Improvement of Noise Performance in
Phased-Array Receivers

This paper presents a new analytical approach and
experimental verification for the improvement of noise
performance in phased-array receivers. For analysis
purposes, a multi-channel array system is converted into
an equivalent single-channel system, such that the two
presents the identical signal and noise powers at the
output, respectively. We define an effective gain, noise
figure, and signal-to-noise ratio in the equivalent system.
Through the proposed approach, the noise performance of
the array receiver is analyzed in a general and
straightforward manner and then compared to that of
each individual array channel. In addition, the phase noise
of the array system is analyzed in a rigorous manner,
showing its effective reduction by a factor of the array size.
The predicted improvement of the noise performance is
experimentally confirmed with a CMOS integrated
phased-array receiver.
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1. Introduction

Phased-array receivers are widely used in radars, radio
astronomy, and wireless communications due to several
benefits. In addition to the beam-steering capability, one well-
known advantage over individual single-channel”
that the phased-array receivers improve noise performance,
thereby enhancing receiver sensitivity [1]-[4]. This enables the
receiver to detect or demodulate a weak incoming signal with
minimal errors in a noisy environment.

Recently, as silicon device technology progresses, all or most
of the building blocks for a phased array are integrated on a
single silicon chip, reducing the system cost dramatically [4]-
[6]. However, the radio frequency (RF) front-end blocks on
silicon generally present higher noise than their traditional
compound-semiconductor counterparts and thus impose a tight
noise budget on the system configuration. Therefore, the
improvement of the noise performance in array receivers is
essential in the silicon integrated systems to relieve the noise
budget of each RF block.

The noise performance improvement has been implied or
tacitly utilized in several previous works on silicon integrated
arrays [6]-[9]. Nonetheless, some noise characteristics of the
phased-array receivers are ambiguously described, analyzed,
and applied in different ways. For instance, it is implied in [7]
that the noise figure of the array system improves with the
number of array channels, while other studies claim that it is
unchanged in the array system [8], [9]. Apparently, the claim
that the system noise figure is unchanged seems to contradict
the widely-accepted fact that the sensitivity of array receivers

receivers is

1) Throughout the paper, a channel is defined as a single RF front-end chain in phased-array
receivers.
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improves with the array size.” This ambiguity arises because
the noise figure and the associated gain are conventionally
defined for a two-port system, so they cannot be clearly applied
to a multiport system like a phased array.

To overcome this difficulty, we convert a multiport array
receiver into an effective two-port system for the purpose of
noise analysis. The effective system is equivalent to the original
array in that the two produce identical signal and noise powers
at the output under the same input environment (incoming
power density and noise). In the effective two-port system, we
are able to clearly define an effective gain, noise figure, and
signal-to-noise ratio (SNR) as is conventionally done. The
noise performance of the array receiver is analyzed with these
effective parameters, avoiding the aforementioned ambiguity.
This approach not only clarifies the noise performance
improvement in array receivers but also provides a
straightforward metric that compares the noise performance
between different array receivers.

In order to reduce the system cost and complexity, the phased-
array chips in silicon tend to integrate more RF building blocks
on chip, even including a frequency generation block [7]-[9].
Unfortunately, the on-chip local oscillator (LO) source suffers
from higher phase noise than its off-chip counterpart, thereby
degrading the array performance. In this paper, we analyze the
phase noise of the array in terms of the different noise
contributions from each array channel. Similar to the noise
properties found in coupled oscillators [10], we prove that the
phase noise is significantly reduced at the array output when
separate LO signals feed the array channels before the channel
signals are combined. This phase noise improvement allows for
the use of on-chip frequency generators without severe
degradation of array performance. The results of the noise
analysis are experimentally confirmed by measurements with a
CMOS four-channel phased-array receiver. To the authors’ best
knowledge, this includes the first experimental verification of
phase noise improvement in an integrated phased-array receiver.

This paper is organized as follows. Section II presents an
effective two-port analysis of phased-array receivers. In section
II, we discuss the noise performance improvement in array
systems through the effective two-port equivalent. Section IV
describes the phase noise improvement in the array systems.
The experimental results are presented in section V. Section VI
concludes this paper.

II. Effective Two-Port Analysis of Phased-Array
Receivers

The general configuration of a phased-array receiver with a

2) The array size is defined as the number of channels in phased-array receivers.
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Fig. 1. (a) General configuration of a phased-array receiver with
an array size of N and (b) two-port equivalent system of
that in (a).
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size N is shown in Fig. 1(a). An incoming signal is received by
the array of N antennas with a phase delay Af between any two
adjacent antennas. Each received signal is then processed
independently by a subsequent individual array channel. The
array channel basically adjusts the amplitude and phase of the
received signal, and may also contain down-conversion blocks,
depending on the phase-shifting architecture [11]. For the
purpose of analysis, the A~th array channel is characterized by a
power gain G, an insertion phase shift 6}, and a noise factor’
F}, at the operating frequency, wherel < £ < N . The multiple
array channels are combined by an N-way combiner. The
combiner, whether it combines power or an amplitude such as
a voltage or current, is characterized by the amplitude
combining coefficient a; from the A-th input to the output port.
In general, the combining coefficient reflects the weighted
amplitude tapering in the beamforming network.

