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Abstract—This paper investigates the impact of phase noise on
the transceiver signal processing originating from the local oscil-
lators (LOs). We explore the impact of these effects with different
transceiver architectures, illustrate the beam shape properties,
and quantify their impact on the system performance for different
modulation schemes in terms of error rates. Specifically, we model
the phase noise both as Wiener and Gaussian distributed with
covariance structure depending on the architecture used to share
the LO signals.

I. INTRODUCTION

Phase noise, which is present in wireless communication
systems due to imperfect oscillators, is greatly detrimental to
the performance and this performance limitations is even more
pronounced in systems operating at higher frequencies e.g.,
mmWave (30-100 GHz) and THz (above 300 GHz ) bands
[1], [2]. We focus on the impact of phase noise for systems
operating at mmWave and THz regimes. To be able to fulfill
the ever increasing mobile data traffic, the first standards of
5G explore the mmWave bands for data communications, and
THz bands are envisaged for systems beyond 5G.

A particularly attractive feature at mmWave and THz fre-
quencies is the huge available contiguous bandwidth, which
enables very short symbol intervals, and, thus, extreme data
rates. Furthermore, the tiny operating wavelength allows for
tightly packed large-scale antenna arrays at the transceiver,
making it feasible to realize narrow pencil-like beams enabling
the signal to propagate a reasonable distance. These beams can
be formed using different transceiver architectures. So far, the
most promising approaches are either fully analog beamform-
ing, hybrid beamforming with a small number of RF chains, or
hybrid/fully digital beamforming with low-resolution digital-
to-analog converters due to their lower complexity [3]-[5]. The
first one applies only low-complexity analog phase shifters to
adjust the beam direction in addition to electromagnetically
directive antenna elements, while the other ones use also
digital processing to enhance the beamforming capability.

Phase noise (PN) caused by local oscillators (LOs) in the
frequency up-conversion and down-conversion stages at the
transmitter and receiver, respectively, introduces some random
changes in the beam shape properties of a directed beam which
consequently degrades the effective communication channel
thereby the capacity of the system. Moreover, the PN causes
multiplicative disturbance on the signal, resulting in rotation
of the symbols in the constellation and consequently leading
to symbol errors. This phase variation may be compensated

for to some extent, but it becomes more and more challenging
when the beams become narrower and the symbol interval
decreases.

In many previous works [6]-[10], free-running oscillator
and phased-locked loop based oscillators are the most common
assumptions. When the system is phased-locked, the resulting
PN is low and modelled as a zero mean stationary random
process. In the free-running case, the system is said to be
frequency-locked and the resulting PN is modeled as a Wiener
process with Gaussian distributed increments between each
sampling instant [8]. In multi-antenna systems, the PN can be
correlated or even fully uncorrelated between different radio
frequency (RF) chains depending on the transceiver architec-
ture and implementation [11], [12]. When all the RF chains
at the transceiver share a common LO, the PN is correlated
among the RF chains thereby all the chains experience the
same rotation. On the other hand, the PN is uncorrelated when
each RF chain is equipped with independent LO.

In this paper, we study the impact of phase noise in a
multi-antenna hybrid digital-analog beamforming transceiver
architecture. We investigate the effects of phase noise to
the beam properties with different LO architectures at the
transceiver. We model the phase noise using three correlation
models to approximate the LO architectures and evaluate their
impact on the communications performance. We study the
cases of common LO (CLO) shared among all the RF chains,
independent LO (ILO) for each RF chain and a block-based
LO (m-block LO) architecture. We study the impact on the
main lobe gain, the side lobe gain, and the beam pointing error
due to the PN. By means of simulations, we further study how
the PN from different LO architectures affect the performance
of two modulation schemes: (i) coherent quadrature phase
shift keying (QPSK) and (ii) differential QPSK (DQPSK). We
specifically analyze the effects in terms of signal constellation
and bit error rate (BER).

II. SYSTEM AND PHASE NOISE MODEL
A. Signal Model

Consider a hybrid digital-analog two stage beamforming
MIMO system as depicted in Fig. 1. The transmitter is
equipped with N, transmit antennas and Lty < Npy/M; RF
chains, where M, is the number of antennas per each subarray.
Similarly, the receiver is equipped with Nry transmit antennas
and Lrx < Ngrx/M, RF chains, where M, is the number
of antennas per each subarray. The transmitted symbols are
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Fig. 1. Different transceiver LO architectures

first precoded in digital domain, up-converted, and then fed
into the subarrays that further use phase shifters for analog
beamforming. Let us denote Fp € CL=*1 as digital precoder,
and F 4 € CNt=xLrx a5 block-diagonal analog beamforming
matrix at the transmitter. Then, the transmitted signal at the
RF front end can be written as

x[m] = FaOr[m]Fps[m] (1)

