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1 EXECUTIVE SUMMARY

The radio-frequency (RF) noise figure is a performance parameter that is
well understood for multiple devices arranged in series in a single channel,
while the case of multiple inputs has been discussed less-frequently in the
literature. In this report we present a method for calculating the noise figure
for RF system containing multiple, parallel input signals. We consider both
incoherent and coherent input signals. We derive an important result for
typical beamformer configurations in which all the channels are identical
and all the RF signals are in phase. Under these conditions, provided input
signal-to-noise is properly defined, the noise factor of the entire system is
independent of both the number of channels and the intrinsic loss of the
combiner, and is equal to the noise factor of any one channel. We discuss the
importance of a proper definition of input signal-to-noise ratio, a definition
that depends on the coherence properties of the incoming RF signals. The
results of this study may be of significance for beamforming and phased-
array applications and for multiple-input/single-output (MISO) systems in
general.
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NF for Parallel RF 1

2 INTRODUCTION

Noise figure NF' is a well-established metric for characterizing the perfor-
mance of an RF device or system in terms of how much the signal-to-noise
ratio is degraded by the system itself. When multiple devices are connected
serially to form a link between a single input and single output, the overall,
end-to-end NF' can be calculated easily using well-known formulas [See, for
example Pozar [1]].

Certain systems comprise not just a single input but multiple, parallel in-
put channels, each carrying an independent stream of information. Phased-
array radars, for example, utilize multiple input RF channels all derived
by power-division from a single source. Receive-beamforming systems use
a spatial array of antennas to obtain multiple RF channels that are then
coherently combined and measured to obtain angle-of-arrival information.
Finally, unwanted multiple RF channel effects can occur when a presumed
single path undergoes reflections leading to so-called multi-path interference
effects.

Although discussions of noise figure for discrete devices and serial-
cascaded systems are found in nearly every textbook on RF or microwaves,
the literature on multiple, parallel-input configurations is relatively sparse.
Lee (1993) [2] and Gatti (2004) [3] each calculated NF' for an array of ac-
tive antennas. Holzman (1996) [4] and Agrawal (1999) [5] compared the
noise performance of RF beamformer architectures for phased-array appli-
cations. Prasad (2019) [6] recently investigated the noise figure for analog
and digital beamforming systems. The advent of hybrid RF-photonic sys-
tems with sufficiently-good RF performance in the mid-late 1990’s brought
renewed interest in photonic phased-array and beamformer systems [7, 8].
An important aspect of fiber-optic implementations is the ability to pro-
vide the long-length, true-time delays necessary for phased-arrays but with
extremely-low RF loss in the delay segments as shown recently by Mondich
(2020) [9].

In this report we amplify and extend the work of Lee [2] and Gatti [3] as
applied specifically to the noise figure for receive beamformer configurations.
For completeness, we analyze the cases of both incoherent and coherent
RF inputs and we do not restrict the analysis to the situation where all
RF inputs are presumed to arrive in-phase. In addition, we calculate the
effect of losing just one channel of the receive array as well as the effect
of losing all but one channel in the array as these provide further insight
into the behavior of NF in multiple-channel systems. Compared to archival
publications, here we extend certain results and provide significantly more

Distribution Statement A. Approved for public release, distribution is unlimited.
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2 Bucholtz, Mondich, Singley, McKinney, Williams

detail in the derivations. In contrast to much of the existing literature, we
show that the proper definition of input SNR depends on the coherence
properties of the RF input signals.

We always calculate noise in terms of power spectral density (PSD)
N(W/Hz) and we assume that, in the neighborhood of any RF frequency of
interest, the noise PSD is relatively flat so conversion to noise power is ac-
complished simply by multiplication by the RF bandwidth B. Thus, signal-
to-noise ratios are always expressed in units Hz~!. Although the logarithmic
quantity noise figure N F(dB) is the parameter most-typically quoted to de-
scribe device and system performance, here we shall calculate instead the
more natural linear quantity noise factor F where NF = 10log, F'.

3 OVERVIEW

The three RF configurations to be analyzed in this report are shown in Fig. 1.
Symbols shown in the figure will be defined in later sections and a complete
list of symbols appears in Appendix C . In each configuration, the signals
from each of the M individual parallel paths are summed together in an RF
combiner. In this work, we model the combiner as an ideal Wilkinson device.
We distinguish between incoherent Fig. 1(a) and coherent Figs. 1(b,c) cases
since we have found that the appropriate definition of input signal-to-noise
ratio depends on the coherence properties of the input signals. Beamformer
systems rely on RF interference and, hence, must comprise coherent inputs.
We include the incoherent case here for completeness and to illustrate the
distinctions between the two cases. In configuration (c) of Fig. 1 we assume
that the M coherent input signals are derived from a single RF source since
this is likely how a beamformer system would be configured for laboratory
testing using, for example, a network analyzer as source and receiver.

Distribution Statement A. Approved for public release, distribution is unlimited.
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Figure 1: The three multi-channel RF configurations analyzed in this re-
port, each comprising M input channels. (a) Incoherent input signals; (b)
Coherent input signals; (c) Coherent input signals derived from a single RF
source. Symbols are defined in the text and in Appendix C.

The report is organized as follows. Section 3 describes the overall goal
and approach of the report. A brief review of noise factor for discrete gain

Distribution Statement A. Approved for public release, distribution is unlimited.



