TechnicalFeature

B

Waste Figure and Waste Factor:
New Metrics for Evaluating

Power Efficiency in Any Circuit
or Cascade

Theodore (Ted) S. Rappaport, Mingjun Ying and Dipankar Shakya
NYU WIRELESS, Tandon School of Engineering, New York University, Brooklyn, N.Y.

54

oday, there is a great need for en-

suring the energy-efficient design

of circuits and systems, yet the elec-

trical engineering field has lacked a
clear, well-defined, unified key performance
indicator (KPI) for quantifying the power ef-
ficiency of any device or cascade of devices
or systems. The industry has such a metric
for quantifying additive noise along a cas-
cade and this is known as the noise factor (F)
or noise figure (NF) when expressed in dB.
This standardized approach to quantifying
additive noise now dons the specification
sheets of virtually all receiving devices or re-
ceivers and is used as a key figure of merit
(FoM) in the research and design communi-
ties when creating new devices or exploring
system concepts.

This article develops a FoM for the com-
parison of wasted power along a cascade.
This new FoM, called the power waste fac-
tor, or simply the waste factor (W) or the
waste figure (WF) expressed in dB, is derived
using a similar mathematical modeling ap-
proach taken by Harald Friis in 1944 to cre-
ate noise figure. This article will show that
the waste figure is a useful FoM for compar-
ing and contrasting the power efficiency of
any circuit or cascade of circuits or systems.
Just as noise figure characterizes the addi-

tive noise of a cascade, waste figure char-
acterizes the additive wasted power along a
cascade. Waste figure is a handy metric to
determine and compare consumed power
along a cascade and is useful in identifying
design choices that optimize power con-
sumption while providing a measure of the
power efficiency of any circuit or cascade.
In an era where energy efficiency is more
important than ever, the waste factor and
waste figure are new metrics for accom-
plishing power-efficient circuits and system
designs. The waste factor (W), also called
waste figure (WF) defined as WF (dB) = 10
log (W), merely requires knowledge of the
device efficiency and device gain. Following
the mathematical modeling approach taken
by Harald Friis where he developed noise
figure,! this article offers a standardized
framework for evaluating power consump-
tion in any wired or wireless device, system
or network. This framework may have utility
in standards bodies to reduce global power
consumption.

The waste figure provides a simple ana-
lytical formulation and mathematical model
for the additive power wasted along virtu-
ally any cascade. As shown here, W enables
extremely general analysis, with applica-
tion to circuits, transceivers, channels and
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data centers. Virtually anything that
forms a cascade of devices or sys-
tems for information flow may be
characterized and quantified by W.
Using the mathematical formulation
of W in circuit and system analysis,
it becomes possible to character-
ize specific power efficiency perfor-
mance levels while gaining insight
into design approaches that assure
minimal power consumption. Fur-
thermore, W allows a standardized
way to interpret and analyze power
consumption in any device or cas-
cade, making it a powerful analysis
tool as well as the basis of a learning
model for artificial intelligence (Al)
and machine learning (ML) design
and control for optimized power ef-
ficiency. While some authors have
recently applied the waste figure to
analyze the power efficiency and to
make design tradeoffs in unmanned
aerial vehicle (UAV) cellular infra-
structure systems,? millimeter wave
wireless network3 phase shifters in
sub-THz phased arrays and data
centers, the waste figure remains
relatively unknown and undiscov-
ered. However, it offers a standard
FoM for evaluating the power effi-
ciency of any circuit or cascade.
This paper introduces the math-
ematical derivation of the waste fig-
ure and shows that its mathematical
basis is strikingly similar to noise fig-
ure. The definition of waste figure is
a simple and powerful metric based
on the efficiency (n) and gain (G) of
the various elements of a cascade.
While the power efficiency may be
referred to either the input or out-
put signal power of the cascade, it is
most sensible to consider the waste
factor as related to the signal out-
put power of a device or cascade,
Peignal,out The result of the waste fig-
ure for a cascade will be derived and
it will be shown that the mathemati-
cal expressions for the waste figure
of a cascaded system have a nearly
identical form to Friis’ original noise
figure expression. The canonical re-
sults when deriving the waste figure
for a passive load will be shown,
which yields mathematically similar
results as compared to the noise fig-
ure as well as key results when using
W to analyze the power efficiency of
a transmitter (TX)-receiver (RX) link
with a lossy channel as part of the
cascade. It will be shown that the
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waste figure may be used in circuit
design to indicate the most power-
efficient cascades while illuminating
the most critical components that
dominate power consumption and
thus energy efficiency.

As shown subsequently, waste
factor denotes the total power con-
sumed by a circuit or cascade, di-
vided by the signal power out of the
circuit or cascade, and represents a
new way to consider wasted power
or power efficiency along a cascade.
By definition, W is always greater
than or equal to 1, where W=1
(WF=0 dB) denotes an optimally
power-efficient circuit or cascade,
where all the power consumed by
the circuit or cascade is found to be
in the usable signal output power.
Conversely, if W equals infinity, it
means there is no power output
delivered from the cascade while
power is being consumed (e.g., a
dummy load). The article shows that
waste factor is the inverse of power
efficiency in standard passive circuit
theory and the inverse of the origi-
nal definition of total power added
efficiency (PAE) for DC-powered
amplifiers.’? The waste factor may
be used to readily quantify the to-
tal wasted power and efficiency of a
cascade of matched, linear devices.

Examples will be shown to illus-
trate how waste figure can charac-
terize the power efficiency of various
types of cascades, including a cas-
cade of a TX, a propagation channel
and a RX, a homodyne transmitter,
and even a data center (we show
here how W offers improvement
over a popular data center power
efficiency metric). These examples
allow engineers to make simple ap-
proximations regarding the impact
and placement of power-efficient
components in a radio network op-
erating in a lossy channel. The virtue
of using W is that a standard metric
may now be used to demonstrate in-
tuitive design choices. This will allow
engineers to conduct power efficien-
cy studies on a circuit or cascade, or
any type of source-to-sink link.

FUNDAMENTALS OF NOISE
FIGURE (NF) AND WASTE
FIGURE (WF)

This section shows the duality
between the derivations of noise
figure (NF) and waste figure (WF),

which are used to evaluate additive
noise and additive wasted power in
any circuit or cascade, respectively.

Noise Factor (F): Quantifying
Additive Noise in Cascades

Noise factor (F) defines the ad-
ditive noise along a cascade which
causes degradation of SNR along
the cascade. The noise factor, F, was
defined by Harald Friis in 194471 as
the ratio of the input SNR to output
SNR, where F=SNR/SNR,. When
F is expressed in dB terms, it is re-
ferred to as the noise figure, where
a value of 0 dB indicates that no
added noise and no degradation
in SNR occurs along a device or a
cascade of devices. Friis’ formula is
widely used to calculate the overall
F of cascaded devices, where each
device has its own individual F and
power gain, G. Once the total F is
calculated for a cascade, it can be
used to determine the overall noise
power contribution of the entire
cascade.

