaussian random variable (shadow factor) about the minimum mean square error
(MMSE) line [4].

38 GHz P2P Directional Path Loss Models (do =1 m

LOS NLOS NLOS-best
Frequency | TX Height (m) | RX Height(m) | PLE | o[dB] | PLE o [dB] PLE o [dB]
38 GHz 15 15 2.0 3.8 3.9 10.6 3.3 7.7
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Section 1V: 60 GHz Outdoor P2P and Vehicular Measurement
Campaign [1], [4], [6], [7], [22]
4.1 Measurement Parameter List [4], [6], [7], [22]

Parameter

Parameter description

Basic channel sounder architecture

Transmit signal

Sinusoid/VNA, binary pseudo random signal, chirp, FMCW,
OFDM

Pseudorandom binary sequence (PRBS) was transmitted.

Signal recording

Real-time sampling, periodic subsampling, sliding correlation
(bandwidth compression), frequency sweep

Signal was recorded by sliding correlation
compression) [11], [22]-[27]

(bandwidth

Tx Antenna architecture

omni vs directive, single vs array

Single directive rotatable horn antenna.

Rx Antenna architecture

Omni vs directive, single vs array

Single directive rotatable horn antenna.

Antenna array architecture

One sided vs. two sided, parallel vs. switched antenna access
vs. synthetic aperture. Same for TX and RX?

Single rotatable horn antenna at TX and RX.

Tx/Rx synchronization

Cable or fiber synchronization, atomic/GPS clock remote
synchronization

Freguency was synchronized, phase was not synchronized (free
running high-stability oscillator at both Tx and Rx, frequency
tuning was performed at the beginning of each day).

Dual Polarization capability

Number of parallel Tx/Rx channels (1x1, 2x1, 1x2, 2x2), true
parallel or switched? HP/VP or LHCP/RHCP)

Number of parallel Tx/Rx channels was: 1x1, both Tx and Rx
antennas were vertically polarized (VP/VP).

Auxiliary remarks

Identical U-band vertically polarized rotatable horn antennas
with gains of 25 dBi and beamwidth of 7.3° were used at the
transmitter and receiver [4], [6], [7].

Key technical parameters

Center Frequency

59.4 GHz [4], [6]

Bandwidth and spectrum envelope
shape/filter

rectangular, sinc*2, etc.

The first null-to-null RF bandwidth was 1.5 GHz and spectrum
envelope shape was sinc?2 [4], [7].

CIR period Alternative: difference between frequency samples(=1/CIR
period)
2729.3 ns undilated, 54.6 ms dilated (slide factor of 20000) [4],
6], (7].
Tx power Power at input port of antenna? Radiated power? If radiated
power, provide antenna gain. Provide methodology.
Power at input port of antenna was 5 dBm [4], [6], [7].
Maximum instantaneous dynamic | dBdifference in the peak of the power delay profile or received
range CW signal in the passband for LOS only (just below saturation)

and peak noise level, without temporal averaging. Noise level
must be defined (e.g., thermal, quantization, correlation noise,
etc.)

The maximum instantaneous dynamic range was 30 dB based on
thermal noise and quantization noise.

dB difference between lowest and highest channel attenuation
that can be measured with an SNR of xx dB. The AGC range over
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Measurable channel attenuation

range

which the defined instantaneous dynamic range can be
maintained.

Measurable channel attenuation range was 150-160 dB. Linear
response was guaranteed by using selective attenuator [4], [6].

CIR repetition rate fcir (Hz)

The inverse of the time between received CIRs. Determines
maximum Doppler bandwidth, where BW=1/2 fcir

18.32 Hz [4], [7].

Averaging

No. of averages in complex and/or power domain. Time
alignment method?

Single PDP was acquired by averaging 20 consecutive PDP
snapshot samples with each sample lasting 54.6 ms [4], [7]. Time
alignment method was based on peak voltage trigger.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [4], [6], [7].

Calibration procedures

Frequency response

Back to back? Including antennas? Bandwidth, number of
frequency points, number of power levels. Including AGC?

Antennas were included.

Received power/path loss

Wideband? Narrowband? Number of power levels checked?
Antennas included? If so, how is antenna gain determined?