4 Bucholtz, Mondich, Singley, McKinney, Williams

and loss elements and serial cascades of discrete elements is provided in
Section 4. Section 5 comprises the main results of the report in which we
derive expressions for the noise factor F' for all three configurations in Fig.
1 and discuss the behavior of F' in various limiting cases. A brief summary
and discussion is presented in Section 6. Three Appendices are included.
Appendix A reviews and summarizes details of the SNR and noise factor for
gain and loss elements and for some common serial cascade configurations.
Appendix B reviews the general scattering matrix for an ideal Wilkinson
device. A list of symbols is provided in Appendix C.

4 REVIEW OF NOISE FIGURE FOR SINGLE
ELEMENTS AND SERIAL CASCADES OF
ELEMENTS

In this section we review the noise figure for single, discrete elements and for
serial cascades of discrete elements. These results are well-known to every RF
engineer and are presented here only to establish nomenclature and to
provide the background needed in subsequent calculations for multiple,
parallel-input systems.

The noise factor F > 1 quantifies the degradation in signal-to-noise ratio
(SNR) upon passage through a device or system.

SNR;,
- —n 1
SNRout (1)

under the assumption that the input SNR is due entirely to thermal noise
at the standard temperature Ty = 290K,

F

P

N in — ) 2
SNR s (2)

where P, = input signal power and kg = 1.38x10723.J/K is the Boltzmann
constant. The noise factor is obtained once the gain GG and the output noise
PSD N,y are known. That is, regardless of the actual operating temperature
at the input, F' is defined assuming the input noise is entirely thermal noise
at the standard temperature. This in no way prevents us from calculating
noise at the output when the input noise is something other than kpTj as
we shall see shortly. By definition, SN Ryt = GPjy/Now: and, hence, for a

single, discrete element
_ 1 Nout

T GkpTy (3)

Distribution Statement A. Approved for public release, distribution is unlimited.
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4.1 Noise Factor for Gain and Loss Elements
4.1.1 Active Gain Elements

An active element with RF gain G always does at least three things: 1)
it amplifies the signal power P;, — GP;, = Py, 2) it amplifies the input
noise Nj, — GNjp, and 3) it adds some noise of its own, N/ . .. Then the
total output noise is Nyt = GN;p + N, édded‘ There are any number of ways
to handle the added noise mathematically but the standard approach is to
redefine N/ ;. = GNgydgeq and to write

Na e
Nout = GNm (1 + ]Vddd> (4)

where the multiplicative factor (1 + Nyggea/Nin) quantifies how much larger
the output noise is than the expected (and unavoidable) amplified-input
noise GN;,. If we defined the input noise PSD as kgTy then we can define
a noise factor as

Nadded
F=1+ KeTo (5)
In all cases, F' > 1.

Next, whatever the value of N, gg4eq, we can always write Nyggeq = kTe
where T, = (F — 1)Tj is called the “equivalent noise temperature”. Note
that, although T, is an entirely fictitious temperature that has nothing to
do with any physical temperature in the device, it will turn out to be a very
useful concept when we analyze cascaded systems. Hence, given input noise
kpTy, the total noise at the output of a gain element with specified noise
factor F' or noise temperature 7T is

Now = FGhTy = (GhyTy) (1 ; g) . (©)
0

The equivalent expression in terms of noise figure N F' is the well-known
Nout(dBm/Hz) = —174dBm/H z + G(dB) + NF(dB). (7)

Therefore, for the purposes of noise factor analysis, any active gain element

can be characterized by two parameters: either i) the RF power gain G

and the noise factor F' or, equivalently, ii) the RF power gain G and the
equivalent noise temperature T,. See Fig.2(a).

Distribution Statement A. Approved for public release, distribution is unlimited.



6 Bucholtz, Mondich, Singley, McKinney, Williams

—»| Amplifier G, F, T, —»
(a)

—b»| Attenuator L, F, T, |—>»
(b)

Figure 2: (a) Gain element characterized by RF power gain G and either
noise factor F' or equivalent noise temperature T, = (F' — 1)Tp. (b) Loss
element characterized by loss factor L = 1/G and either noise factor F' or
equivalent noise temperature T, = (L — 1)Tj.

4.1.2 Passive Loss Elements

A passive loss element (attenuator) can be described as having either a
power gain factor G < 1, or a power loss factor L = 1/G > 1. It is standard
practice to use the latter so that L, just like F', is always greater than or
equal to one. Given input signal power P;,, the output power P,,; = P;,/L.
Suppose now that there is no input signal and that the loss element is
properly terminated so that the input noise is just kgTy. The output noise
PSD in this case must also be just kpTp - the minimum possible value of
the output noise PSD for a passive loss element. Putting all these values
together, the noise factor for a passive loss element is
SN Ry, Py, kBT

SNRow _ k5T (Pon/L) (8)

It would be convenient if we could handle loss elements mathematically
in exactly the same way as gain elements, especially in cascaded systems.
To make this work we need to invent another fiction: We pretend that
the device indeed attenuated the input noise kgTp by 1/L but then added
some noise back in to make the output noise come out right. Then Ny =
(1/L> (kBTO + Nadded) = kT which forces Nyggeq = (L - 1)kBTO- (The
next section contains a more complete discussion of this concept.)

Hence, a passive loss element acts as if it had noise factor F = L and
equivalent noise temperature T, = Nyggea/kp = (L — 1)Tp. Just as with
gain elements, F' = (14 T./Tp). See Fig. 2(b). Finally, given input noise
N;n, > kpTp, the output noise of a passive attenuator is

1 1
Nouwt = 7 (Nin + kpTe) = T (Nin + (L = 1)kpTp) . 9)

Distribution Statement A. Approved for public release, distribution is unlimited.
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Figure 3: Output noise PSD vs input noise PSD for a passive loss element
having various power loss factors L. All noise values are in units of kgTy.

