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Abstract—Many-element antenna arrays, used for multi-user
MIMO, are expected to be one of the cornerstone technologies
for 5G wireless systems. Large arrays also offer the opportunity
to average out some of the transceivers’ analog imperfections,
potentially enabling a lower-power implementation. In this paper
we study the effect of local oscillator phase noise on beamforming
MU-MIMO-OFDM systems. We show that the array does average
out uncorrelated phase noise at each element. Exploiting this, we
propose scaling the per-element phase noise speciﬁcation proportionally to the array size, thereby maintaining constant arraylevel performance with lower power consumption. However, if
the phase noise is entirely uncorrelated, this scaling causes a
substantial degradation in the recovered signal energy. If, instead,
some correlated low-frequency phase noise is introduced at each
element, we show that phase noise scaling incurs no performance
loss. In fact, under these conditions, a single, global pilot tracking
loop can replace carrier recovery at each element. Additionally,
this level of phase noise correlation eliminates the phase noiseinduced channel aging effect. This type of correlation can be
achieved by distributing a common reference and optimizing the
bandwidth of the PLL.

I. I NTRODUCTION
Many-antenna arrays using multi-user (MU) beamforming
techniques are expected to play an important role in 5G
systems [1]. One technology which has received much recent
interest is massive MIMO, where the base-station uses an
array with a large number of elements to communicate with a
smaller number of user terminals. In this regime, linear beamforming asymptotically achieves the capacity of the multiuser channel [2]–[4]. Another promising technology is the
use of mm-wave bands [1]. Mm-wave systems may use large
arrays to achieve high beamforming gain, compensating for
link budget challenges at high frequency [5].
From an engineering perspective, large arrays can be used to
relax hardware design requirements by exploiting averaging of
uncorrelated analog imperfections. This has been well-studied
in the context of massive MIMO [6]–[8]. By exploiting this
averaging, one can envision constructing a massive MIMO
array out of low-performance, energy-efﬁcient transceivers
while recovering the desired performance at the array level,
thus lowering total power consumption.
The impact of phase noise on orthogonal frequency-division
multiplexing (OFDM) receivers has been thoroughly studied in
the literature [9]–[16]. Early studies focused on characterizing
the signal to interference and noise ratio (SINR) [9], [11], [15]
and the bit error rate [9], [12]. Later works investigated the loss
of orthogonality between subcarriers [13]–[16], and proposed
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techniques to correct for these effects [10], [14]–[16]. Though
phase noise is commonly modeled in the literature as a Wiener
process arising from a free-running oscillator, Petrovic et al.
[16] extended the analysis to the case of a phase-locked-loop
(PLL), which reﬂects a more realistic implementation scenario.
Recently, there has been interest in extending these results
to arrays. In [17], the authors demonstrated that phase noise
which is uncorrelated between transmitters is averaged by the
spatial combining. In [18]–[20], these results are extended to
a multi-user massive MIMO scenario with single-carrier (SC)
modulation and the authors develop expressions for the SINR.
[21] studies the capacity of MISO and SIMO channels. All
of these studies used a free-running oscillator model instead
of a PLL and only considered either fully correlated or fully
uncorrelated phase noise. They also did not consider the use
of phase noise tracking or carrier recovery techniques.
In this paper, we analyze the effect of phase noise on beamforming arrays with realistic frequency generation schemes
and phase noise tracking. Our main contributions are: (1)
analyzing phase noise in a massive MU-MIMO-OFDM system
with PLL-based frequency generation; (2) exploiting array
gains to relax the per-transceiver phase noise speciﬁcations and
reduce implementation power consumption; and (3) studying
carrier recovery in massive arrays and deriving PLL design
guidelines. Section II reviews PLL operation and introduces
the system model. In Section III we study the effect of phase
noise on MU beamforming and propose phase noise scaling to
relax frequency generation speciﬁcations. Section IV studies
the use of a global pilot tracking loop with different frequency
generation schemes and derives key PLL design guidelines.
Finally, in Section V we validate our ﬁndings with simulation
results and offer concluding thoughts in Section VI.
II. S YSTEM M ODEL
In this section, we survey important characteristics of the
phase noise of an oscillator within a PLL and introduce two
frequency generation models for large arrays.
A. Phase Noise in PLLs
A PLL
locked to
tunability,
frequency
oscillators

is used to generate a high frequency oscillation
a stable low-frequency reference. Due to their
voltage-controlled oscillators (VCOs) have poor
and phase stability. On the other hand, crystal
(XOs) generate very precise and stable oscillations
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range of PLL architectures, to analyze the effect of phase noise
on communication systems that use PLL-based frequency
generation. This allows us to make design decisions in terms
of spectra which are well-characterized and understood.
B. Frequency Generation and Distribution in Large Arrays
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(b)
Fig. 1. (a) Block diagram of a PLL. The output phase of a VCO is divided,
compared with an accurate reference crystal, ﬁltered, and fed back to the
VCO’s control input. (b) Representative PSD of the PLL’s phase noise,
indicating contributions from both the reference and VCO.