Both wideband and narrowband were used in calibration
procedures. The calibration attenuation setting at the receiver
was from 0 dB to 70 dB with 10 dB increments for each step [7].
The received power/path loss was calculated with antenna gain
removed. The antenna gain was determined by the “three
antenna method” [29] and verified by antenna specification
sheet. The gain of converter box is flat across the 1.5 GHz
frequency bandwidth [32]. Free space path loss calibration was
conducted using a 3 meter close-in free space power
measurement [6].

Antennas and antenna arrays

Complex radiation patterns? Including polarization? Including
azimuth and elevation (full solid angle)? Including antenna
switch and feeds?

Single rotatable horn antenna was used at both Tx and Rx. The
antenna polarization configuration used in the calibration was
VP/VP (both Tx and Rx antennas vertically polarized). Azimuth
and elevation angles were included.

Tx/Rx LO frequency synchronization
(in case of remote operation)

Training of atomic clocks

Frequency was tuned at the beginning of each day and
synchronized.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [4], [6], [7].
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4.2 Measurement Environment Description [4], [6], [7]

The 60 GHz outdoor measurement campaign was also conducted in the summer of 2011 in the
UTA campus [4], [6], [7]. Two scenarios were considered in this measurement campaign which
includes Peer-to-Peer Scenario and Vehicular Scenario.

a) Peer-to-Peer Scenario

The same TX and RX locations as considered in 38 GHz P2P measurement campaign were
selected for 60 GHz P2P measurements and the detailed description of this measurement layout
and environment are given in Figure 4 and Figure 5. Additional details about the measurement
environment of this scenario can be found in [4], [6], [7].

b) Vehicular scenario

The 60 GHz vehicular scenario measurement was conducted in a parking lot on the UTA
campus. The RX antenna was placed at head level of a seated passenger in a standard-sized
sedan automobile (2003 Mitsubishi Galant) [7]. Two RX sites were considered in this scenario,
which were the driver position and a rear passenger position. A photo of the experimental
automobile and the detailed locations of the RX sites are provided in Figure 6.

Receiver
Antenna
at Driver Seat

Receiver
Antenna
at Rear Seat

Transmitter
Antenna

Figure 6 Top view of the vehicle measurement set-up. The receiver was placed inside the vehicle at each of the two locations
shown, where non-LOS paths were identified by rotating the receiver antenna. Passengers were seated at the front and right
rear passenger seats shown by the circles in the bottom diagram during all measurements [7].

The TX locations were set 4, 12, and 23 m away from the RX location, which represent
scenarios of a single lane of traffic, a two-way street, and a multilane highway [4], [28]. The
TX antenna height was set as 1.5 m AGL. Additional details about the measurement
environment of this scenario can be found in [4], [6], [7]. In Table 9 the 60 GHz P2P and
vehicular close-in free space reference distance (do = 1 m) directional path loss models [4] are
presented.
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4.3 Measurement Results [4]

Table 9 60 GHz P2P and vehicular close-in free space reference distance (do = 1 m) directional path loss models. PLE is the
path loss exponent, o is the standard deviation of the zero-mean Gaussian random variable (shadow factor) about
the MMSE line [4].

60 GHz P2P Directional Path Loss Models (do = 1 m)

LOS NLOS NLOS-best
Frequency | TX Height (m) RX Height (m) PLE | o [dB] PLE o [dB] | PLE | o [dB]
60 GHz 15 1.5 2.2 2.0 3.6 9.0 3.3 9.2
60 GHz Vehicular Directional Path Loss Models (do = 1 m)
LOS NLOS NLOS-best
Frequency | TX Height (m) RX Height (m) PLE | o [dB] PLE o [dB] | PLE | o [dB]
60 GHz 15 1.5 2.5 35 54 14.8 5.0 10.9
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Section V: 28, 73 GHz Indoor Measurement Campaign [2], [20],

[21], [22]

5.1 Measurement Parameter List [2], [20], [21], [22]

Parameter

Parameter description

Basic channel sounder architecture

Transmit signal

Sinusoid/VNA, binary pseudo random signal, chirp, FMCW,
OFDM

Pseudorandom binary sequence (PRBS) was transmitted.

Signal recording

Real-time sampling, periodic subsampling, sliding correlation
(bandwidth compression), frequency sweep

Signal was recorded by sliding correlation (bandwidth

compression) [11], [22]-[27].

Tx Antenna architecture

omni vs directive, single vs array

Single directive rotatable horn antenna.

Rx Antenna architecture

Omni vs directive, single vs array

Single directive rotatable horn antenna.