This expression is plotted in Fig. 3 for a few different attenuation values. We
see that, in the limit N;, — kpTy, Nowt — k1o as required, independent
of L and, in the limit L — 1 (0 dB), Nout — Nip as expected.

4.1.3 Proper Use of Equivalent Noise Temperature

We have seen that noise added by an active gain element is given by N/ ;. . =
GkpgT, where T, is the equivalent noise temperature. Now suppose the noise
at the device input is not kgTy but N;, > kpTy. Then the output noise is

Nout =G (Nzn + kBTe) (10)

where T, = (F — 1)Tp. So the equivalent noise temperature tells us how
much "new” noise is added by the element. Note that the output noise is
not given by GN;, + Gkp (To + T¢) since this would incorrectly imply that
there is an additional kpTy noise source at the input. Similarly, for a loss
element,

1
Nout = 7

- (Nin + kpT,) (1)

where T, = (L — 1)Tp.
For an active gain element, the gain factor and noise factor are typically
not related while, for a passive loss element, the loss factor itself defines the

Distribution Statement A. Approved for public release, distribution is unlimited.
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(a)

I Gl/Fl I LZ/ TeZ I G3IF3 I

(b)

I Lll Tel I GZIFZ I LS’I Teé’ I

(c)

Figure 4: Three different series cascade gain/loss configurations. (a) Gain
followed by loss. (b) Gain-loss-gain. (c) Loss-gain-loss.

noise factor. It is this fact that distinguishes an active gain element from a
passive loss element, not simply whether to use G or L = 1/G.

4.2 Noise Factor for Cascaded Gain and Loss Elements

In Appendix A we tabulate expressions for the output noise and noise factor
for a number of cascaded combinations of gain and loss elements. In each
case, the noise factor for a series cascade of elements follows the well-known

formula
-1 F3-—1

Gi GGy T
provided we use G = 1/L for loss elements. For example, for the simple

cascade of a gain element followed by a loss element shown in Fig.4(a), the
output noise PSD and the noise factor are given by

FG L-1 FG -1
Nyt = (L + L) kpTh = <1+ 7 )kBTo (13)

L—1 L FG -1
Fsem’es —F‘i'T - (G) <1+ T ) (14)

The more cumbersome expression on the right in Fiepies is included here
since it will turn out that comparisons between certain limiting cases for

Fsem’es - Fl + (12)

and

Distribution Statement A. Approved for public release, distribution is unlimited.
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multiple-input systems will become more transparent using the second ex-
pression rather than the more-common first expression on the right in Eq.
(14).

We now discuss two configurations that will be of utility in subsequent
discussions. For the gain-loss-gain configuration of Fig. 4(b),

nG Lo —1
Nowr = G | 2 + 2= + (B3 — 1) | kpTo
Lo Lo

(15)

Foios = Py 4 2221 371

series 1 Gl Gl/LQ

and for the loss-gain-loss configuration of Fig.4(c), we find
LG Lys—1
Noutz( = >1<:BT0

3 3 (16)

L;—1
Go/Ly

Fseries = F2L1 +

5 NOISE FIGURE FOR MULTIPLE-INPUT RF
CONFIGURATIONS

This section comprises the main results of this report in which we calculate
the noise factors for RF parallel-receive architectures for both incoherent and
coherent RF inputs. A critical parameter required in analyzing this type of
system is the definition of overall input signal-to-noise ratio. Whereas in
single-input systems the input SNR is usually unambiguous, its definition
in a multiple-input system is not immediately evident. Furthermore, since
noise factor is a manufactured characterization parameter for single-channel
systems we could, in principle, choose any definition we like for a parallel-
channel system. However in our analysis we sought expressions for F' that
a) conformed to well-accepted notions of noise factor for series-cascaded
systems and b) always reduced to the series-cascade result in the appropriate
limit. In this section, we provide detailed discussions of the background and
the assumptions leading to various expressions and we test the relevant
limiting cases. This development is in part an expansion and extension of

the works by Lee [2] and Gatti [3].

5.1 Definition of the Input Signal-to-Noise Ratio

Consider a system comprising M RF inputs and a single RF output as
shown in Fig. 5. We can easily define and measure a SNR for each input

Distribution Statement A. Approved for public release, distribution is unlimited.
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SNR :Pz'n,l/Nm,l —
SNR, :Pin,2/Nin,2 —_—

> SNRout = out/Nout

SNR,, = in,M/Nin,M S

Figure 5: A generic multiple-input, single-output system.

channel, SNR,,, in the usual fashion but what do we mean by the input
SNR, SN R;,, for the entire system? Some possibilities are

1) Arithmetic Mean (Average)

1
SNRm:M(SNR1+SNR2+---+SNRM), (17)

2) Total Power
1

SNRm:ﬁ(PlJrPQJr---JrPM), (18)
3) Geometric Mean
SNRi = (SNRy - SNRy--- SNRy)Y™ (19)
4) Parallel Sum
1 1 1 1

— v . 20
SNR», SNE " SNRy T SNRy (20)

We find that the proper choice of input SNR depends on whether the
input signals are coherent or incoherent. For incoherent inputs, the simple
arithmetic average is appropriate while, for coherent inputs, the ratio of
total input power to kpTy provides the most suitable definition of input
SNR. In investigating various expressions we sought to always be consistent
with common notions of F', namely, F' > 1 and, in the limit where all gain
and loss factors were unity and no noise was added by any of the elements,
then F' — 1.