It should be noted that the original phased-array receiver
contains N input ports and a single output port. As mentioned
before, this multiport property leads to an ambiguity in the
noise analysis of the array system. The objective of this section
is to reduce the original system to its two-port equivalent as
shown in Fig. 1(b) to obtain a straightforward analysis. The
effective power gain G.r and effective noise factor Fy are
determined in terms of the original system parameters, such
that the two systems generate identical signal and noise power
levels at the output (so and 7o, respectively) under the same
input environment (incident power density #; and background
noise 7).

3) A noise factor (F) is a linearly-scaled version of a noise figure (NF) that is conventionally
expressed in dB, that is, NF'= 10 log F'(dB).
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Assuming that all of the antenna elements are identical in Fig.

1(a), the received signal power at the k-th antenna terminal is

1| —Jj(k=1)A0
Sl,k _‘ VVI.Ae e

where A, is the effective area of each antenna. Therefore, after
the IV channels are combined, the signal power at the array
output is expressed as

2
:I/VI.Ae:S“ (])

N 2

k=1

@

So =

It is well known that the noise power at the antenna terminal
is given byn, =k, -T, -B, where T, is the antenna noise
temperature, B is the operating bandwidth, and kg is the
Boltzmann constant [12]. By using the definition of noise
factor, we can obtain the noise power at the A-th input terminal
of the combiner by

g =n G- F

=k,-T,-B-G,-F,. ©)

Introducing v, , as the noise voltage at the combiner input
terminal normalized by the square root of the system
impedance, we have

Rk = Vi 'Vn,k* . “

The noise power at the array output is then expressed as
N N
no =| D Vail || 2 v,
k=1 j=1

= ﬁ:(vmk Vg ak|2) , ®)
k=1

where we assume that the noise components from different
array channels are mutually uncorrelated to each other. Using
(3) and (4) in (5), we obtain

N
”o:;(kB'E‘B'Gk'E{'Wkr)' 6)
In the equivalent two-port system of Fig. 1(b), the effective
single antenna represents the entire antenna array in the original
system, thereby yielding 4, . = N - 4,. Therefore, the effective
received signal and noise power at the antenna terminal are
given by

Spr =W A, e =N-W, -4, (7)

e, el

‘T -B, ®)

Ny o = kB a

respectively, under the same input environment of W} and 7.
From (2) and (7), the effective gain of the array system is
derived as
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From (6), (8), and (9), the effective noise factor of the array

system is derived as
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The effective gain and the effective noise factor derived in
(9) and (10) provide a clear and efficient way to characterize
the noise performance of array receiver systems with any
amplitude tapering.

In most array systems, the array channel characteristics are
identical, and thus show equal gains and noise factors. If the
array is adjusted for coherent combining of the array channels,
then the effective gain and noise factor reduce to

"o

G "y o

—. (10)

eff

G N
Geffzﬁ-;ak , (11)
N 2
Z|ak|
Fa=F-N-£2——/. (12)

N
a;

k=1

where G and F are the gain and noise factor of an individual
array channel, respectively.

III. Noise Performance Improvement in Phased-Array
Receivers

Employing the two-port equivalent model presented in
section I, the performance of a phased-array receiver is
characterized and compared with that of an individual array
channel. In particular, we analyzed the array system that adopts
two different combiner types, the reactive power combiner and
the amplitude (current or voltage) combiner, respectively.

In the case of an N-way reactive power combiner, it is well
known that the incident wave at each individual input port
reaches the output port with an amplitude reduced by a factor
of YN under the all-port-matched condition [12], [13].
Assuming the same insertion phase of ¢ from each input to
the output port, the amplitude combining coefficient is
expressed asq, = 1/A/N -¢’ . The effective gain and noise
factor of the array system then become G = G and Fy = F
from (11) and (12), respectively. This means that the array
receiver system presents no improvement in the gain or the
noise factor compared with an individual array channel.
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Table 1. Performance improvement in phased-array receivers
employing power or amplitude combiners. (G, F, and
(S/N)o are the gain, noise factor, and output signal-to-
noise ratio of an individual array channel, respectively. N
is the array size.)