but at a ﬁxed, and typically low, frequency. By placing a highfrequency VCO in a feedback loop referenced to an XO (Fig.
1(a)), a PLL can transfer the phase and frequency stability of
the crystal to the VCO. Within the PLL bandwidth, BP LL ,
the output phase tracks the reference while any VCO noise is
suppressed. Outside of the PLL bandwidth, the VCO operates
in open loop and all of its noise therefore appears at the output.
As an example, the phase noise contributions of the reference
and the VCO are shown in Fig. 1(b) for a type-II, third-order
PLL with 150kHz bandwidth. A detailed discussion of the
common charge-pump PLL can be found in [22].
The phase variance can be written in terms of the reference
and VCO phase variances. Since the reference is an openloop oscillator, its phase noise follows a Wiener process and
2
2
the phase variance is well-known: σref
[n] = nσref
[14]–[16],
[18]–[20]. In contrast, the VCO phase noise is ﬁltered by the
PLL transfer function and is therefore wide-sense stationary
[16], [23], [24]. The total phase variance is then:
2
+ σV2 CO
σθ2 = nσref

(1)

The phase noise θ[n] impacts the transceiver via the oscillator voltage v[n] = ejθ[n] . The statistics of this process
have been studied in [16], [23], [24], where the power spectral
density (PSD), Sv (ω), is derived. In this paper, we use the
prototype PSD in Fig. 1(b), which is representative of a wide

There are three main options for frequency generation and
distribution in a large array:
1) Generate a single high-frequency local oscillator (LO)
signal centrally and distribute it throughout the array.
2) Synchronous distribution: Distribute a single XO reference to all transceivers which independently generate
LOs using separate PLLs.
3) Asynchronous distribution: Use independent references at each element, generating fully independent
clocks from a PLL at each transceiver.
The ﬁrst option is undesirable since global distribution of a
high-frequency clock consumes excessive power and can lead
to unacceptable waveform degradation. Instead, to avoid these
problems, either the second or third option should be used. If
a single reference is shared across the array, its low-frequency
phase noise components will appear at each element. Phase
noise at frequencies above the PLL bandwidth arises from
the free-running evolution of each individual oscillator and
will be independent across the array. On the other hand, if
separate references are used at each element, then the phase
noise processes of each LO will be entirely uncorrelated.
C. Single-Element Receiver Model
Consider an OFDM communication system using Nsc subcarriers, each with bandwidth Bsc , for a total channel bandwidth of B = Nsc Bsc . All symbols have energy Es and are
statistically independent. The transmitter modulates a data and
pilot sequence {dk } onto the Nsc subcarriers. The resulting
time-domain sequence s[n] is transmitted through a channel
with impulse response h[n] and additive white Gaussian noise
w[n] with variance σ 2 . The receive signal is corrupted by a
unit energy oscillator sequence drawn from the process v[n].
Since the phase noise does not alter the statistical properties
of the additive white noise, we can write
y[n] = (s[n]  h[n])v[n] + w[n]

(2)

The multiplication by v[n] creates a circular convolution in
the frequency domain between the data and oscillator spectra.
Denoting the DFT of the phase noise sequence, channel,
and white noise as {Qk }, {Hk }, and {Wk }, respectively, the
received frequency domain samples {Yk } are

Yk = dk Hk Q0 +
dj Hj Qi−j + Wk
(3)
j=k

Phase noise has two main effects. First, each symbol is
affected by a common phase error (CPE) Q0 , which appears as
the multiplication of the complex channel gain equally across
all subcarriers. Second, the symbols are corrupted by intercarrier interference (ICI): mixing of data streams caused by
loss of orthogonality between subcarriers.
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Fig. 2. Cascaded transfer function of reference and VCO phase noise to the
CPE and ICI, with BP LL = 200kHz and Bsc = 312kHz. These results
validate the conclusion that reference noise dominates the CPE while VCO
noise dominates the ICI generation.