Distribution Statement A. Approved for public release, distribution is unlimited.
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V2+—L’ 477;1 > Ll j

out 1

|
V3+—> L,.1, > L J

Ideal Wilkinson Combiner

Including Insertion Loss
L | | | | | ] | _—— _— ]

Figure 6: The model for a 2x1 RF combiner comprising an ideal Wilkinson
combiner with intrinsic power loss factor L = 2 on each channel and insertion
loss factors Ly 2.

5.2 Model for the Power Combiner

Any beamformer system must contain some type of RF summing junction
or signal combiner. In this report we model the RF combiner as an ideal
Wilkinson device but we allow for insertion loss by explicitly adding an
additional loss element at each input port. This is the loss factor £ in
Figs. 1 and 6. The scattering matrix for ideal Wilkinson power splitters
and combiners is reviewed in Appendix B. To illustrate the approach, first
consider a simple 2 x 1 combiner as shown in Fig. 6. For this ideal 3-port
device, the scattering matrix equation, relating voltages entering a port v
and voltages exiting a port v~, is given by

vy - [0 1 17 [of
vy :% 10 of |vf]. (21)
vy V2110 0 vs

Note that, even if there is no insertion loss so that £1 2 = 1, each input
signal suffers an intrinsic voltage attenuation 1/4/2 (power loss factor L = 2).
In the general case, with M input ports, the intrinsic power loss factor is
L = M. Later on, we will analyze a system that uses a Wilkinson device
as a voltage splitter and, since the Wilkinson scattering matrix is its own
transpose, the same matrix applies.

In the next two sections we analyze the noise factor for a multiple-input-
channel system with either incoherent or coherent RF inputs.

Distribution Statement A. Approved for public release, distribution is unlimited.
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])in 1 » 1
k T Gy Fy T > L " L P
B~ 0 Z 3 > out
])in 2 G F T £2 2L L Nout
> y Vo g > d
kB]z) ' 2 2

Figure 7: A 2x1 parallel power combination system with incoherent inputs.

5.3 Noise Figure for Incoherent Parallel Systems

In this section we calculate the noise factor for a system comprising M
incoherent RF inputs that are summed in a device modeled as a Wilkinson
combiner. We first consider an M = 2 system and then generalize the result
to arbitrary M. The system we analyze is the power combiner of Fig. 6
with gain elements in each arm as shown in Fig. 7. Since the RF inputs
are incoherent we can work directly with power rather than voltages. Each
input is assumed to be thermal-noise limited. Then, from the discussion in
Section 5.1, the input SNR is just the average

1 (Pz‘n,l + Pz‘n,2 > Pave

SNE 2 kBTO kBTo kBTO

(22)

where P, is the average input power.

The signal power at the input to each of the Wilkinson input ports
is Py, = (Gm/Lm) Pinm for m = 1,2 while the corresponding noise was
presented earlier in Eq.13 in conjunction with Fig. 4, that is, N, =
(1/Lp)(FinGm + (L — 1))kpTy. In passing through the ideal Wilkinson,
both the signal and noise suffer power loss L. Hence,

1 /G G
Pout = T <1Pin,1 + 2Pin,2>

AV s
1
Nowt = T (N1 + N2) (23)
\ (FGy FGs Li—1 Lo—1
_1 kT,
L(£1+£2+£1+£2>BO

At this point it is worth pausing to test this noise expression in various
limits.
i) Both channels equivalent: (G1 = G2 = G, F1 = F2 = F, and

Distribution Statement A. Approved for public release, distribution is unlimited.
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L1 =Ly =L.) Then, since L = 2

FG -1

Nows —» <1+— :>k31b. (24)

This is the same expression as for a single-channel cascade gain and loss
system that we found in Eq.13. That is, the noise factor of two parallel,
incoherent, identical channels is the same as the noise factor of a single
channel, even though the intrinsic 3 dB loss per channel of the Wilkinson
device is still included. The reason is that both signal and noise in each
channel suffer a 3 dB loss in the combiner.

ii) No insertion loss (L3 =Ly=1) and no gain elements
(G1=G2=F1=F2=1)

1
Nowt — 5 (1 + 1) kTy = kpTy. (25)

This must be the output noise for the ideal Wilkinson device with matched
input loads.
iii) Infinite insertion loss in each arm (L, Lo — 00)

1
Nout — 5 (1 + 1) ]CBTQ = kBT(). (26)

Again, this must be the output noise with extremely large attenuation in
each input arm.
iv) Infinite insertion loss in just one arm (£; — 00)
1 Gy —1
@+2H2

Nout — = £2

5 )@%. (27)

This result is a bit more interesting and corresponds to ”choking off” just
one of the inputs to the combiner. We see that, for (F2Ga/Ls) >> 1,
the output noise is dominated initially by the input noise (FaGo/L2)kpTo
attenuated by the intrinsic loss L of the combiner but then,as Lo becomes
large or, equivalently, as (F»Gy/L2) becomes small, the noise asymptotically
approaches kpTy. A plot of Ny /kpTh as a function of Lo for various values
of F5(G9 is shown in Fig.8.
Finally, the noise factor for this configuration is given by

. (Rn,l + Pin,Q) F1G1 -1 FQGQ -1
FQfH,incoh = ) <G1Pm71 B GQng) 2 I + s (28)
Ly Lo

Distribution Statement A. Approved for public release, distribution is unlimited.
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Noise Out vs Insertion Loss at One Port with Other Port Choked Off

Wilkins

G,F, =1000

i/ KgTo

>
(o]

0 5 10 15 20
Insertion Loss £, (dB)

Figure 8: Output noise in units of kpTj as a function of insertion loss Lo
for various values of the product F>G9 under the assumption £; — oo.

where the notation ”2 — ||” in the subscript indicates two parallel channels.
Generalization of these results to M incoherent parallel channels is
straightforward.