Effective performance | Power combiner Amplitude
of array receiver employed combiner employed
Gefr G NG
Fer F F
(S/N)o, efr N-(S/N)o N-(S/N)o

On the other hand, when an N-way amplitude combiner is
adopted in the array system, the amplitude combining
coefficient is given by a, =e’”. Similarly, the effective gain
and noise factor are obtained as G,; = N-G and Fz = F.
The power gain of the array system increases by a factor of N,
as expected because the current (or voltage) out of each array
channel is combined coherently. However, the noise factor
remains unchanged.

Whether it adopts a power combiner or an amplitude
combiner, a phased-array receiver does not improve the noise
factor (or noise figure) from an individual array channel, but
shows the same noise factor (or noise figure). This appears to
contradict the widely accepted benefit of array systems that the
array receiver sensitivity improves with the array size N.
However, this is not the case; the output SNR increases in the
array system. The output SNR is calculated from Fig. 1 as

1 s, 1

=N----—=N-SNR,,
Foy n F

SNR, = . (13)

nl,cff

where SNRg is the output SNR of an individual array channel.

Although the noise figure remains unchanged, the output
SNR increases by a factor of N in the array receiver, thus
improving the receiver sensitivity. This result is not surprising
because the array receiver collects an N-fold signal power,
thus showing an N-times greater SNR at both the input and
the output. The performance improvement in the array
system compared with that in an individual channel is
summarized in Table 1.

The output SNR improvement in a phased-array receiver
reduces the error vector magnitude (EVM) and the bit error
rate (BER) in the digital modulation schemes. When EVM is
normalized to the square root of the average symbol power, it is
related to the SNR [14] as

1

VSNR

where the EVM is expressed in %rms. Therefore, as the output

EVM ~ x100%, (14)
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Fig. 2. Simulated improvement of digital demodulation
performance with array size. A 32-QAM signal with
uncorrelated AWGN is assumed.

SNR increases by a factor of NV, the EVM reduces bY\/N ,
thus leading to more reliable demodulation performance. In
Fig. 2, the output SNR, EVM, and BER are calculated for a
32-QAM modulation scheme as the array size increases. The
symbol SNR of a single-channel receiver, corresponding to
N=1, is set to 12 dB with an additive white Gaussian noise
applied. The noise is assumed to be mutually uncorrelated
between the array channels while the signal is combined
coherently. As shown in Fig. 2, the demodulation performance
improves dramatically with the array size, which is a
significant benefit of using array receivers.

IV. Phase Noise in Phased-Array Receivers

Advanced silicon technology enables high-level on-chip
integration of the RF building blocks used for phased-array
systems. The LO generators that include the VCO and PLL are
also integrated on chip for cost and complexity reduction.
However, the on-chip LO generators suffer from relatively
high phase noise, thereby degrading aspects of the array
performance such as beam-pointing accuracy. Fortunately, the
poor phase noise may be improved significantly in the array
receiver system where an individual LO source is employed in
each array channel.

While the phase shifting is usually performed at the RF path in
conventional array receivers, it may also be done effectively in
the LO or the IF paths [11]. In the LO phase-shifting architecture
in particular, each array channel is fed by an individual LO signal,
the phase of which is adjusted independently. The LO signal is
generated by either a common LO source or an individual source
belonging to each array channel, as shown in Fig. 3.

After the down-conversion by a mixer, the 4-th channel
signal at the combiner input can be expressed as
A, =|4,|cos(@yt+6, +56,), where w, is the carrier
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frequency, 6 is the nominal phase, and &6, is the phase
fluctuation. The phase fluctuation can be decomposed into two
different components depending on their origins. One
originates from the noise sources that are mutually correlated
between the array channels, that is, the phase noise contained in
the common reference signal or the incoming RF signal. The
other is from the uncorrelated noise sources, for example, the
1/f noise up-conversion by the nonlinear blocks belonging to
each array channel. Denoting the two fluctuation components
by 660,, and 00, ,, respectively, and assuming a linear
relationship between the phase fluctuation and the total phase,
00, =00, +00, . The array output signal after the
combiner is then given by

A, = f]Ak -ak|cos(w0t +6, + K0, + 30, , + 5@,,k) .(15)
k=1

When the array is adjusted for beamforming in a certain
direction, the amplitude and the nominal phase of the array
channels are uniformly aligned as

|Ak-ak|:|A-a

, O +Ax, =0+a. (16)

Using (16) and the assumption that 66, and 60, , are
very small in (15), the array output signal reduces to

Ay, =|A4-a|-Ncos(wyt+6+ £a+50,, ), (17)
where 66, 1is the output phase fluctuation given by
1 N
o =7 2180, +60,,) (18)
k=1

The power spectrum of the phase fluctuation is then derived
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Fig. 3. LO phase-shifting architecture for phased-array receivers.
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by applying the Wiener-Khinchin theorem for an ergodic
process [15] to (18),