It is common in OFDM systems to reserve a small number
of subcarriers for pilots [10], [14] which are used at the
receiver to estimate various imperfections. Using the Np pilots,
found at the set of indices P, the CPE can be estimated as:
1  Yk
Q̂0 =
(4)
Np
dk
k∈P

The CPE can then be compensated by dividing all received
symbols by this estimate. Ideally, this cancels the sample
mean of the phase noise process on a symbol-by-symbol basis,
giving an average SINR of
SIN R =

E[|Q0 |2 ]
E[|ICI|2 ] +

σ2
Es

.

(5)

D. Impact of Subcarrier and PLL Bandwidths
To gain a deeper understanding of the SINR, the CPE and
ICI can be characterized in terms of the phase noise PSD.
Deﬁne 1Nsc as a rectangular window of Nsc ones. Then the
moving average ﬁlter of length Nsc has impulse response
hNsc = N1sc 1Nsc and continuous-time frequency response
ω
sin(Nsc B
)
HNsc (ω) =
ω
2
Nsc
B

(6)

The width of this ﬁlter’s main lobe is Bsc . Since the CPE is
the DC component of the windowed phase noise, its energy is
simply the energy of the random process generated by ﬁltering
v[n] with hNsc . This can be expressed as:
 ∞
Sv (ω)|HNsc (ω)|2 dω
(7)
E[|Q0 |2 ] =
−∞

Since v[n] has unit energy, the ICI energy is:
 ∞
2
2
Sv (ω)(1 − |HNsc (ω)|2 )dω
E[|ICI| ] = 1 − E[|Q0 | ] =
−∞

(8)
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Fig. 3. Simulated and predicted results of ICI and CPE power based on the
model in (7) and (8), for a PLL with 200kHz bandwidth and Bsc of 624kHz.

This reveals a key insight: the CPE is contributed primarily
by oscillator energy below the subcarrier bandwidth while ICI
comes mainly from energy above the subcarrier bandwidth.
This provides an intuitive explanation for how the subcarrier
bandwidth affects the SINR. If B is kept ﬁxed as Nsc is
increased, the bandwidth of hNsc is reduced. This will reduce
the CPE energy and increase ICI, degrading the SINR.
Fig. 3 shows the simulated CPE and ICI power as a function
of the VCO phase noise compared with the predictions in
(7) and (8). These match well, including the signal energy
degradation at very high phase noise levels. Also, over a wide
range of phase noise levels, the ICI power increases linearly
with the VCO’s phase noise (1 dB/dB).
The CPE and ICI transfer functions can be cascaded with
the PLL transfer functions to isolate the contributions of
both reference and VCO to the CPE and ICI. Since the
reference transfer function is lowpass, its phase noise will
mostly contribute CPE and little ICI. Similarly, the VCO’s
phase noise will primarily add ICI rather than CPE. These
conclusions are illustrated in Fig. 2 which captures the cascade
of the PLL transfer functions with HNsc (ω). In fact, the
PLL bandwidth can be optimized relative to the subcarrier
bandwidth to tune these transfer functions (Section IV-B).
III. P HASE N OISE S CALING IN B EAMFORMING A RRAYS
In this section we analyze the impact of phase noise on
beamforming OFDM arrays. The array considered here has
M antennas and RF transceivers and performs beamforming
independently on each subcarrier. For simplicity we assume
perfect channel estimation and synchronization, but note that
the impact of channel estimation errors in the presence of
phase noise has been considered elsewhere [18]. The analysis
is restricted to the uplink, though the downlink is very similar.
We also do not include the phase noise of the user terminal
since its effect is no different than in a SISO system. For
notational simplicity, we drop subcarrier indices.
The K users transmit frequency-domain symbols y through
M × K channel H. The array uses zero-forcing beamforming
matrix Gzf to estimate the user data streams. Splitting the CPE

at each element into correlated and uncorrelated components,
(c)
(u)
Q0,i = Q0 IM + diag{Q0,i }, the received signal is:
r = Gzf Q0,i Hy + Gzf (ICI + w)

(9)

It is important to study how the ICI behaves under beamforming. Consider just the ICI inﬂicted by subcarrier k + 1
onto subcarrier k:
(k)

ICIk+1→k = Gzf diag{Q1,i }H(k+1) yk+1

(10)

The ICI experiences an effective phase noise channel composed of the true channel H(k+1) scrambled by the uncorrelated ICI coefﬁcients {Q1,i }. This has two important effects.
First, it decorrelates the ICI across the array. Second, it causes
the ICI channels to lose orthogonality, creating inter-user ICI
in addition to the self-ICI. Therefore, the per-user SINR with
genie-aided CPE estimation is
SIN R(g) =

M E[|Q0 |2 ]
KE[|ICI|2 ] +

σ2
Es

(11)