SNR. = i i M (29)
in — M — kBTO 9
M
Gm-Pin,m
Pout =Y <M 7= > : (30)
m=1
M
F,G,—1
Nout = kBTO 1+ Z <)] ) (31)
— ML,
and
> m=1 Pinm

FM7||,incoh =
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. L] * Z _> 1)011[
L, G.F £ M
(a)
Rn G: F £ ; P(mt
(b)

Figure 9: When the corresponding parameters in each channel are equal,
so the channels are identical, then the noise factor of the full M —channel
incoherent system shown in (a) is independent of M and equal to the noise
factor of the single-channel system in (b).

We now examine some limiting cases.

i) All channels equivalent. That is, for all 1 <m < M, Py, = P, Fyy, =
F,G,, =G and L,, = L. Then

ot meoh — (é) {1 + <FG£_1>] . (33)

Again, this is exactly the same noise factor as if there were just one channel.
And again it arises because both the signal and the noise powers arriving
at each input port of the combiner are attenuated by the same power loss
factor M of the combiner.

ii) One channel blocked, all other channels equivalent. Then

e () (€)oo

This result is slightly larger than the single channel result due to elimi-
nating the signal power, but not the noise power, from one input port.
For M >> 1, the penalty for ”losing” one channel is relatively small, as
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expected.

iii) Only one channel (the ¢ — th channel) passes, all other channels
equivalent. Then

(@) w

This is again similar to the noise factor for one channel except now the
penalty term has the form M L/G which will be severe for M >> 1.

iv) No gain, gain-element noise factor, or insertion loss (G, = 1, F},, =
1,L, =1) for all 1 < m < M but the intrinsic Wilkinson power loss factor
M remains for each port. Then

M
FM—H,incoh — (M) [1 + 0] — 1. (36)

With no gains or added noise, the noise factor must be unity.

From these considerations, we believe that Eq.(32) is the proper expres-
sion for the noise factor of a system comprising M incoherent input signals
that are subsequently summed in a Wilkinson-type combiner to produce a
single output.

5.4 Noise Figure for Coherent Parallel Systems
5.4.1 Multiple Coherent Inputs

We now consider a system with M coherent signal inputs. Here we must
keep track, not of power, but of signal voltages and their RF phases. Volt-
ages will be treated as phasors at some fixed RF frequency f = Q/2m.
That is, voltage vy cos (2t + 0) will be represented by the phasor vy exp j6
and the corresponding time-averaged rms electrical power delivered to load
impedance Z is P = |vgexp j6|?/2Z. Noise will still act incoherently and,
in fact, will be handled in exactly the same way as in the incoherent case
analyzed earlier.

Given two voltages of the same amplitude but different phases, vge’®t
and vpe??2, the rms power in the sum of these voltages is Psym =
(v¢/2Z) |ei +ej92‘2 Now |efft + ej92}2 = 2(1+ cos(fy — 01)). By defi-
nition, the time-average of the quantity cos(f2 — 1) is zero for incoherent
signals in which case the power in the sum is just the sum of the powers
Poyum = 2 (’U(Q) / 2Z). But for coherent signals, by definition, there exists a
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kB‘TO 1 Z 3 Ivout
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Figure 10: A 2-channel coherent system. ¢ o denotes the RF phase accumu-
lated by each signal in propagating from some reference plane to the inputs
of the Wilkinson combiner.

fixed, time-invariant difference in the relative phase and, hence, cos(f2 — 61)
does not average to zero although it can be zero when (62 — 61) is an odd
multiple of 7/2. On the other hand, when (62 — 6;) is an even multiple of
7, then cos(f2 — 01) = 1 and the power in the sum is twice the sum of the
individual powers, Psym = 4 (v% /27 ) Such is the nature of interferometric
addition!

Consider the 2-channel coherent system shown in Fig. 10 and let 6y 2
denote the RF phases accumulated by the signals in propagating from their
source to ports 1 and 2, respectively. Then, using the scattering matrix for
a 3-port Wilkinson device (Eq. 21), we have

J /Gl 701 /GQ jO2
o = l 'L . 3
Vout \[< 16 Vin,1 + 2e Vin,2 (37)

So the output power is

v,
Pyt = ‘ ;ut‘ 2Z 2 \/T’Um 16]91 \/?Uzn 26]‘92 (38)
1 G G G
- ﬁ 2 511 2271 1t fQ an 9+ 2 ﬁvm,wm cos(fy — 91)] .

To understand the situation more clearly it will be helpful to assume, for
the moment, that both channels are identical, except for phase accumulation,
in which case Py, = 2(v2,/27) and

’U2
Py = (i) i (1 4-cos (0 — 1) (39)
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Depending on the phase difference (2 — 1) the output power can vary
from a maximum of (G/L)P;, to zero when (02 — ;) is an odd multiple
of m so that cos (03 — 01) = —1. Since noise inputs reaching the Wilkinson
combiner are mutually incoherent, the output noise is the same as it was
in the incoherent case Eq.(24). We now have almost everything needed to
calculate noise factor for this case.

We still need to define the input SNR. Clearly, the input thermal noises
on each channel are incoherent while the input RF signals are coherent.
Are we still justified in defining input SNR as the average of the individual
SNR’s? We believe the answer is no. If we expect the noise factor to be
unity in the limiting case where all gain, loss, and noise factors are one, then
we must compare the output SNR to an input SNR defined by the ratio of
the total input power to kpTy. If we had used the average, and if the phases
of all the incoming signals were equal, then it would appear as if the SNR
improved upon passage through the combiner, which cannot be the case.