Antenna array architecture

One sided vs. two sided, parallel vs. switched antenna access
vs. synthetic aperture. Same for TX and RX?

Single rotatable horn antenna at both TX and RX.

Tx/Rx synchronization

Cable or fiber synchronization, atomic/GPS clock remote
synchronization

Freguency was synchronized, phase was not synchronized (free
running high-stability oscillator at both Tx and Rx, frequency
tuning was performed at the beginning of each day).

Dual Polarization capability

Number of parallel Tx/Rx channels (1x1, 2x1, 1x2, 2x2), true
parallel or switched? HP/VP or LHCP/RHCP)

Number of parallel Tx/Rx channels was: 1X1, Tx antenna was
vertically polarized and Rx antenna had two polarized
configurations (vertical and horizontal polarizations).

Auxiliary remarks

Mechanically rotatable directional horn antenna with gain 15
dBi, AZ. HPBW 28.8°, EL. HPBW 30° was used at the transmitter
and receiver for 28 GHz. For 73 GHz, mechanically rotatable
directional horn antenna with gain 20 dBi, AZ. HPBW 15° and EL.
HPBW 15° was used at the transmitter and receiver [2], [21].

Key technical parameters

Center Frequency

28.0 GHz, 73.5 GHz [2], [21]

Bandwidth and spectrum envelope
shape/filter

rectangular, sinc”2, etc.

The first null-to-null RF bandwidth was 800 MHz and spectrum
envelope shape was sinc2 [2], [21].

CIR period

Alternative: difference between frequency samples(=1/CIR
period)

5117.5 ns undilated, 40.9 ms dilated (slide factor of 8000) [2],
[21].

Tx power

Power at input port of antenna? Radiated power? If radiated
power, provide antenna gain. Provide methodology.

Power at input port of antenna were 23.9 dBm for 28 GHz and
12.1 dBm for 73 GHz [2], [21].

Maximum instantaneous

range

dynamic

dB difference in the peak of the power delay profile or received
CW signal in the passband for LOS only (just below saturation)
and peak noise level, without temporal averaging. Noise level
must be defined (e.g., thermal, quantization, correlation noise,
etc.)
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The maximum instantaneous dynamic range was 30 dB based on
thermal noise and quantization noise (8-bit ADC digitizer).

Measurable channel attenuation
range

dB difference between lowest and highest channel attenuation
that can be measured with an SNR of xx dB. The AGC range over
which the defined instantaneous dynamic range can be
maintained.

Measurable channel attenuation range was 150-160 dB with an
SNR of 5 dB. Linear response was guaranteed by using selective
attenuator [2], [21].

CIR repetition rate fcir (Hz)

The inverse of the time between received CIRs. Determines
maximum Doppler bandwidth, where BW=1/2 fcir

24.45 Hz [2], [21].

Averaging

No. of averages in complex and/or power domain. Time
alignment method?

Single PDP was acquired by averaging 20 consecutive PDP
snapshot samples with each sample lasting 40.9 ms [2], [21].
Time alignment method was based on peak voltage trigger.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [2], [20], [21].

Calibration procedures

Frequency response

Back to back? Including antennas? Bandwidth, number of
frequency points, number of power levels. Including AGC?

Antennas were included.

Received power/path loss

Wideband? Narrowband? Number of power levels checked?
Antennas included? If so, how is antenna gain determined?

Both wideband and narrowband were used in calibration
procedures. The calibration attenuation setting at the receiver
was from 0 dB to 70 dB with 10 dB increments for each step. The
received power/path loss was calculated with antenna gain
removed. The antenna gain was determined by the “three
antenna method” [29] and verified by antenna specification
sheet. The gain of converter box is flat across the 800 MHz
frequency bandwidth [32]. Free space path loss calibration was
conducted using a 4 meter close-in free space power
measurement [2], [21].

Antennas and antenna arrays

Complex radiation patterns? Including polarization? Including
azimuth and elevation (full solid angle)? Including antenna
switch and feeds?

Single rotatable horn antenna was used at both Tx and Rx. The
antenna polarization configuration used in the calibration was
VP/VP (both Tx and Rx antennas vertically polarized). Azimuth
and elevation angles were included.

Tx/Rx LO frequency synchronization
(in case of remote operation)

Training of atomic clocks

Frequency was tuned at the beginning of each day and
synchronized.