This result is identical to (5) apart from an array gain due to
averaging of thermal noise and ICI. Equivalently, the effective
array-level LO experiences an M/K-fold reduction in its farout phase noise compared to the LO at any element.
The gain in the signal to ICI ratio comes at the cost
of an M -fold increase in frequency generation power, since
the array possesses M high-performance VCOs. However,
it is possible to save power by relaxing the phase noise
speciﬁcation of each element while exploiting the array gain to
achieve high array-level performance. Each element’s ICI can
be increased proportionally with M/K to maintain constant
total ICI energy EICI,0 :
M
K × EICI,0
−M
K × EICI,0

E[|ICI|2 ] =

(12)

2

(13)

E[|Q0 | ] = 1

This can be achieved by increasing the VCO’s phase noise by
3dB for every factor of 2 in M/K, reducing the VCO power
consumption proportionally.
Phase noise scaling maintains constant signal to ICI ratio
over a wide range of array sizes, up to a limit. Since the
oscillator has unit energy, when the ICI is a sizeable fraction
of the total energy, E[|Q0 |2 ] will begin to deviate signiﬁcantly
from unity. Nevertheless, the scaling range is fairly wide in
practice (Section V). This idea is conﬁrmed by Fig. 3, which
shows that ICI power scales linearly with the VCO phase noise
over a large range of phase noises. Only at very high phase
noise levels does the CPE energy begin to drop.
IV. CPE E STIMATION IN MU-MIMO A RRAYS
In practice, beamforming must precede CPE estimation in
order to suppress MU interference. Moreover, there are several
reasons to prefer using only a global CPE estimator. First, this
exploits the full array gain to maximize the estimator’s SINR.
Second, it eliminates the complexity and overhead of multiple
pilot tracking loops. In this section we study the use of global
pilot tracking with both synchronous (where all transceivers
share the same XO reference) and asynchronous (where each
element has its own XO) modes of operation.

A. Asynchronous Array
In the asynchronous mode, the phase noise is fully uncorrelated between elements. The CPE at each element can
(u)
be expressed in terms of its mean and deviation: Q0,i =
(u)
E[Q0 ]+δi . It is reasonable to assume that the array possesses
statistical phase noise information but cannot track the instantaneous deviations. After beamforming, the received signal is:
(u)

r = M E[Q0 ]y + Gzf (diag{δi }Hy + ICI + w)

(14)

The mean CPE can be found as follows:
(u)

E[Q0 ] = E[

Nsc
2

σθ
1 jθ[n]
e
] = E[ejθ[n] ] = e− 2
Nsc
n=1

(15)

where σθ2 is the variance of the phase. The last step uses
the characteristic function of the phase noise, derived in
[16]. When exploiting VCO phase noise scaling, σV2 CO =
(M/K)σV2 CO,0 .
Using (1), the per-user SINR as a function of time index n
is
2
M 2
M e−nσref e− K σV CO,0
SIN R(a) =
(16)
σ2
VAR[Ieﬀ ] + KE[|ICI|2 ] + E
s
where Ieﬀ = Gzf diag{δi }Hy.
There are two key effects are in the asynchronous array.
First, we observe the well-known channel aging effect whereby
the SINR degrades over time [18]–[21]. This occurs because
if the phase drifts independently at each element, it causes
the channel to change with time and imposes a limit on the
coherence time. Second, when phase noise scaling is used the
signal energy loss is exacerbated. By deliberately increasing
the phase variance, the received signals are progressively
decorrelated, causing a loss in signal energy.
B. Synchronous Array
In the ideal synchronous array, the CPE is fully correlated
and ICI fully uncorrelated. The beamformed receive signal is
(c)

r = M Q0 y + Gzf (ICI + w)

(17)

(c)

The global effective CPE is simply Q0 , identical to the perelement CPE, so the synchronous per-user SINR is
SIN R(s) =

(c)

M E[|Q0 |2 ]
σ2
KE[|ICI|2 ] + E
s

(18)

There are three clear results. First, the synchronous SINR is
identical to the genie-aided case (11) despite the use of only a
single, global pilot tracking loop. In other words, by ensuring
that the CPE is the same at every element, there is no penalty
in estimating and tracking it after beamforming1 . Second, the
performance depends only on the array-level SINR and is
therefore robust to phase noise scaling. Contrasting with (16),
it is clear that synchronous operation is a key enabler of phase
noise scaling. Third, the channel aging effect is completely
1 In fact, the practical performance of global pilot tracking is superior since
the estimator SINR is enhanced by the array gain.
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Fig. 4. SINR as a function of PLL bandwidth for a 64-element array with
Bsc of 624kHz and effective phase noise of -100dBc/Hz at 1MHz offset.
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Fig. 6. Simulated SINR with global CPE estimation schemes in the synchronous array, for different frame lengths. BP LL = 500kHz, Bsc =
624kHz, and Nsc = 64
.