Friis was interested in modeling
how the input noise level would
be amplified and intensified in a
receiver and created a mathemati-
cal model that considered the ad-
ditional noise power contributed
by components moving from the
source (input) to the sink (detector).
He was aware that there existed a
nominal input thermal noise level
to the cascade of kTB that could
be measured as well as an output
noise level that could be measured.
Thermal white noise power is de-
fined by: N=kTB, where N is the
noise power available at the output
of a thermal noise source, k=1.380x
10-23 J/K is Boltzmann's constant, T
is the temperature in Kelvin and B
is the noise bandwidth in Hz. At the
input of a cascade, Friis was able to
turn a signal on and off that could
be added to the noise and detected
at the output of the cascade. In this
manner, he was able to adjust and
measure the SNR at the input to the
cascade relative to the output of the
cascade. Since he had control of the
cascade input signal power level
and could measure the noise power
at the output of the cascade rela-
tive to the signal and noise powers
at the input, he defined noise figure
relative to the input noise power of
the cascade as shown in Equation 1:
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F=N,/GN, (1)

From Equation 1, F for a cascaded system with
matched loads is given by Equation 2, where the first
component F; is closest to the source, (e.g., the anten-
na or front-end of a RX). Friis found Equation 2 simply
by systematically applying Equation 1 at each succes-
sive stage in a cascade realizing that each component
had output noise N, which included an additive noise
component related to F.

(F2-1)  (Fs-1) (Fn-1)
F=F+ G, ' GG, +W+Hf\’;11G,» @)

In Equation 2, F; represents the noise factor of the iy,
device and

G - Output Power (P, )
i~ Input Power(P;,)

represents the power gain of the iy, device (linear, not in
dB). For a given noise input power, N; and noise output
power, N, Friis showed that F (defined in Equation 1)
was directly related to the additive noise contributed by
the device or cascade alone as defined in Equation 3:
Padditive—noise = No' GNI =FGNI' GNI
=(F-1)GN;(Watts) 3)

From Equation 3, it is clear that (F-1)GN; represents
the additive noise power contributed by the compo-
nent or cascade, above and beyond the input noise
power and as referred to the input. F = 1 (0 dB) means
there is no additional noise power contributed by the
cascade other than what was applied to the input and
then amplified with ideal noiseless amplifiers.

Waste Factor (W): A New Metric for the Analysis and
Comparison of Power Efficiency

Waste factor (W) or waste figure (WF in dB) charac-
terizes the power efficiency of a cascaded system by
modeling the power wasted (e.g., power consumed
but not delivered as output power) in each of the com-
ponents along a cascade. Like the mathematical mod-
eling method used by Friis to derive noise figure, the
power wasted by a device or cascade may be analyzed
by modeling the progressive useful signal power trans-
ferred along a cascade relative to the total power con-
sumed by the components of the cascade. The deriva-
tion of the waste figure assumes that all power that is
not transferred along the cascade as signal output is
simply “wasted power” since such wasted power is not
being passed along the cascade to the next stage as a
useful signal.

This is a new way of defining power efficiency. In
this way, it becomes clear that instead of additive noise
being accumulated at each stage of a cascade as in
noise figure, the amount of wasted power (e.g., power
not delivered in the signal to the successive stage) from
each of the components accumulates from the input to
the output. Since it is easy and customary to measure
the power consumption of an entire cascade of devices
(e.g., the total power consumed by a system) and also
easy to measure the signal power at the output in watts
(e.g., P+ = GP;), the waste factor is defined relative
to the output of a device or cascade and is given by
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Equation 4:
1 Pconsumed
W = —— — consumed
77W Pout
_ Pron—signal + Four @
B Pout
Where:
n,, = waste factor efficiency and
it equals 1/W
Peonsumed = total power con-

sumed by the device or cascade
P output signal power
non-signal = total consumed pow-
er minus the signal power delivered
to the output, which is the wasted
power of the device.

As mentioned previously, the
waste factor for an active compo-
nent is the inverse of the total PAE,
a key metric for assessing power
amplifier efficiency as shown by A.
A. Sweet.'2 The original PAE metric
quantifies how effectively an RF am-
plifier with a DC power supply trans-
forms the total consumed power,
encompassing both the DC power
supply and RF input power, into RF
output power and is defined as’2

out =

P, Pre,out
P AE#1 — out — L ou
Pconsumed (PDC + PRF, in)

Inspection of Equation 4 (also see
Equation 11) shows PAE#! is identi-
cal to the reciprocal of W. In 1993,
Walker3 introduced a second defi-
niton of  PAE, given as
PAE#Z _ PRF,out B PRF,fn

Poc

which is now widely regarded as the
industry standard for evaluating the
efficiency of RF power amplifiers.
It is easy to show from Equation 4
that W is related to PAE#2 such that

1 Pre,in 1
W= PAE#Z[(1 +PTC)(1 5)]
which is nearly identical to PAE#
when gain is large.

Similar to how Friis defined noise
figure as NF = 10logqo(F) (dB), the
waste figure is defined as WF =
10logqo(W) (dB). It was shown34.7.14
and derived previously that the
waste factor of a cascade is ex-
pressed as Equation 5:

(Wn-1-1)  (Wn2-T)
NGy T GG

(Wq-1)
nY,G,

wW

S+

(5)
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In Equation 5, W, represents the
waste factor of the iy, device and
Output Power(P,;)

Input Power(P;,)

Gi =

represents the power gain of the iy,
device (linear, not in dB) and the Ny,
device is the closest device to the
information sink (e.g., the output of
the cascade). Note the mathemati-
cal similarity between Equation 2
and Equation 5, except Equation
2 increases from source to sink and
Equation 5 increases from sink to
source.

For a given signal input power to
a cascade, P, and cascade signal
output power, P, ., W is a FoM that
represents a measure of total addi-
tive power that is wasted (e.g., not
part of the delivered signal power)
at the output of a cascade. W quan-
tifies the amount of consumed pow-
er that is wasted (e.g., consumed
power that is not found in the out-
put signal power) relative to the
total signal power delivered at the
output of the cascade, independent
of the signal power applied at the
input of the cascade (see Equations
8 and Equation 9). Thus, W defines
a relationship between added wast-
ed power of a device or cascade,
vis a vis the delivered signal power
in a similar way that Friis defined in
Equation 3. This is shown in Equa-
tion 6:

Pwasted = WPout' GPm = (W_ 1 )GPm
=(W-1)P,,:(Watts) (6)

From Equation 6, it is clear that
(W - 1)P,; represents the total ad-
ditive wasted power contributed
by a component or by all the com-
ponents within the cascade and is
conveniently referred to the output.
W=1 (0 dB) means there is no wasted
power contributed by a component
or by the cascade and the cascade
has perfect 100 percent efficiency

with all the power consumed by the
cascade found in the output signal
power. Similarly, W = infinity means
all the power is wasted in the cas-
cade, with no output signal power.
Such formulation provides an intui-
tive way to understand power waste
at each stage of the cascade and al-
lows engineers to use W to compare
the power efficiency of different de-
vices and systems in a new way, just
as noise figure did for noise analysis
80 years ago.