Auxiliary remarks

Additional details of this measurement campaign can be found
in [2], [20], [21].

25




5.2 Measurement Environment Description [2], [20], [21]

The 28 and 73 GHz indoor measurement campaign was conducted in the summer of 2014 in
the NYU WIRELESS research center which is on the 9" floor of 2 MetroTech Center in
downtown Brooklyn, New York [2], [20], [21]. A map describing the indoor measurement
environment and the specific TX and RX locations is shown in Figure 7.

‘j:( TX Location
@ RX Location

|j | | .14! STAIR B -
| = sronaze
el

65.5m

Figure 7 Map of the 2 MetroTech Center 9th floor with five TX locations and 33 RX locations. The yellow stars represent the
TX locations and the red dots represent the RX locations. The compass in the top right corner indicates the coordinate system
used inside the building for AOD and AOA angle conventions and for post-processing analyses. The RX121 and RX161
locations were identical to the RX12 and RX16 locations, however the glass door near RX16 was propped open for RX121 and
RX161 measurements, and was closed for RX12 and RX16 measurements. The RX121 and RX161 locations are included in
the 48 TX-RX measured locations [2].

2 MetroTech Center in downtown Brooklyn, New York is a 10-story building constructed in
the early 1990’s with tinted windows and steel reinforcement between each floor [2]. NYU
WIRELESS research center on the 9" floor is a typical single-floor office environment with
common obstructions: desks, chairs, cubicle partitions, offices, classrooms, doors, hallways,
walls made of drywall, and elevators.

Five TX and 33 RX locations were considered in this indoor measurement campaign with total
48 TX-RX location combinations for both 28 and 73 GHz. The 48 location combinations
consisted of 10 LOS and 38 NLOS measurement scenarios and can be mainly divided into 3
kinds of environment which are defined below [2]:

Corridor Environment: a propagating signal travels down a corridor to reach the receiver by
a LOS path, reflections, scattering, and/or diffraction, but not penetration.

Open-plan environment: a cubicle-farm and a central TX location around soft partitions such
as cubicle walls [9], [10].

Closed-plan environment: a propagating signal must penetrate an obstruction such as a fixed
building wall to reach the receiver.

All the TX antenna heights in this measurement campaign are set as 2.5 m AGL which is close
to the 2.7 m ceiling and all the RX antenna heights are set as 1.5 m AGL which is the typical
handset level height [2].

Figure 8 shows the surrounding environment of TX1 where some obstructions in this
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environment are denoted.

Drywall
Window
TX1
Location
Office
Cubicle

Figure 8 TX1 location with surrounding cubicles, desks, chairs, drywall columns, and windows. The TX antenna was placed
2.5 m above the floor, near the 2.7 m tall ceiling [2].

According to Figure 7, we can see that RX4 and 7 had similar surrounding environment as TX1.
The difference between RX7 and TX1 was that the western side of RX7 was the offices of NYU
WIRELESS faculties, which consisted of drywalls and windows.

TX2 was set at a rest area on the 9" floor. This rest area was surrounded by drywalls and had a
corridor in the southern side. It can be observed that RX10 and 29 had similar environment as
TX2.

TX3 was set in the hallway of NYU WIRELESS research center. The eastern and western sides
of TX3 were drywalls with windows mounted.

The surrounding environment of TX4 was a typical corridor with drywalls on the northern and
southern sides. Similar to TX4, RX11, 30, 18, 19, 9, 20, 13, 14, 15, 27, and 26 were also in a
corridor environment. In addition, RX 1, 2, 3, 5, 6, and 8 can also be seen in a corridor
environment but their northern side was an office region with environment similar to the one
shown in Figure 8.

TX5 was set in the front of a typical classroom with surrounding drywalls and several rows of
desks and chairs in the middle. It is easy to observe from Figure 7 that RX21, 32 and 31 were
also set in a classroom. Moreover, RX17 and 24 were set in a conference room which had
similar environment as TX5. Additional details about the environment of this measurement
campaign can be found in [2], [20], [21].

The measurement results for 28 GHz and 73 GHz indoor measurement campaign are presented
in Table 10, Table 11, Table 12, and Table 13 where omnidirectional path loss values for co-
polarized (V-V) and cross-polarized (V-H) antenna configurations are provided.
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5.3 Measurement Results [2]
Table 10 28 GHz co-polarized antenna (V-V) omnidirectional path loss values with corresponding Environment (Env.), TX
IDs, RX IDs, path loss (PL) in dB, and 3D T-R separation distance in meters [2].