= fs[m]

where s[m] is the mth transmitted symbol, and Ory[m]| =
diag(e® Ml Ly ¢ CLrxxLrs s the diagonal ma-
trix involving the phase noise component for each RF chain
at the transmitter. The transmitted signal x[m] propagates
through the channel H € CVr=*Ntx and is received at the
receiver by Ngy antennas. The signal is received in the analog
domain using phase shifter weights, down-converted to the
baseband, and then combined using the digital combiner. Let
W, € CNVr<xLrx denote the block-diagonal analog beam-
forming matrix at the receiver, and Wp € CLr=*1 denote
the digital combiner. The resulting mth received symbol is
expressed as

r[m] = WwHfs[m] + w'z[m], (2)

where (.)f is the conjugate transpose, W = W 4 Ory[m]Wp,
and Ogy[m] = diag(ee?x[m],...,eeggx[m]) € ChrxxLrx g
the diagonal matrix involving the phase noise component for
each RF chain at the receiver.

B. Oscillator Phase Noise

PN introduced by oscillators essentially means that not all
the power is concentrated on the single desired frequency,
but spreads around the center frequency. This translates to
jitter in the time domain. When the LO in the system is
phase-locked i.e., phased-locked loop (PLL) is employed in the
system, the PN causes a small phase mismatch and is normally
well modeled by a Gaussian distribution [8]. If the system is
frequency-locked, i.e., the LO in the system is tuned to the

carrier but it is free-running, the PN in this case is modeled
as a Wiener process, i.e.,

Oilm) =0 m —1]+wm] 1=1,...,L, (3)
where w;[m] is a Gaussian random variable. In multi-antenna
system, the PN samples can be correlated among the RF
chains depending on how the LO signal is shared among
the RF chains at the transceiver. In this paper, we consider
three different LO configurations as shown in Fig. 1. For the
considered configuration, the PN samples can be modeled
assuming a correlation model between the RF chains. The
PN samples can be generated from a multivariate Gaussian
distribution A (0, X), where zero-vector O is the mean and ¥
is the L x L covariance matrix which can be written as

ot p
D= ap
p o}

where p is the correlation coefficient and o7 is the element-

wise variance. The correlation coefficient p takes value either
0 or 1, i.e., p = 0 means the phase noise between the
corresponding RF chain is uncorrelated or when p = 1 the
phase noise is correlated. The examples of the covariance
matrices for the common LO, independent LO and the block-
based LO architecture with 4 RF chains are given as

11 1 1 1 000 1 100
1 1 1 1 01 00 1 100
1111 001 0 0 0 1 1|’
1 1 11 00 01 00 11

Common LO Independent LO Block-based LO

and the corresponding PN matrix ® for the configurations is
expressed below at the top of the next page.
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ITI. NUMERICAL ANALYSIS AND EXAMPLES

In this section, we present some numerical analysis and
examples of the impact of PN on beamforming and signal
constellation for two modulation schemes: QPSK and DQPSK.

A. Simulation setup

We consider a setting with N1, = 32 antennas and L, =
8 RF chains at the transmitter and Ngr, = 32 antennas and
Lrx = 8 RF chains at the receiver. We assume the line of
sight scenario and the channel is modeled as the commonly
used uniform linear array (ULA) channel model [13]

H = cag,all, 4)

where oy ~ CN(0,1) is the complex channel gain; ary and
ary are the antenna array responses at the transmit and receive
arrays respectively expressed as

ape = [1,e*", ..., N D™ T (5)
at, = [1,e .. dNmm T (6)
R 2 . R T 27 . T .
where 1 X — —d51n(¢ X)’ " X = TdSIH(lﬁ X), A s

the carrier wavelength, d is the spacing between the antenna
elements, 1™ and 1T* are the angle of arrival and angle of
the departure respectively.

B. Impact of PN on Beamforming

The array factor can be used to examine mathematically
the impact of the PN on the beam response, since the array
factor represents the far-field radiation pattern of an array of
isotropically radiating elements. The array factor for the hybrid
beamformer is given by

fa(,) )
N
— Z ej(%/xdn sin '—27 /xdn sin ¢+6,,)

n=1

AF(p) =

where ¢ is the azimuth angle of observation, A is the carrier
wavelength, d is the spacing between the antenna elements, I"
is the angle to which the beam is directed, n is the antenna
index and 6,, is the PN sample at nth antenna. Notice that in
the common LO case, the PN sample across the antennas is
the same i.e., 6, = 0Vn and therefore the array factor (7) can
be written as

N
AF((p) _ eja Z ej(%/)\dn sin F—2""/Adnsin</;). (8)

n=1
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Fig. 3. Relative antenna side lobe level vs. phase noise variance.