WASTE FACTOR DERIVATION:
SUPERPOSITION FOR POWER
CONSUMPTION

The mathematical basis of waste
factor and waste figure was derived
originally by Murdock and Rappa-
port>6.7.14 by noting that the power
consumption of any device in a cir-
cuit or system may be decomposed
into four distinct power consump-
tion components which may be
summed together to determine
the total consumed power of any
device or network. The four power
components include (i) the signal
path power delivered to the output
by a device on the signal path within
a circuit or cascade (e.g., the output
signal power that is delivered to the
sink), (i) the power consumed by a
device which is on the signal path
(e.g., a component on the cascade),
but which is not provided in the out-
put signal path (this is called the ad-
ditive “wasted” power of a compo-
nent, since as described previously,
the component is on the cascade
but such power is not delivered to
the output signal of the device), (iii)
all other power that is consumed by
components that are not on the sig-
nal path or which are not associated
with a device on the signal-path
cascade and (iv) the signal power
delivered to the input of the device

Pnon-path*

Power Consumed by System Components that do not Contribute to the Signal
and are not Along the Cascade (e.g., Oscillators, Cooling Units, Displays, etc.)

Cascaded
Communication
System

Source

Psource,out?
Power Input of
the Cascaded System Pnon-signaI:

Power Consumed by Devices to Facilitate Signal Transfer in the Cascade (e.qg.,
Power Consumed by an Active Mixer or Wasted Power in an Active Amplifier)

Matched
Load

Psignal
Power Delivered to the Output of the
Device or Cascaded System

A Fig. 1 Power decomposition of a cascaded communication system or device.57
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TABLE 1
SUPERPOSITION OF POWER SOURCES IN
ELECTRONIC
NETWORK SYSTEMS
Type Symbol Description
Signal Power of signal delivered to the device/
output Petenel cascade output (e.g., power amplifier
power output delivered to a matched load).
Power consumed by a device or circuit
Non-sianal on the cascade path to facilitate signal
9 Pron-sianal transfer in the cascade (e.g., wasted
path power Dolsige ; i
power drawn by an active amplifier on
the signal path).
Power consumption of components
Non-path that do not contribute to the signal
P Pron-path and are not along the signal path
ower ;
p cascade (e.g., oscillators,
displays, cooling elements, etc.).
Power of the signal that comes from
the output of the source and which is
Source the input power signal of the device or
power p cascaded communication system. At
(Input signal source,out | each step, this power coming in from
power) the source is multiplied by the gain of
the stages, yielding the signal power
output, Pgjgn,.

or cascade by a source that is connected to the input.
Figure 1 and Table 1 describe the four types of power
that make up any circuit or system.

The non-path powers are not considered in the deri-
vation of waste figure since these components are not
found in a cascade along a signal path, just as noise fig-
ure does not consider non-path components as noise
contributors. However, the total power consumption of
both the signal path and non-path components is easily
found using W and the power components of Table 1
using upcoming Equation 9. While waste figure charac-
terizes a device or cascade on a signal path, the basic
principles of power superposition and waste factor may
be useful in analyzing non-path wasted power and pow-
er consumption using similar mathematical models and
new figures of merit. It may be that non-path powers
include the quiescent power drain of cascaded compo-
nents that are in a sleep/off state or for the case when
impedances are high-Z or greatly mismatched. This re-
mains an open area for definition and usage.

In the development of noise figure, the output power
of the input source was due to thermal noise at the re-
ceiver input. For waste figure, the output power of a sig-
nal source is the signal input power to the cascade or de-
vice. When considering the four power sources of Table
1, it becomes clear that for any cascade or device along
the signal path, which will be called a “system,” the total
power consumed by just the system carrying the signal
(Peonsumed): is equal to the total power consumed by the
system, including the input signal power, minus the input
signal power to the system, in order to refer W to the out-
put of the system alone, regardless of input signal levels
(assuming linearity). This is expressed in Equation 7:

Pconsumed - Psource, out = Fsystem—added + Pnon—signal (7)

where Py g added S the signal power added by the
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system and the signal output power
of the system is Psignal = Msource,out *
Pyystem-added. From Equation 7, the
total power consumption of the
system along the signal path, inde-
pendent of the input signal power,
Peource out 1S given by the superposi-
tion of Equation 7 and is shown in

Equation 8:

Eonsumedz 'Dsystem—added +P non—signal T ’Dsource,out
=’Dsr9nal_ source,ou[+P non—signal T | source,out
= ’Dsigﬂa( +P, non—signal
=P__ W

signal

(8)

The use of W in Equation 6 and
Equation 8 provides a convenient
method to compute the total and
wasted power consumed by a de-
vice or cascade. Using Equation 8
and then by including the non-path
powers, P, . . contributed by
all components that are off the sig-
nal cascade (such as displays, heat
sinks, power supplies, etc.), the total
power consumption of any system
may be found as shown in Equation
9 using superposition of all power
types in Table 1:7.14
P Pyt + P

consumed,total ! signal non—signal

=P, W+P

signal non—path

+P

non—path

(9)
The only factors that must be
known for every device on the signal
path along the chain of a cascaded
network are gain and efficiency. Gain
has the standard definition for the
signal path components in the cas-
cade that carry information to later
stages of the cascade and the ef-
ficiency is defined as the reciprocal
of the waste factor (W) in Equation 4.
These two formulations are shown in
Equation 10:

Output Power(P,;)

Gain(G) = Input Power(P,,)
1 __ Fuigna
WFefficiency (77w) = W - Pco:j:nied
Psignal

Psfgnal + Pnon*signal

(10)

As noted earlier, the waste factor
efficiency, 7w, as defined in Equa-
tion 4 and Equation 10, is the recip-
rocal of W. For passive devices, 1/W
= 7Jwis identical to the traditional
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definition of efficiency when relating

output power to input power
( _ Power Output)

~ Power Input

In the special case of active com-
ponents powered by a DC source,
W is equal to

PDC + Psource,out
Psignal
which is equal to the reciprocal of
PAE#1 12 a5 shown in Equation 11
from Equation 8:
P P

W consumed  _ signal

active P
P

signal
signal

+ ( PDC B Psystsm*added) _

+P

non-—signal

signal

signal

+PDC'(P

signal

P

signal

IDsourcs,out )

signal

P + F’sourcs out
= P.__ — = PA‘IEM (11)
signa

RF, microwave and circuit engi-
neers characterize amplifiers using
PAE.10-13 While Equation 11 shows
total PAE'2 (PAE*!) is the inverse
of the waste factor for the case of
an amplifier that uses a DC power
supply, a more customary defini-
tion for PAE,13

PAEH2 _ PR, out~ PRF,in

Poc
is easily shown to be related to W as:

PRFin
W= gl (1R )18}

which is nearly identical to Equation
11 when G is large. To consider the
power wasted along a cascade of
active devices, the reader can use
Equation 5 which is proved in Equa-
tions 22 to 24 by simply using
W=# to characterize power
efficiency and power consumption
using the waste factor of a cascade,
similar to how noise factor is used to
quantify additive noise and SNR
degradation for a cascade.