Returning to the system in Fig. 10, the output SNR is

i &ejﬁvm@ 4 &6]‘92%71,2
27 2L4 2L9

2
)

N out, coh — 4
SN Bout, coh L (FG-T BG-1\T, (40)
201 2L BE0
so the noise factor
FiGi—1 F,Ge—1
(-Pin,l + Bn,Q) |:1 + ( ! 2z + 222 >:|
FQ—H,coh = - 2 (41)

2
1 G1 . GQ :
_ % 55619, 4 562,
27 |\ 22, Vimt T\ g, @ Vin2

By direct extension from the 2-input case, we can write the expressions
for SNRs and noise factor for the general case of M inputs.

Based on the above argument, the input SNR in the general case is

M 2

1 Vin,m
N in,coh — - 42
SN Ein, con kBTOZ 27 (42)

m=

where Z is the load impedance. The output SNR is
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M 2
Z A / 6] " Vin,m
SNRout, coh = F G (43)
—1
1 _m-m - T
[ p3 ( e e
m=1
and the noise factor for M coherent parallel input channels is
F.Gm—
(3, ) [ > (5 ]
FM7||,coh: . (44)
]em Vin,m

These results should be compared to the corresponding results for inco-
herent input signals in Eqs.(29)-(32). The main differences are a) the def-
inition of input SNR, of course, and b) the appearance of the phase terms
in the denominator of Fy;_|| o for which there are no corresponding terms
at all in the incoherent case. That is, if the RF phases are not all properly
aligned, the denominator in Eq.(44) can approach zero and the noise factor
can approach infinity - an undesirable value for F.

Just as we did for the incoherent case, we can test this noise factor
expression in some limiting cases.

i) All channels equivalent. That is, for all 1 <m < M, Py, ,,, = P, F,
F,G,, =G and L,, = L. Then

M? (L FG -1
Fryry), con — W <G> [1 + ( 7 ﬂ (45)
where u
Q=> ér (46)
m=1

and note that 0 < |Q| < M. Equation (45) is an important result. It shows
that when all channels are equivalent and when all the RF signals are in
phase, |Q| = M, then the noise factor for the entire system is independent
of both the number of channels and the intrinsic loss of the combiner, and
is equal to the noise factor for any one channel (Fig. 11). Recall that we
obtained a similar result for the case of equivalent channels in an incoherent
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Vin_’l G:F I_’ [ _6>
e
—»

Vin_ﬂ G’F I_> L'

Z —> V.,

v,— G F ¥ £ —»

M
M
M

Vm_’l G, F H L, » Voul
(b)

Figure 11: When the corresponding parameters in each channel are equal,
so the channels are identical, then the noise factor of the full coherent
M —channel system (a) is independent of M and equal to the noise factor of
the single-channel (b).

system but we emphasize that this result came about with very different
definition of input SNR and should not be construed to mean that coherent-
and incoherent-input systems are equivalent when all the channels in each
case behave equivalently.

To be sure, F' does indeed depend on the gain G and insertion loss £
in each channel, but not on the number M of channels or on the intrinsic
combiner loss factor L = M. Hence, under conditions that are typical
for a beamformer system, increasing the number of channels improves
beamformer spatial selectivity but does not improve the system noise factor.

ii) One channel blocked (say, the i-th channel), all other channels equiv-
alent. Then

e g () () ()] o

where Q(m # 1) indicates to take the sum in Eq.(46) over all m values
except m = 4. Since the largest possible value of |Q(m #1i)| is (M — 1)
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the prefactor M2/ |Q(m # i)[* > 1 and blocking one channel degrades F in
spite of the fact that the multiplier of the second term in brackets is less
than one. As in the incoherent case, F' suffers a penalty here because the
signal, but not the noise, has been removed from one channel.

iii) Only one channel (say, the i-th channel) passes, all other channels
equivalent. Then

i ([ ()

Here, as expected, the penalty is severe being proportional to M?2.

iv) No gain, gain-element noise factor, or insertion loss (G,, = 1, F},, =
1,L,, =1, for alll <m < M) but the intrinsic Wilkinson power loss factor
M remains for each port. Then

M2
FM—H,coh — 3 (49)

Q

which approaches unity as |Q| approaches M.

From these considerations, we believe that Eq.(44) is the proper expres-
sion for the noise factor of a system comprising M coherent input signals
that are subsequently summed in a Wilkinson-type combiner to form a single
output.

At this point, the alert reader may ask, how does one produce the M
coherent signals in a configuration such as the one shown in Fig. 1(b)?
In almost all cases, multiple coherent signals arise from the division of a
signal from a single source. This is exactly how a beamformer, which relies
on multiple, coherent input signals, would be tested in the laboratory. A
system comprising M coherent input signals derived from a single RF source
is analyzed in the next section.

5.4.2 Multiple Coherent Inputs derived from a Single RF Source

In this section we analyze the configuration in Fig. 1 (¢) comprising a single
RF source that is first divided in amplitude along M separate paths and then
recombined. The difference between configurations (b) and (c) in Fig. 1 is a
practical one, namely, do we wish to specify the noise factor when we have
physical access to the single source providing the multiple coherent signals
(system (c)), or when we do not have such access (system (b)). Unlike the
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coherent and incoherent cases discussed above, here there is absolutely no
ambiguity about the input SNR. It is simply SNR;;, = (v3,/22)/(ksTp).
Also, this configuration employs a Wilkinson device on the front end to
divide the source signal and so both the intrinsic divider loss factors M and
any insertion loss factors £’ of the front-end splitter must be taken into
account. But just like the previous two cases, noise at each of the inputs to
the combiner is mutually incoherent and will be treated as we did previously.