In Fig. 4, we plotted the beam response for different values
of PN variance i.e., 02 = [1°,3°,5°,7°,9°]. As can be seen
in Fig. 4(a) where the PN is common among the RF chains,
it causes no distortions in the beam pattern. This is because
the progressive phase shift remains the same between all the
antenna elements, and thus there is no error in the array factor.
In Figs. 4(b) and 4(c), we can see in the case where PN
is uncorrelated among the RF chains, it leads to increased
side lobe levels and beam pointing errors. When the PN is
Gaussian, there is no impact on the main lobe direction but PN
leads to increased side lobe levels as can be seen in Fig. 4(b)
where each two RF chain share a common LO. The PN, when
modelled as a Wiener process, affects more severely on the
beam pattern. This can be observed in Fig. 4(c). In Figs. 2
and 3 we show the beam pointing error and side lobe level
respectively for the range of PN variance with the PN modeled
as a Wiener process. As can be seen from the figures, the
beam deviates from the desired direction with increased side
lobe levels as the PN among the RF chains are uncorrelated.
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Fig. 4. Antenna beam pattern in the presence of phase noise for different numbers of symbols over which phase noise accumulates before synchronization.

In an ideal system without the impact of PN, the transmit
and receive hybrid beamformers can be designed using an
approach similar to that in [14]. The hybrid beamformers can
be designed by solving

(FP,FP) = argmax |fon — FaFpllr, (9
FaFp
st. F 4 € Frr,
[FaFp|* = 1.

The fact that the RF precoders F4 € CNt=*Ltx are phase
shifter weigths with constant-magnitude, the following equiv-
alent problem can be solved for the beamformers

Fp = argmax [fon — AFp|p, (10)
Fp
s.t. ||diag(FpFH)|lo = L,
|AFp|* =1,
where A; = [at(O),at(%),...,at(%(Q —1))] is a ma-

trix containing the array response vectors. Assuming perfect
knowledge of the channel and the singular value decomposi-
tion (SVD) of H is defined as

H = UAV,

where U [w...un,,] € CNrxXNrx and 'V

[Vi...VNg] € CN=XN1x gre the two unitary matrices, A =
diag(A1, Ao, ..., Ar) whose diagonal elements are the singular
values, and R = min(Nry, Ngx), then optimal precoder is
fopt = v1. Problem (10) can be solved using the orthogonal
matching pursuit (OMP) algorithm given in [14, Algorithm 1].
Fig. 5 shows the achievable rate with the impact of PN. It can
be seen that when there is a common LO among the RF chains
there is no impact on the beamformers thereby the capacity
is not degraded. This is validated by the fact that when the
PN is correlated among the RF chains, the beam pattern is
not distorted as shown in Fig. 4(a). In the independent LO
case, the hybrid beamformers should be designed taking into

consideration of the PN. This can be incorporated into the
optimization problem (10). One possible way is to solve

t

Fp

(1)

= argmax [[fop — At@1Fp|lF,
Fp
s.t. ||diag(FpFp)[lo = L,

|A©1Fp|* =1,
where O, is the diagonal matrix involving the PN samples.

The same problem can be solved for the receive hybrid
beamformers.
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Fig. 5. Mutual information with PN modeled as Wiener process.

C. Impact of PN on Signal Constellation

When the PN is common among the RF chains, the effect is
similar as in a one-antenna system and there is no impact on
the beam pattern as shown in Fig. 4(a). This however is not the
case at the baseband. The PN in the common LO case causes
rotation in the received symbol. The mth received signal (2)
for the common LO case can be expressed as

r[m] = efr<lml+or=m] WHHfs[m] + whzm] . (12)

Tideal
From (12), depending on the design of the beamfomers, the

received signal is a rotated scaled version of the transmitted
symbol s[m] plus some additive Gaussian noise. This rotation



can be seen in the constellation diagram in Figs. 6(b), 6(d) for
QPSK and DQPSK schemes respectively. When independent
LOs are used in the RF chains, the PN leads to clouds
resembling impact of additive white Gaussian like noise in
the constellation. The BER for different PN variance was
plotted in Fig. 7. QPSK scheme degrades more when the
PN is correlated among the RF chains. The DQPSK on the
other hand shows to be less affected in terms of the BER
when the PN are correlated among the RF chains. In the
general performance, the DQPSK is more immune to the PN
as compared to the QPSK scheme.
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IV. CONCLUSION

We studied the impact of phase noise in a multi-antenna
hybrid transceiver architecture. We investigated the effects of
phase noise on the beamforming and quantified their impact on
the system performance for QPSK and DQPSK. We showed
how the beam pattern is affected for different LO architectures.
We studied the cases of common LO shared among all the
RF chains, the case of independent LO for each RF chain

and a block-based LO (m-block LO) architecture. The results
demonstrate that as the PN processes among the RF are
uncorrelated, it leads to beam pointing errors and increased
side lobe levels. This is important finding for multi-user
systems to be considered in the future work. We further found
out that the PN does not cause distortion on the beam but it
causes symbol rotation in the constellation, when the PN is
correlated among the RF chains. On the other hand, when the
PN is uncorrelated among the RF chains, it degrades the beam
pattern and causes clouds in the constellation. The results also
illustrate the error rate performance of the QPSK and DQPSK,
when the PN is correlated or uncorrelated. It was shown that
DQPSK scheme outperforms QSPK in terms of BER with
phase noise by several dBs.
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