7z 1 && : v
|@out :F;;(a@ck-k@uk).(%c,j +%u,f )
1 N 2 N N -
=—2{Z|8®” SDIPIL AR } (19)
N° |3 k=1 j=1

where J® represents the Fourier transform of 06. The
following correlation properties between the different noise
components are employed in deriving (19):

k+# ],

SR )
&)u,k .&)u,j = |&) 2
uk

, k=], (20)

&)c,k .aau‘j* = aau‘k ' &)c,/'* = O

If all of the array channels are assumed to be identical and
combined in a perfectly symmetrical way, it is given that

R 2
, 3, P, =0,

2

) @D

%, [ =|o®

where |é®u |2 and |&BC|2 are the phase noise power spectra

of an individual array channel, contributed by uncorrelated and
correlated sources, respectively. By using (21) in (19), we
obtain

|o® “r|oo,|

22)

out ' = % : |®u

This shows that the phase noise resulting from the
uncorrelated noise sources is reduced by a factor of N at the
array output, while the correlated noise component remains
unchanged.

The phase noise reduction is particularly remarkable in the
LO phase-shifting architecture employing an individual
frequency synthesizer for each array channel. In Fig. 4, the
simulated phase noise of an array receiver employing the LO
phase-shifting architecture is shown for different array sizes.
The simulation was performed using ADS [16] with each
circuit block represented by its behavioral model. Typical noise
levels were assumed in the noise source models. As shown, the
phase noise within the locking band does not improve much
because it is dominated by correlated components such as
noise from a common reference source. However, outside of
the locking band, the phase noise reduces significantly as the
array size increases. This is because the phase noise is
predominantly caused by the uncorrelated components (the
noise from a frequency synthesizer, mixer, or the other
nonlinear blocks belonging to each array channel). This leads
to phase noise improvement in the array by a factor of almost
10log (dB).
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Fig. 5. Measurement setup for CMOS 4-channel phased-array
receiver system.

V. Experimental Results

The improvement of the noise performance was
experimentally verified in a 6 GHz to 18 GHz phased-array
receiver system implemented on silicon. The array consists of
four channels (V- = 4) adopting the LO phase-shifting
architecture. Each array channel is implemented on a single
CMOS chip that integrates most of the RF building blocks
required for beamforming (including a frequency synthesizer).
A detailed description of the chip design can be found in [17].

The measurement setup for the array performance is shown
in Fig. 5. A coaxial wavefront emulator (a power splitter and
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Fig. 6. Measured demodulation performance of 32-QAM signal:
(a) EVM and (b) constellation diagram of 4-channel array
and each individual channel.

variable phase shifters) is used in place of physical antenna
arrays. The LO reference signal of 50 MHz is supplied by a
precision crystal oscillator. The array output is analyzed by a
4-channel digital oscilloscope (Tektronix TDS6604B), a
spectrum analyzer with a phase noise option (Agilent E4448A),
and a vector signal analyzer (Agilent 89441A).

In order to verify the output SNR improvement of the array
receiver, we applied a digitally-modulated signal to the array
and a single-channel receiver, respectively, and then compared
the measured EVM of the two. A 32-QAM signal at a carrier
frequency of 10.4 GHz was used with several different bitrates.
As shown in Fig. 6(a), the 4-channel array exhibits an EVM
that is smaller by almost half than that of each individual
channel. This EVM reduction is due to the output SNR
improvement (by a factor of four in the array receiver), as
discussed in (14). Constellation diagrams are compared
between an individual channel and the array receiver in Fig.
6(b).

The phase noise reduction in the array receiver is also
verified by experiment. In Fig. 7, the phase noise measured at
the array and at each individual channel is compared. Since the
phase fluctuations originating from individual CMOS chips
(each corresponding to an array channel) are mutually
uncorrelated, the 4-channel array exhibits an improvement of
6 dB in the phase noise, as expected. It should be noted that the
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phase noise within the locking band also decreases significantly.
This means that the in-band phase noise is dominated by the
uncorrelated components rather than by a common reference
source. However, the improvement of the in-band phase noise
will eventually be delimited by the reference noise level as the
array size increases further.

V1. Conclusion

A new approach for analyzing the noise performance in
phased-array receivers is presented. For a straightforward
analysis, the multiport array receiver is converted into an
equivalent two-port system, where an effective gain, noise
figure, and signal-to-noise ratio are defined. Regardless of the
combiner types, the noise figure remains unchanged while the
output signal-to-noise ratio improves with the array size. The
phase noise reduction in the array receivers is also derived
rigorously. At the array output, noise components that are
mutually uncorrelated between the array channels are
diminished by a factor of the array size, while correlated
components remain unchanged. The improvement of the noise
performance is experimentally verified in a CMOS integrated
phased-array receiver.
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