It should be clear that waste
factor efficiency accounts for the
proportion of signal power output
when compared to the total power
consumed, on the signal path cas-
cade where the total power con-
sumed includes both output sig-
nal power and all non-signal (e.g.,
wasted) power, independent of
the input to the device or cascade.
From Equations 4, 8 and 10, it can
be seen from superposition that
P (additive wasted power in

non-signal

a device or cascade) and the total
power consumed by the device or
cascade are related to W by Equa-
tion 12 and Equation 13:

1
Pnonfsignal = Psignal(ﬂ -1 )

= Psignal( W-1 ) (1 2)
Pconsumed = Psignal + Pnon*signa/ =

Psfgna/[1 +<% 1 )] = WPqignas (13)

Fundamentally, Equation 4 and
Equation 10 show that W is defined
as the inverse of efficiency.37 Defin-
ing the waste factor in this manner
provides a FoM that may be used
for any device or cascade and re-
lates the waste factor to additive
wasted power, just as noise figure
did for additive noise power. This is
shown in Equation 14.

W = A Peonsumed - (14)
Nw Psignal
PS[Q”""I + P”0”_5i9”3/ _ Pdelfvered + Pwasted
’Dsignal Pdelivered

Because W characterizes the use-
ful signal power delivered to the
output of any device or cascade rel-
ative to the entire power consumed
along the device or cascade, it is
most sensibly calculated referred
to the output. Employing the con-
cept of waste factor allows one to
quantify power dissipation within a
device (e.g., wasted power, since
some power is not contained in the
signal that is carried forward) which
from Equations 13 and 14 and Table
1 can be expressed in Equation 15:

Pwasted = Pnon—signal = (W -1 )Psignal
= (W' 1 )GPsource,out (1 5)

It is clear from Equation 15 that
the input power to the cascade,
(€.9-/ Psource,our) 18 NOt required to
be known when using W, since W
is a characteristic of the cascade
or circuit, unrelated to input or
output signal powers, as the cas-
cade is assumed to be linear and
matched. When a device along the
cascade is turned off (e.g., Pgigny
= 0 or Pyoyrceout = 0), W is still de-
fined for a device or cascade, just as
Friis was able to turn off the input
signal power and still define F for a
cascade, even when F = SNR/SNR
was infinite or undefined.

The formulation of W for a cas-

o
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Pin1 Pin2 Pout
Network 1 .

Source Terminal Network 1 Terminal Network 2 Terminal

A Fig. 2 A general cascaded communication system with a
pair of devices.

caded system as shown in Equation 5 is proved using
the simple cascade of two devices shown in Figure 2.

Using Figure 2, the waste factor for the cascade signal
path (where P, .4, from auxiliary components is neglect-
ed since they are not on the cascade) can be calculated as
illustrated using a cascade of two devices. First, the total
power consumed at the output terminal of network 2 can
be defined using Equation 4 or Equation 10 as shown in
Equation 16:

Pconsumed 2= Pde livered T Pwasted

W1,2Pout (1 6)

Then, the power consumed at the output terminal of
network 1 can be defined in Equation 17:

'Dconsumed1 =W, Pout'l =W, Pin 2 (17)

Here, P onsumed,1 denotes the total power consump-
tion at the output terminal of device 1, which includes
both the signal power applied to the |nput as well as the
additional power consumed and contained in the signal
that is transmitted to the subsequent device. It also in-
cludes the power wasted (e.g., not contained in the sig-

nal) by device 1, itself. When P, . . (the input signal
power) is subtracted from the total consumed power
using Equations 7, 16 and 17, the standalone power

consumption of device 1 is defined by Equation 18:
Pconsumed,Network—1 = W1 Pin,2 - Pin,1 (1 8)

Applying the same approach to device 2, the stand-
alone power consumption of device 2 is defined in
Equation 19:

Pconsumed, Networl(—2=W2 Pout - Pin,2 = WZ Psignal - Pin,2 (1 9)

Intuitively, the total power consumption of the cas-
caded system of the two devices is the sum of power
consumed by each device alone and the power input to
the system and this is shown in Equation 20.

PtotaI=Pin,1 +Pconsumed, Network—1 +Pconsumed,Networl<—2 (20)

Also, the output signal power of the cascade is shown
in Equation 21:

GZ in,2 (21)

It follows from Equation 18 and Equation 19 that the
total power consumption of the cascade can be shown
in Equation 22:

Ptotal = P/'n 1 + Pconsumed Network—1 + Pconsumed,Networl(—Z
= (W‘I - 1) n2+W2PsignaI

- (w+ D)

Psignal out

Psignal (22>
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Since Equation 22 is of the same form as Equation
13 and Equation 8, the power waste factor for the cas-
caded system of Figure 2 is given by Equation 23:

W, -1
o 1)

(23)
From Equation 23, W for a cascaded system with N
devices may be generalized in Equation 24:
(Wn=1-1) . (Wn-2-1) (W;-1)
W =W+ + 4+t
N Gy GnGn-1 nv,G,

(24)

Note the approach and mathematics are strikingly
similar to the cascaded noise factor in Equation 2,1 ex-
cept W is referred to the output and is generally most
impacted by the component closest to the Nth compo-
nent closest to the sink.>7

The wasted power of the cascade when there is a
continual signal flow can be determined based on ei-
ther the output power as in Equations 6, 8, 12 and 15 or
based on the input source power and the gain of each
stage as in Equation 25, but a signal flow to the output
is not required to define W.

P = Pwasted = (W' 1 )HIN:1 Gi’Dsource,out (25)

non—signal
In Equation 25, W is the waste factor for the entire
cascade and G;is the gain of iy, stage, with i = 1 denot-
ing the stage closest to the source and N is the number
of cascaded components.

HANDLING TIME-VARYING POWER STATES
WHEN USING WASTE FACTOR

In a cascaded system, the components often exhibit
dynamic behavior of varying power efficiency, leading
to temporal variations in the waste factor. Amplifier ef-
ficiency levels may change above their quiescent power
consumption levels over time when a signal of varying
magnitude is applied or different devices, systems or
chains are turned on and off at different times or for
different functions to conserve power, etc. To account
for these fluctuations, it is practical to calculate the aver-
age waste factor of each device over a designated time
interval or averaged over all the finite power states.
This can be mathematically described using the time
average, which is simply the integral of the time-varying
waste factor over an observation interval. Just like with
the noise factor, a time-averaged waste factor may be
used, denoted as W in Equation 26:

_ T — 1 N
W= [ Wedt or W= w, (26)

Where:

T represents the selected period over which the av-
erage is taken, presumably over all operating states

W, denotes the instantaneous waste factor at time t

W; represents each of the finite number of power
states

In this calculation, there are N states and the duration
of each state is considered in the average. This formula-
tion provides a time-averaged measure of the waste fac-
tor to capture an average value of the dynamic nature of
the power consumption and efficiency. For on/off com-
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ponents (e.g., amplifiers) with static/
quiescent power, when a state is “off”
during an observed epoch, the static
power of such components may be
treated as non-signal power (P, g
nal although it may be more useful to
consider these “turned-off” devices
as contributing to non-path power
rather than using Equation 26 since
the “turned off” components do not
carry signal power across a cascade
when in the off state. This is an open
research area ripe for discovery and
definition of convention.