28 GHz Omnidirectional V-V Path Loss
Env. | TXID | RXID PL(@dB) | 3D T-R(m)
LOS 1 1 69.3 6.4
LOS 1 4 75.3 7.9
LOS 1 7 76.5 12.9
LOS 2 10 66.3 4.1
LOS 3 16 68.0 5.3
LOS 4 11 74.3 12.7
LOS 4 12 70.4 7.1
LOS 4 28 75.4 21.3
LOS 4 121 71.3 7.1
LOS 4 161 74.5 20.6
NLOS 1 2 76.6 7.8
NLOS 1 3 82.7 10.1
NLOS 1 5 84.3 11.9
NLOS 1 6 86.4 14.4
NLOS 1 8 95.9 25.9
NLOS 1 9 118.5 32.9
NLOS 2 11 78.5 9.0
NLOS 2 12 89.5 28.5
NLOS 2 13 113.1 29.2
NLOS 2 14 119.3 30.4
NLOS 2 15 115.8 39.2
NLOS 2 16 97.8 41.9
NLOS 2 17 120.5 45.9
NLOS 2 18 93.6 12.1
NLOS 2 19 103.1 155
NLOS 2 20 111.3 17.1
NLOS 2 21 78.0 6.7
NLOS 2 22 95.3 14.8
NLOS 2 161 98.6 41.9
NLOS 3 17 85.8 8.7
NLOS 3 23 79.9 5.6
NLOS 3 24 86.1 7.8
NLOS 3 25 76.31 8.4
NLOS 3 26 72.9 55
NLOS 3 27 75.8 8.3
NLOS 4 13 97.2 8.2
NLOS 4 14 105.0 10.8
NLOS 4 15 97.5 20.8
NLOS 4 16 80.0 20.6
NLOS 4 18 96.8 33.0
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NLOS 5 8 73.8 3.9
NLOS 5 19 75.3 6.9
NLOS 5 28 86.1 15.6
NLOS 5 29 81.3 15.0
NLOS 5 30 88.7 114
NLOS 5 31 90.4 13.9
NLOS 5 32 90.2 31.2
NLOS 5 33 97.0 9.1

Table 11 28 GHz cross-polarized antenna (V-H) omnidirectional path loss values with corresponding Environment (Env.), TX
IDs, RX IDs, path loss (PL) in dB, and 3D T-R separation distance in meters [2].

28 GHz Omnidirectional V-H Path Loss
Env. TXID RXID PL(dB) |3DT-R(m)
LOS 1 1 84.1 6.4
LOS 1 4 87.7 7.9
LOS 1 7 89.7 12.9
LOS 2 10 78.6 4.1
LOS 3 16 83.4 5.3
LOS 4 11 88.2 12.7
LOS 4 12 85.1 7.1
LOS 4 28 90.2 21.3
LOS 4 121 85.0 7.1
LOS 4 161 89.8 20.6
NLOS 1 2 88.2 7.8
NLOS 1 3 91.3 10.1
NLOS 1 5 94.7 11.9
NLOS 1 6 100.1 14.4
NLOS 1 8 115.3 25.9
NLOS 2 11 88.5 9.0
NLOS 2 12 108.8 28.5
NLOS 2 13 141.6 29.2
NLOS 2 14 139.6 30.4
NLOS 2 16 1134 41.9
NLOS 2 18 98.9 12.1
NLOS 2 19 113.7 15.5
NLOS 2 20 120.4 17.1
NLOS 2 21 83.7 6.7
NLOS 2 22 101.6 14.8
NLOS 2 161 110.5 41.9
NLOS 3 17 97.2 8.7
NLOS 3 23 92.7 5.6
NLOS 3 24 95.8 7.8
NLOS 3 25 88.9 8.4
NLOS 3 26 86.7 55
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NLOS 3 27 89.3 8.3
NLOS 4 13 104.6 8.2
NLOS 4 14 112.8 10.8
NLOS 4 15 108.4 20.8
NLOS 4 16 93.7 20.6
NLOS 4 18 109.4 33.0
NLOS 5 8 89.3 3.9
NLOS 5 19 91.5 6.9
NLOS 5 28 98.4 15.6
NLOS 5 29 93.7 15.0
NLOS 5 30 96.1 114
NLOS 5 31 100.2 13.9
NLOS 5 32 104.8 31.2
NLOS 5 33 104.6 9.1

Table 12 73 GHz co-polarized antenna (V-V) omnidirectional path loss values with corresponding Environment (Env.), TX
IDs, RX IDs, path loss (PL) in dB, and 3D T-R separation distance in meters [2].