We will dispense with a preliminary analysis using a 2-path configuration
and simply present the expressions for the general M —path configuration in
Fig. 1(c).

The output signal power is

2
f: Cim 36m v2
[V ML L, |
P = out _ m=1 (50)
o 27 27

Compared to the expression for the previous coherent system, here there is
another factor of M in the denominator of the term inside the square root
and the appearance of the new insertion loss factors £, both arising from
the signal splitter on the system’s front end.
The output noise PSD is
M
Nout = |1+ mz_l <%) kBTO> (51)

and thus the noise factor is

£

=1
FM—||,cth = v = 2 (52)
Gnm ,
Z 27/6.70m
=\ ML, L
where the notation M — ||, cohS indicates M parallel coherent channels all

derived from a single RF source.
As we have done previously, we now test this expression in various limits.
i) All channels equivalent. That is, forall1 <m < M, F,, = F,G,, = G
and setting £,, = £ and L), = L/,

(Y]
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Jiz |z +[G.F ) S N
N LG F i s vy
vin_’ : . . . . * Z_’vout
g
N/Y] L G,F z |
(a)
vin ’C' >I G’F £ >Vout

(b)

Figure 12: As with the coherent system in Fig. 11, when the corresponding
parameters in each channel are equal, so the channels are identical, then the
noise factor of the full coherent M —channel system (a) is independent of M
and equal to the noise factor of the single-channel (b).

where, as before,
M .
Q=> ér (54)
m=1

and note that 0 < |Q| < M This is the expression analogous to the
multiple-input coherent case Eq.(45) but here includes the effect of both
the intrinsic loss M and the insertion loss £’ of the front-end power divider.
But just as in Eq. (45), it yields the same important result that, when all
channels are equivalent and when all the RF signals are in phase, |Q| = M,
then the noise factor for the entire system is independent of both the
number of channels and the intrinsic loss of the combiner, and is equal
to the noise factor for any one channel. That is, under the stated con-
ditions, the noise factor of the systems (a) and (b) shown in Fig. 12 are equal.

ii) One channel blocked (say, the i-th channel), all other channels equiv-
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alent. Then

Far_ . con — |Q(ni‘4; - <£(’;£> {H <M]V; 1> <FG£— 1)} 55)

where, as before, Q(m # i) indicates to take the sum in Eq.(46) over all m
values except m = i. Again this is the expression analogous to Eq.(47).

iii) Only one channel (say, the i-th channel) passes, all other channels
equivalent. Then

e () () (5]

is the expression analogous to Eq.(48).

iv) No gain, gain-element noise factor, or insertion loss (G, = 1, F},, =
1L,Ly, =1,L, =1for all (1 <m < M) but the intrinsic Wilkinson power
loss factor M remains for each port. Then

2
FM—H,coh - %2 (57)
Q|
which approaches unity as ) approaches M.

From these considerations, we believe that Eq.(52) is the proper expres-
sion for the noise factor of a system comprising M coherent input signals de-
rived from a single RF source, split into M parallel channels by a Wilkinson-
type divider, and subsequently summed in a Wilkinson-type combiner to pro-
duce a single output.

6 SUMMARY AND DISCUSSION

Expressions for the input and output SNRs and the noise factors for the

three configurations are summarized in Fig. 13. Fig. 14 is a summary of the

noise factors in various limiting cases. In Fig. 15 we plot the noise factor

as a function of the number M of channels for three different gain factors

G =1, 2, 1000 and for the limiting cases of one channel blocked and all-but-
one channel blocked. We assumed fixed values F'= 1.3 dB, L = L' = 1.5 dB for
all channels. At any G value, the noise factor is practically independent of M
for M > 10 or so.

In summary, we have calculated the noise factor for three major system
types having multiple, parallel input channels: a)multiple incoherent inputs;
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b) multiple coherent inputs; and c¢) multiple coherent inputs derived from
a single, accessible source. System types b) and c) correspond to beam-
former systems while the incoherent case a) was included for completeness.
The practical distinction between c) and b) lies mainly in whether or not
the single RF source giving rise to multiple, coherent signals is accessible
experimentally.

We showed that, for the purposes of calculating noise factor, the
definition of input SNR depends on whether the RF input signals
are coherent or incoherent. For incoherent input signals, SNR;, =
(average input power)/kgTy while for coherent input signals, SNR;, =
(total input power)/kpTy. For a system utilizing coherence of the input sig-
nals, the output signal and, hence the noise factor, depend strongly on the
relative phases of the signals at the point of summation. In the worst case,
the signals interfere destructively, the output signal power goes to zero, and
the noise figure becomes infinite. In the optimum case, the signals interfere
constructively

We also showed that for beamformer-like configurations, which are
clearly of the coherent-input type, increasing the number of receive-antenna
elements typically does not improve the system noise figure although it does
improve spatial selectivity of the array.
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Figure 13: General expressions for performance metrics for each of the three

configurations shown in Fig.1 assuming M channels.
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Figure 15: Parallel noise figure Fj; (dB) versus number of channels (M) for
various gain values for the three configurations in Fig. 1. All plots assume the

channels are otherwise identical with F=1.3dB, L = L = 1.5 dB and, for the
coherent cases, that the signals are all completely in phase.
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A APPENDIX A: SERIAL CASCADE NOISE
FACTORS