ANALOGIES BETWEEN WASTE
FACTOR AND NOISE FACTOR

The analogous mathematical
formulation of F and W is imme-
diately apparent from the above
text. However, there are important
characteristics of each metric to
keep in mind. Since noise figure is a
measure of the additive noise from
a source that results in the degra-
dation of SNR caused by the com-
ponents in a cascaded system, it
quantifies the amount of total noise
added to the signal referred to the
input of the cascade. Therefore, F
increases when observed from de-
vice 1 (closest to the source) to N
(closest to the sink). On the other
hand, W is a measure of the addi-
tive wasted power consumed by a
cascaded system and quantifies the
amount of power consumed and
wasted by the cascade compared to
the total signal power that is trans-
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TABLE 2

WASTE FACTOR AND NOISE FACTOR COMPARISONS

Aspect Waste Factor Noise Factor
W: Indicates the amount of power
wasted in a device or cascade F: Indicates the amount of additive
Definition when referred to the signal output noise power from the device or
power. 7, is the inverse of W, and is cascade referred to as the input.
denoted as waste factor efficiency.
Reference Referenced to the output of a Referenced to the input of a device
port device or cascade. or cascade.

Interpretation

W =1 (WF = 0 dB) indicates all

power consumed by a device or
cascade is delivered as the signal
output and no power is wasted.

F =1 (NF = 0 dB) indicates there
is no additive noise in a device or
cascade and there is no degradation

of value Greater W means greater additive I SHIR et e output. Gregter 7
means greater additive noise and
power waste and less energy )
2 4 SNR degradation.
efficiency.
congusride;oaiga£§§tégeaigvée\/;ral| Wietely weeel in inelusiyy o einel e
Utility - and quantify the additive noise in
power efficiency of cascaded .
: cascaded networks and devices.
networks and devices.

For any cascaded linear system
or electronic device with a source For any cascaded linear system or
Application and a sink including channels of electronic device, primarily used in

all types (not limited to receiver receiver chains.
chains).
Passive W is equal to the loss of the passive | Fis equal to the loss of the passive
component component or channel (W = L). component (F = L).
W of a cascade is generally
dominated by W of the component
closest to the sink. A high gain
efficient amplifier at the cascade F of a cascade is generally

output maintains a small W and dominated by F of the component
Key good power efficiency of entire closest to the source. A high gain

observations

cascade. When channel loss is
greater than RX gain, channel loss
dominates the system waste factor
of the link. Increase RX gain and
reduce TXW (e.g., increase TX WF
efficiency) to overcome the power
lost in the channel.

LNA closest to the source (antenna)
maintains a small F and little SNR
degradation throughout the entire
signal chain of a receiver.
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1 Pi-Pad
| Attenuator —
L

A Fig. 3 Passive attenuator circuit
diagram.

ported to the output. Since W is de-
fined as the ratio of the total power
consumed by the cascade to the
signal output power, W is referred
to the output and increases (e.g., ef-
ficiency decreases) when observed
from device N (closest to the sink)
to device 1 (closest to the source).

A larger value of W signifies more
power wasted. The value of W is al-
ways equal to or greater than 1, with
W = 1 signifying that all power sup-
plied to a component or cascaded
network is fully utilized in the signal
output. This is the optimal condition
with no power wasted. W equal to
infinity indicates that no power is
contributed to the signal output and
all power is squandered (e.g., a per-
fect dummy load or a completely
lossy channel). Some comparisons
in the utility and scope of F and W
in communication systems are sum-
marized in Table 2.

In conclusion, both F and W are
useful in the analysis of communica-
tion systems. F is a well-established
metric that provides a measure of
the additive noise of a system and
the degradation of the SNR. W is a

new metric that provides a measure
of the additive wasted power of a
system and the energy efficiency of
a system. Both metrics are impor-
tant for circuits and communication
systems, but as shown later in this
article, W has further applications
for understanding power efficiency
in computing and processing, as
well as communication systems.
With the increasing importance of
energy efficiency for our planet, W
can be a useful metric for enabling
the design of a wide range of green-
er systems.

APPLICATIONS OF WASTE
FACTOR IN DEVICES AND
SYSTEMS

Waste Factor for a Passive Device

Consider applying the waste factor
to an attenuating stage like the pas-
sive attenuator shown in Figure 3.

The gain of the attenuator is de-
fined as the output power divided
by the input power as shown in
Equation 27:

P

out

G VL 27
atten — Pin - Vi27’l — Fatten ( )
Where:
V.1 is the input voltage of the at-
tenuator
V;is the output voltage of this at-
tenuator
L is the loss of this component
L>1)
This assumes that the impedance
at the input and the output of the

attenuator are equal, which directly
relates the power ratio to the square
of the voltage ratio. Treating this at-
tenuator as the iy, stage of the cas-
cade, the output power is shown in
Equation 28 as:

Psig,‘ = Gatten Psig,,1

(28)

The power wasted by the attenu-
ator (e.g., not provided in the signal
output) is defined in Equation 29:
P P,

non-sig; = sig;.q - Psig,-

=(1 - atten) sig;_4 (29)

Where:
F,ig. is the total signal power de-
livered by the iy, stage to the (i +1),,
stage

Pron-sig, is the signal power used
by the iy, stage component but not
delivered as signal power

Based on the definition of W
in Equations 4, 10 or 14, W for a
passive attenuator is computed in

Equation 30 as:

W _ Pconsumed
atten = P
signal, out

_ Gatten PsigM + ( 1- Gatten)PSig,'_‘\

Gatten Psig,-_1

= Gatten = Latten (30)

Note the duality between attenu-
ators using the waste factor and the
noise factor. Waste factor, repre-
sented by W, o, = Lotten quantifies
the wasted power expended in the
attenuator while noise factor F_;.,
Latten quantifies the degradation

of the SNR due to additive noise.
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Waste Factor for a Communication
Channel

In a communication system, the
concept of waste factor (W) pro-
vides valuable insights into compre-
hensively understanding the power
efficiency of the data transmission
process through a lossy channel.>-/
Any type of channel, whether wire-
less, wired, optical, etc., plays a vital
role in the overall power efficiency
of an end-to-end communication
link. Consider a scenario where the
power transmitted from the source
is denoted as Pry and the power
received at the receiver is Pry. Con-
sider a lossy channel with a loss
(e.g., L = 1/attenuation) given by
Equation 31:

Prx
Lepan =B 31
chan PRX ( )
Also, the channel gain can be ex-
pressed as the reciprocal of loss as
shown in Equation 32:

P, ,
PL_;_)); = Lcl)an (32)

chan =

Assuming the iy, stage of a cas-
caded system represents the chan-
nel, then the signal power out of the
channel, Py, i is derived in Equa-
tion 33:

Psigna’,i = Gchan Psignal,i—1 (33)

Here Pggnali1  corresponds to
the output power of the transmitter
P1x: Psignali €quates to the signal
power out of the channel and is ap-

sit us at IM?
ooth #812

plied as input pow-
er at the receiver,
Prx. Consequent-
ly, the non-signal
power Py nal,i
within  the chan-
nel represents the
amount of transmit-
ted power not suc-
cessfully received