73 GHz Omnidirectional V-V Path Loss

Env. | TXID | RXID | PL(dB) [ 3D T-R(m)
LOS 1 1 81.7 6.4
LOS 1 4 81.2 7.9
LOS 1 7 86.7 12.9
LOS 2 10 79.9 4.1
LOS 3 16 82.4 5.3
LOS 4 11 84.1 12.7
LOS 4 12 82.3 7.1
LOS 4 28 82.6 21.3
LOS 4 121 83.2 7.1
LOS 4 161 84.6 20.6
NLOS 1 2 92.1 78
NLOS 1 3 89.8 10.1
NLOS 1 5 100.4 11.9
NLOS 1 6 104.0 14.4
NLOS 1 8 121.8 25.9
NLOS 2 11 92.8 9.0
NLOS 2 12 102.1 285
NLOS 2 13 118.9 29.2
NLOS 2 14 127.4 30.4
NLOS 2 15 142.5 39.2
NLOS 2 16 111.2 41.9
NLOS 2 18 115.7 12.1
NLOS 2 19 1425 155
NLOS 2 21 94.5 6.7
NLOS 2 22 116.3 14.8
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NLOS 2 161 108.2 41.9
NLOS 3 17 107.5 8.7
NLOS 3 23 102.7 5.6
NLOS 3 24 111.4 7.8
NLOS 3 25 90.4 8.4
NLOS 3 26 93.3 5.5
NLOS 3 27 89.7 8.3
NLOS 4 13 104.7 8.2
NLOS 4 14 115.5 10.8
NLOS 4 15 114.2 20.8
NLOS 4 16 102.4 20.6
NLOS 4 18 108.4 33.0
NLOS 5 8 91.0 3.9
NLOS 5 19 90.2 6.9
NLOS 5 28 100.1 15.6
NLOS 5 29 94.7 15.0
NLOS 5 30 107.6 114
NLOS 5 31 112.8 13.9
NLOS 5 32 105.5 31.2
NLOS 5 33 118.7 9.1

Table 13 73 GHz cross-polarized antenna (V-H) omnidirectional path loss values with corresponding Environment (Env.), TX
IDs, RX IDs, path loss (PL) in dB, and 3D T-R separation distance in meters [2].

73 GHz Omnidirectional V-H Path Loss

Env. TXID RX ID PL (dB) | 3D T-R (m)
LOS 1 1 102.4 6.4
LOS 1 4 100.4 7.9
LOS 1 7 1115 12.9
LOS 2 10 101.3 4.1
LOS 3 16 102.9 5.3
LOS 4 11 108.2 12.7
LOS 4 12 104.0 7.1
LOS 4 28 106.6 21.3
LOS 4 121 106.0 7.1
LOS 4 161 108.7 20.6
NLOS 1 2 106.1 7.8
NLOS 1 3 108.8 10.1
NLOS 1 5 116.7 11.9
NLOS 1 6 115.3 14.4
NLOS 2 11 110.6 9
NLOS 2 12 124.2 28.5
NLOS 2 16 138.9 41.9
NLOS 2 18 130.6 12.1
NLOS 2 21 111.0 6.7
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NLOS 2 22 126.6 14.8
NLOS 2 161 126.4 41.9
NLOS 3 17 122.3 8.7
NLOS 3 23 117.2 5.6
NLOS 3 24 122.1 7.8
NLOS 3 25 109.7 8.4
NLOS 3 26 104.8 5.5
NLOS 3 27 113.3 8.3
NLOS 4 13 123.4 8.2
NLOS 4 14 140.2 10.8
NLOS 4 15 134.2 20.8
NLOS 4 16 116.2 20.6
NLOS 4 18 129.9 33.0
NLOS 5 8 106.7 3.9
NLOS 5 19 112.8 6.9
NLOS 5 28 117.7 15.6
NLOS 5 29 117.4 15.0
NLOS 5 30 125.8 114
NLOS 5 31 120.2 13.9
NLOS 5 32 128.3 31.2
NLOS 5 33 1321 9.1
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