In this appendix we summarize well-known expressions for SNR and noise
factor for a few different configurations. We also provide some details of
the derivations leading to the expressions. The configurations are:

A) Gain Element,

B) Loss Element,

C) Gain Elements in Series,

D) Loss Elements in Series,

E) Loss + Gain in Series,

F) Gain + Loss in Series,

G) Gain + Loss + Gain in Series,
H) Loss + Gain + Loss in Series.
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A) Gain Element G = power gain factor

mpijier
N =kT, P Bl TN~ Fok,T,
T =(F-DT, T
:G[H—ejkBTO
0
B) Loss Element L = power loss factor
in Pout = Rn/L
—»| Attenuator L, F T, %
an:kBTo — Nom kBTO
F="L 1
=—(k, 1, +k,T
T —(L-DT, (BO Be)
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C) Gain Elements in Series

Nin = kB]E)
R = GIPm
N1 = leB (To +Tel)
= EleB];)
Pou! = G2G1Pt'n
N, =GN, + Gk, T,
= (G2FlG1 +G, (Fz - 1))kBTO
Foo= L, (GzFlG1 +G, (Fz - 1))k3% —F 4 I, -1
kB]—(,) GZGlen Gl
F-1 F-1

P
Gl/ F1/ Tel [ > GZ/ F2/ TeZ 'N

out

out

For multiple gain elements 1n series ... F

series ' 1 + + +
Gl G2G1 G3G2Gl
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D) Loss Elements in Series L, = power loss factors

in Pout

N, =k,T, PILy Py T P L Fo T ’N
P=P,I1
lekBTo

Put :Pin /LILZ

N,,=k,1

om‘: B0

P, KT,

mn

Everfes = - .7 5
kB]Z) })in /Ll LZ

172

Obtain the same result using the cascade equation
for noise factors and setting G =1/ 1

» F,-1

series

=L+ L (L, -1)=L L,

1

For multiple loss elements in series ... F

series

:Ll LZ LS---

Distribution Statement A. Approved for public release, distribution is unlimited.



NF for Parallel RF 33

E) Loss + Gain in Series

Nin = kBY—YO L ._» G, F Nout = FGkB]—E)
R=p,IL,
N, = kBTo

Pin FGkBTO _LF

F;eries -
kT, GP, /L

Same result using the cascade equation for noise factors :

_, Pl

series
1

=LF.

Distribution Statement A. Approved for public release, distribution is unlimited.



34 Bucholtz, Mondich, Singley, McKinney, Williams

F) Gain + Loss in Series

P_ Pout = GPm /L
T—» GF L _
N, = kT, N, = F—GkBJ; + QkBTO
L L
R =GP,
N, = FGk,T,
¢ L-1
e e L1
series kBTo GIJm / L G

Exactly the same result as using the cascade equation for noise factors.
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G) Gain + Loss + Gain in Series

P P,
o8 P P Lo T [P Go s [
]Dl = Gan
Gl
N, =EGk,T, b=7"F
2
N, 16, ke, T, +L2 kT
LZ 2
Pom = G3G1 n
L
N_ =GN, +Gk,T,
_G, G, L -1 (B -1 |k
Lz Lz
AR G L (E -1 |k
F _ Rn L2 L2
series (;3(}1 P kB]—vO
L "
L F G, L (F-1)
Gl Lz Lz
L,-1 F -1
=F+—~+ exactly the cascade formula result.
Gy Gy / L,
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H) Loss + Gain + Loss in Series

z, P
kT, _’l Ly, Ty 7P Gy Foy Toz P L3, Tes |

Nout
P = B P, = i in
1= Ll L2
N, =11, N, = FGylyT,
— GZ
out L3L«l n
N, L,-1 FG, L,-1
o = : BTO:(# 3_JkﬁTo
1, L L
1
E(F;GZ + (L3 - D) kBTO
F;'eries = = :
“p, bals
LI,
=Ll[Fz+L3_lj =F2L1+L3_1
3 GZ /I’l
And the cascade formula gives 7. =1, + o1 + L1
VL Gy,
“RL+2
G,/L,
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B APPENDIX B: GENERAL SCATTER-
ING MATRIX FOR A WILKINSON DI-
VIDER/COMBINER

This Appendix contains the general scattering matrix representation for an
ideal Wilkinson power splitter/combiner for which there are no reflections
from any port [10]. For an N—port device, the scattering matrix is the
square N x N matrix

[0 1 1 17
1 0 0
§— 1 00 0 (58)
N -1 .
oo 0
1 00 0]

The transpose ST = S so the same matrix is used whether the device is
configured as a combiner or as a splitter.

A 2 x 1 Wilkinson combiner is a 3-port device and, therefore, its scat-
tering matrix is

S = (59)

G-
—_ = O
O O =
S O =

Distribution Statement A. Approved for public release, distribution is unlimited.



38 Bucholtz, Mondich, Singley, McKinney, Williams

C APPENDIX C: LIST OF SYMBOLS

F = Noise factor
G = Gain factor
k, = Boltzmann's constant
L = Loss factor
M = Number of channels
MISO = Multiple in / single out (systems)
N = Noise power spectral density
NF = Noise figure
P = RF power
PSD = Power spectral density
M
0= > exp(jb,)
m=1
RF = Radio-frequency
SNR = Signal-to-noise ratio
I, = Noise-equivalent temperarture
1, = Standard temperature (290K)
v= RF voltage
Z = Impedance
L,L'= Insertion loss factor
¢, = RF phase
Q= REF (radian) frequency
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