Source

Baseband (BB)
Amplifier

—>

Mixer RF Amplifier
‘ P Matched
Load
Oscillator

out of the channel
(e.g., channel loss
or path loss) which
is additive wasted power of the
channel which is a component of the
cascade between source and sink
and this can be formulated as Equa-
tion 34:

Pnon-signal,i = (1 - Gchan)PsignaI,i-1
(34)

where (1-G,,,) quantifies the
proportion of the signal power lost
due to various factors such as atten-
uation, scattering and absorption.
Multiplying (1-Ggp,n) by Ps:gnalM
yields the amount of power dis-
sipated during transmission and
is the power lost or wasted in the
channel. The waste factor for the
channel can readily be calculated
using Equation 34 to get the results
of Equation 35:>/

_ Ps;gna i Pnon -signal, i
Wchan - P
signal, i
_ Gchan Psignal,i—’l +(1 - Gchan)PsignaI,i—’I
Psignal,i
1

(35)

=L
Gchan chan

Broadband RF &
Microwave Solutions

A3 Fixed Attenuators

e Variable Attenuators

* Terminations

* Power Dividers/Splitters
* RF Adapters

e DC Blocks

* RF Tuners

* DC to 50 GHz

»» 1 Watt to 2000 Watts

e Custom Solutions

A Fig. 4 Homodyne transmitter with a matched load.

Notably, unlike electrical devices,
a wireless channel does not have a
non-path power component (P,
.th), Making it like a passive at-
tenuator. Therefore, the waste fac-
tor for a channel (W,,,) is equiva-
lent to that of a passive attenuator
(\Nchan= Lchan>'

Waste Factor for a Homodyne
Transmitter

The section presents a waste fac-
tor application example to compare
two cascaded systems with differ-
ent components. We compare the
power efficiency of two different
homodyne transmitters, each with
matched load termination at the
antenna. Figure 4 shows the ho-
modyne transmitter block diagram.

Table 3 illustrates the application
of the waste factor (W) and the value
of W for a cascade as described in
Equation 5 and Equation 13 to eval-
uate the impact of overall energy ef-
ficiency using different components
in a homodyne transmitter system.

Table 3 and Figure 4 are illustra-

i."

We Are Wemschel
+—Since 1988—t

WEINSCHEL

ASSOCIATES
BROADBAMND RF

&le_ﬂ{awnvf
SOLUTIONS

2505 Back Acre Circle, Mount Airy, MD 21771 ¢ 301.963.4630 ¢ sales@WeinschelAssociates.com

www.WeinschelAssociates.com

74 MWJOURNAL.COM m MAY 2024



TechnicalFeature

TABLE 3
COMPARATIVE ANALYSIS OF W IN HOMODYNE TRANSMITTERS
Example 1 Component Gain (Factor) Efficiency (n,,) W (WF)
RF amplifier 20 dB (100) 52%
Case 1 Mixer -6 dB (0.25) 25% 2.20 (3.42 dB)
BB amplifier 13 dB (20) 14%
RF amplifier 20 dB (100) 26%
Case 2 Mixer -6 dB (0.25) 25% 4.12 (6.15 dB)
BB amplifier 13 dB (20) 14%
Example 2 Component Gain Efficiency (n,,) W (WF)
RF amplifier 20 dB (100) 30%
Case 3 Mixer -6 dB (0.25) 35% 3.39 (5.30 dB)
BB amplifier 13 dB (20) 52%
RF amplifier 20 dB (100) 30%
Case 4 Mixer -6 dB (0.25) 35% 3.46 (5.39 dB)
BB amplifier 13 dB (20) 26%

tive for how to use W to characterize
energy efficiency based on the se-
lection of different components. Us-
ing Case 1 as an example, the waste
factor of the homodyne transmitter
based on component parameters in
Table 3 is calculated using Equation
5 or Equation 24 and W = 1/7w:

1 (1/0.25-1)  (1/0.14-1)
Wease1= 052 100 T 100x0.25
=2.20=3.42dB

Example 1 in Table 3 compares
Case 1 and Case 2 to show how
components with different efficien-
cies impact W of the cascade using
Equation 5 or Equation 24. It can
be seen that Case 1, with a more
efficient RF amplifier, results in a
lower W of 2.20 (3.42 dB), signify-
ing better power efficiency ‘and less
wasted power than Case 2, which
uses a less efficient RF amplifier and
yields a larger W of 4.12 (6.15 dB)
for the cascade. Example 1 shows
that almost twice as much power
is wasted in Case 2 (e.g., 6.15 dB -
3.42 dB = 2.73 dB) which is roughly
the proportion of efficiencies of the
two different final amplifiers. The
above example shows that amplifier
efficiency closest to the sink domi-
nates the overall waste figure of the
cascade.

In Example 2 of Table 3, Cases 3
and 4 are considered. Here, again,
overall W, as computed in Equation
5 or Equation 24, is impacted by
specific components, but for this ex-
ample, we see that components far-
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thest from the sink have much less
impact on overall power efficiency.
Case 3 shows how a baseband am-
plifier that is much more power ef-
ficient achieves only a slightly lower
W of 3.39 (5.30 dB) compared to
Case 4, which uses an identical RF
amplifier but a much less efficient
baseband amplifier. Case 4 has only
0.09 dB poorer energy efficiency
with a W of 3.46 (5.39 dB). While
these observations are intuitive,
waste factor allows precise quantifi-
cation and comparison.

These examples illustrate the im-
portance of optimizing power effi-
ciency in the components closest to
the sink to reduce waste and enhance
system efficiency. These examples
also show how waste factor may assist
researchers and engineers in creating
energy-efficient component technol-
ogies and system designs.

Waste Factor for a Communication
System with a Channel

Figure 5 shows a system with a
channel that is easily treated as a
cascaded system. Note that P; is
the power from the TX, P, is the
power out of the channel and into
the RX, and Wy and Wy represent
the waste factors of the TX cas-
cade and RX cascade (not shown),
respectively. Note that the channel
may be wireless, wired, acoustical,
optical, etc. and may have multiple
users/links.

The total waste factor for the cas-
caded system, including the TX and

RX components as well as the inher-
ent loss of a channel, is defined as
Using Equation 5 or Equation

245}/i/vsyS is given by Equation 36 as:
Wsys
W, Woy - 1

GRX GRX Gchan

From Equation 35, it is clear that
W chan=Lchan @nd when the receiver
gain, Ggy, is substantially less than
the loss of the channel, L., whlch
is typical for wireless links, W,
Equation 36 then simplifies to Equa-
tion 37:567

- Lchan X Wrx
Wsys ~ GRX (37)
Equation 37 implies that to

achieve a smaller W, value, which
is indicative of a more power-effi-
cient end-to-end system, it is es-
sential to have high-gain receivers,
and transmitters with high power
efficiency.

The key result of Equation 37 may
be written in dB as Equation 38:

sys(dB) =~ chan(dB)+
Wix (dB)- Ggx (dB) (38)

Equation 38 shows that the stra-
tegic configuration of power-effi-
cient TX output components and
high-gain receivers minimizes en-
ergy waste over any channel, opti-
mizing the system energy efficiency.
The simplicity of the system depict-
ed in Figure 5 underscores the need
for certain components to be prop-
erly designed for greater power ef-
ficiency to have the greatest impact
on the overall minimization of pow-
er waste and offers a framework for
understanding mobile system pow-
er consumption for individual users.

Now investigate how waste fig-
ure varies for different communica-
tion systems comprising a simplified
TX, a lossy channel and a RX. The
assessment considers the system
architecture of Figure 5 while vary-
ing system gain and efficiency at
each stage as shown in Table 4.
This comparison enables an intui-
tive understanding of how changes
in system gain and efficiency impact
the overall energy efficiency of the
communication system in Figure 5.

The different cases in Table 4 il-
lustrate that when the channel loss
increases, as seen between Case
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A Fig. 5 A communication system including a channel.

1 and Case 2, the waste figure in-
creases by a similar amount (e.g, the
channel loss dominates power effi-
ciency). Case 3 shows that making
the RX more efficient (e.g., increas-
ing its efficiency by 25% from 0.8 to
1), does not significantly affect the
waste figure, reducing it by only
0.02 dB. However, in Case 4, when
the TX efficiency is improved (e.g.
doubled) from 0.5 to 1 with all other
parameters the same as in Case 3,
there is a noticeable decrease of 3
dB in the waste figure, which is equal
to the increase in TX efficiency. This
design saves half the consumed
power for the same link quality. Case
5 uses the setup of Case 3 with the
RX system gain increased from 60 to
70 dB. This saves much more power
with the waste figure dropping by
10 dB. Comparing Case 5 and Case
3, Case 5 is vastly more energy ef-
ficient. By increasing the RX system
gain, Case 5 needs only one-tenth
the TX power compared to Case 3
for the same cascade output power.
This efficiency is shown by a 10 dB
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TABLE 4
COMPARATIVE ANALYSIS OF WASTE FIGURE IN FIGURE 5
Example 1 Component Gain (dB) W (9;1) Wsys (dB)
Transmitter 61 2
Case 1 Channel -70 70 dB 13.27
Receiver 60 1.25
Transmitter 61 2
Case 2 Channel -80 80 dB 23.03
Receiver 60 1.25
Transmitter 61 2
Case 3 Channel -80 80 dB 23.01
Receiver 60 1
Transmitter 61 1
Case 4 Channel -80 80 dB 20.00
Receiver 60 1
Transmitter 61 2
Case 5 Channel -80 80 dB 13.22
Receiver 70 1
Wireless/Wired Channel reduction i . the
w W waste factor, indi-
™ ) , RX cating that Case
L=GT"= ;’ 5 uses energy 10
2 .
Tx . Rx times more effec-
! tively than Case 3.
(Pq: Power from the Tx, P»: Power into the Rx) The conclusion
from these observa-

tions is that if a low-
er loss channel is
not available, increasing the RX gain
has a significant impact on reducing
waste. Additionally, improving the
efficiency of the TX is also a vital way
to make the system more power ef-
ficient. The waste figure theory was
first tested for the power consump-
tion tradeoff between a single hop
communication system versus a relay
system, whereby operating regions
were found that indicated which ar-
chitecture was more power efficient
to use for an end user.’

Waste Factor Applied to Data
Centers

Data centers are one of the larg-
est consumers of power today. The
information technology (IT) field has
established the power usage effec-
tiveness (PUE) FoM.8 Employing the
PUE to determine the power usage
of non-IT components in relation
to servers in a data center offers a
straightforward approach to asso-
ciating non-IT power consumption
with the power consumed by server
operations.

The IT industry defines PUE as
the ratio between the summation
of the amount of energy consumed
by IT equipment and the energy
consumed by auxiliary equipment
for data operations, compared to
just the IT equipment energy us-
age. As shown in Equation 39, the
IT equipment includes network-
ing equipment that is on the signal
path, (e.g., switches, routers, fire-
walls, etc.) as well as components
that do not transfer data but that
are vital to data processing and
thus may be considered as being on
the cascade (using the waste factor
model of Figure 1) but as not con-
tributing (e.g., wasted power in the
transport of information in servers,
storage systems, etc.). The energy
consumption of auxiliary equipment
includes cooling, lighting and non-
network devices that do not carry
data center information, etc., and
are similar to non-path components
in the waste factor model (e.g. see
Equation 9)*8

Total data center energy
PUE =
Total IT energy
— Pt Pa
Pr

Since a data center provides in-
formation (e.g., data) from a source
to a sink in its operation, the waste
factor can be applied to gain new
and vital insights to optimize the
data center power efficiency. W can
be applied to a data center if cer-
tain assumptions are made about
how and where the signal power is
transferred. Assuming that Equa-
tion 39 defines P as the power
consumed by the IT equipment,
(e.g., signal path power and wasted
power on the signal path) and P,
is the auxiliary equipment power
consumption, then Equation 39
may be recast in terms of W. This
use of W considers only the pow-
ers consumed and delivered from a
source to a sink within a data center
while treating P, as off-path power
that is not involved in the computa-
tion of W per Equation 9. Total data
center power consumption is then
computed through the sum of sig-
nal-path and non-path powers.

In the data transmission or pro-
cessing within a data center, the
major power consumption is attrib-
uted to servers, network switches

(39)
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and computing equipment, while additional power con-
sumption is associated with cooling systems, power dis-
tribution units (PDUs) and other auxiliary equipment. Ac-
cording to findings,? servers and networking equipment
account for about 60 to 70 percent of the overall power
consumption in a data center. Cooling systems contrib-
ute about 30 to 40 percent of the total power consump-
tion, while the remainder is consumed by power distribu-
tion units (PDUs) and other auxiliary equipment.

To break down the information path power consump-
tion of the data center, the total data center information
path power consumption is modeled in Equation 40:

Pconsumed = PIT = Pim’o + Pnon—info (40)

where P; . is the sum of all powers of each com-
ponent that is used for carrying information or data in
the system. The information path power is the network
within the data center (e.9., P,outerr Powitchr Prirewal) @nd
other network equipment that carry information. This is
similar to the previous definition of signal powers stem-
ming from components on the cascade and it is defined

in Equation 41:

Pinfo = Prouter + Pewitch + Pirewall (41)

and P, .,.info is defined as the power used by the oth-
er |T-critical components that process the data but that
are not directly involved in data transmission (e.g., Py,
cessorr Pmemoryr Pstorager Pric)- This is similar to the previ-
ous definition of the non-signal or wasted power of cas-
caded signal path components. The power consumed
by the non-info components is shown in Equation 42:

Pnon—info = Pprocessor + Pmemory + Pstorage + PNIC (42)

where NIC represents the network interface cards.

Using this dichotomy to represent a data center in terms
of a fine-grain consideration of components, Equation 40
may be used to recast PUE, as defined in Equation 39, as
Equation 43:

Pinto + Poon-info + P.
PUE = mf(la:,‘ 1or’13—nmfo aux (43)

info
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From Equation 39 and Equation 43, the data center’s
total IT power consumption (e.g., analogous to total
power consumed by the cascade) can be rewritten in
terms of PUE and the useful and wasted powers on the
signal path as Equation 44:

Paux
PIT = ‘PUE-1 = Pinfo + Pnon—info (44)

Now, just as in previous sections, based on Equa-
tions 14, 43 and 44, the waste factor of the data center
(ignoring auxiliary power similar to ignoring off-path
power) can be defined as Equation 45:

Pinfo + Pron-i P.
W = 77;‘1 _ linfo non -info aux (45)

Pim‘o - Pinfo (PUE' 1)

The total power consumption for the data center, like
the approach in Equation 9, can then be calculated by con-
sidering the data center as a single system that has signal
path components, with some that carry information and
some that do not, as well as auxiliary non-path compo-
nents. Using Equation 45, Equation 9 and the definition of
PUE, the total consumed power is defined in Equation 46:

Pconsumed,total =P W+P,,,= ﬁ + P,y
= Pinto * Pron-info + Paux (46)

The interpretation for W in Equation 46 is intuitive as it
is for circuits or communication systems and relates W to
PUE, an existing FoM in data centers. However, this inter-
pretation requires a finer definition of components that
map to Figure 1, and this approach enables a better un-
derstanding of the power efficiency of the data transport.

The example in Figure 6 shows how waste figure
applied to a data center provides a more detailed un-
derstanding of power efficiency compared to the com-
monly utilized PUE metric in data center evaluations.
Consider two data centers with equal PUE values but
with different architectures.

The example of Figure 6 assumes that Data Center
A'is a larger facility with more equipment and a higher
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Data Center A

)

Data Center B

A Fig. 6 lllustrative comparison of two
data centers.

total energy consumption. Con-
versely, Data Center B is smaller
and uses less total energy. Assum-
ing both data centers have identical
PUEs and comparing total energy
use, it might seem that Data Center
B is more efficient. However, PUE,
like waste factor, is designed to de-
termine relative or proportionate
energy efficiency without re Joect to
actual consumption levels.8 Waste
factor, with its focus on power wast-
ed on the path that transfers data,
provides a better measure of the
power efficiency of these two data
centers since their ultimate mis-
sion is to transfer data in a network.
Table 5 shows a comparison of the
power consumption on PUE for
both data centers.

For Data Center A, the power al-
location is as follows: P, o = 140
kWh for information transmission,
Pron-infor = 40 kWh for non- data

n

transmission components and P,

= 150 kWh for auxiliary equipment.
In comparison, consider Data Center
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B, which allocates P, ¢, g = 60 kWh of
power for information transmission
components, P, i g = 30 kWh for
non-data transmission components
and P,,5 = 75 kWh for auxiliary
equipment. This example has been
specifically chosen to ensure the
PUE values for each data center are
identical (e.g., PUE would indicate

they are equally energy efficient).

PUE .= Pinfo_A + Pnon info.A T Paux_A
A Pinfo_A + P non-info_A

_ 140+40+150

T40+40 ~ 1.833

Pr'nfo P
PUEB_ P/nfo.B + Pnon»mfo,B
_60+30+75 _

=" e0+30 ~ 183
where PUE, and PUEg denote
the PUE of Data Center A and Data
Center B, respectively.
Now, using Equation 45, W for
the data centers can be calculated:

P

non-info-B aux.B

_PaU—X-A
W= Bion (PUER-T)

B 150

= 140(1.833-1) ~ 1286
WB Pau><_B

- Pinfo_B(PUEB' 1)

75
= 60(1.833-1) = '

By evaluating the waste factors,
W, and Wy, it is apparent that Data
Center A is about 20 percent more
efficient in its energy use in trans-
portlng data, even though both have

Instruments Corporatio
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RF & DC Accelerated Life Test Systems

Accel-RF is the World Leader in
Compound Semiconductor Reliability Testing!

identical PUEs. This efficiency is mea-
sured by comparing the amount of
power used directly for carrying and
processing information in the system
to the overall power consumption.
The PUE metric, although standard
in the industry, does not capture the
detailed energy usage of specific
equipment and their relative power
waste along the signal path, which
is the ultimate job of a data center.
It is worth noting that this result is
somewhat analogous in Reference 3
where wider bandwidth THz channels
are more power efficient on a per bit
basis than narrower millimeter wave
channels. The waste factor offers a
more detailed perspective by con-
sidering the function and efficiency of
individual components, which may be
defined with their own W values. This
analysis demonstrates the potential
benefits of adopting the waste fac-
tor as a metric for evaluating energy
efficiency in complex infrastructures
such as data centers. Utilizing W as
an efficiency metric can provide new
insights into optimizing power con-
sumption across various systems in-
volving a source and a sink.

CONCLUSIONS AND FUTURE
DIRECTIONS

The waste factor (W) or waste
figure (WF in dB) is a new figure of
merit for quantifying power efficien-
cy and offers a useful advancement
in the field of electrical engineering
and system design. By providing a
standardized metric for power con-
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TABLE 5

Data P; P, P,

DATA CENTER POWER CONSUMPTION AND
PUE COMPARISON WITH W

structure, millime-
ter wave wireless
networks and data
centers under-
scores its versatility

info non-info aux
Center (kWh) (kWh) (kWh) AU L/ and relevance in
A 140 40 150 1.833 | 1.286 CQ”temporﬁr)il en-
ineering challeng-
B 60 30 75 1.833 1.5 9
es. As the demand

sumption, it becomes possible for
designers and researchers to have
a common approach to quantify-
ing power efficiency. This article has
shown how the mathematical formu-
lation is similar to the historical ap-
proach used to create the noise factor
(F), yet W has much broader applica-
tions to systems of all types. The waste
factor enables electrical engineers
and circuit designers to quantify and
minimize power waste in any circuity
or cascade of devices or systems. This
paper has demonstrated the founda-
tional principles of the waste factor,
its mathematical derivation and its
practical applications across various
scenarios, including passive devices,
wireless channels, communication
systems and data centers. More ap-
plications are possible.

Waste factor provides an intuitive
understanding and mathematical
formulation of power consumption
within cascaded systems and allows
for the optimization of designs in a
manner that was previously chal-
lenging due to the lack of a unified
metric. Moreover, the application of
waste factor in emerging and criti-
cal areas such as UAV cellular infra-
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for energy-efficient
solutions continues to grow, the
waste factor offers promise as a stan-
dard analysis tool for enabling green
communications and  sustainable
technology development. Its adop-
tion as an industry standard could
drive significant improvements in the
energy efficiency of future electronic
devices and systems. The waste fac-
tor not only complements existing
metrics such as the total PAE in am-
plifier design or PUE in data center
design but also enriches the toolkit
available to engineers for design-
ing systems that are not only high-
performing but also environmentally
responsible. Future work may open
new areas of application of the waste
factor in both academic research and
industry practice with the develop-
ment of standardized measurement
and reporting guidelines and appli-
cations of waste factor to other types
of systems or devices. Additionally,
further exploration of potential appli-
cations, such as in the use of Al and
ML algorithms for power-efficient
design, could lead to more innova-
tive solutions and advancements in
energy efficiency. B
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