V. S IMULATION R ESULTS



To validate these reults, numerical simulations were conducted in both synchronous and asynchronous modes. Random
phase noise sequences were generated for the reference and
VCO and ﬁltered through an s-domain model of the PLL.
The data sequence consisted of 1000 802.11n-like symbols
with 20MHz bandwidth, 64 subcarriers, and 16-QAM data
symbols and BPSK pilots, at pilot density of 1/8. All phase
noise speciﬁcations are quoted at 1MHz offset from the carrier.
Fig. 4 shows how the SINR varies with PLL bandwidth
for the single-user synchronous array with Bsc = 624kHz.
There is a clear optimum close to the subcarrier bandwidth;
furthermore, this optimum is quite shallow, allowing ﬂexibility
in choosing BP LL to meet other design considerations. For
low PLL bandwidth, the majority of the CPE is uncorrelated
so the SINR approaches that of an asynchronous array (16) and
post-beamforming CPE estimation performs very poorly. On
the other hand, when the PLL bandwidth is large, the reference
phase noise adds correlated ICI which cannot be averaged.
Fig. 5 shows the SINR for a single-user, synchronous array
with BP LL = 500kHz, Bsc = 624kHz as the per-element
phase noise is scaled with M . The beamformed SNR is
constant at 30dB. The simulated results are compared with
the predictions of (18). This ﬁgure reveals two key results.
First, phase noise scaling succeeds in maintaining constant
array-level performance over a wide range of array sizes.
Second, post-beamforming CPE estimation is necessary to
enable phase noise scaling, tracking the theoretical result
closely. In contrast, the performance of the per-element CPE
estimation degrades rapidly due to the low SINR at each
element.
Fig. 6 shows the SINR for the same single-user synchronous
array, with frame length of 1ms (100 OFDM symbols) or 10ms
(1000 symbols). Over several phase noise levels there is no
evidence of channel aging. In particular, the SINR for the case
of -90dBc/Hz phase noise is heavily phase noise limited, but
still shows no evidence of channel aging.
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Fig. 5. Simulated and predicted SINR for synchronous array with various
levels of phase noise. BP LL = 500kHz, Bsc = 624kHz, and Nsc = 64.

eliminated since the LO phase drift is the same at every
element and is tracked at the array level.
How can this level of CPE correlation be achieved? As
discussed in Section II-D and Fig. 2, the PLL’s action ensures
that CPE is dominated by the reference’s phase noise. Consequently, the mere fact of distributing a common reference
to every transceiver ensures a relatively high level of CPE
correlation while keeping ICI correlation low. Additionally, the
PLL bandwidth can be optimized to maximize CPE correlation
and minimize ICI correlation:
∞
CP Euncorr = −∞ Sv (ω)|HNsc (ω)|2 |HV CO (ω)|2 dω
∞
ICIcorr = −∞ Sv (ω)(1 − |HNsc (ω)|2 )|Href (ω)|2 dω
(19)
where HV CO is the VCO transfer function and Href is
the reference transfer function to the PLL output. The PLL
bandwidth can be found by minimizing the appropriate cost
function C(CP Euncorr , ICIcorr ). In practice, this is difﬁcult
to solve analytically; however, numerical analysis reveals that
the optimal BP LL is close to Bsc .
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Fig. 7. Simulated SINR with multi-user, synchronous array. BP LL =
500kHz, Bsc = 624kHz, and Nsc .= 64

Fig. 7 shows the SINR for a multi-user synchronous array,
using the same system parameters as above. The channel
experiences Rayleigh fading, and the array utilizes zeroforcing beamforming to recover the user signals. The ratio
M/K is ﬁxed at 1/8 for M ≥ 16. Each element’s phase noise
is scaled with the ratio M/K. As expected, the multi-user
SINR is the same as the single-user case. Furthermore, the
phase noise scaling is able to maintain constant performance
across a wide range of array sizes.
VI. C ONCLUSION
In this paper, we investigated the impact of phase noise on
MIMO-OFDM arrays with realistic frequency generation. By
exploiting the averaging of uncorrelated phase noise, the phase
noise speciﬁcation at each VCO can be relaxed proportionally
to the array size. A key enabler of phase noise scaling is the
introduction of correlated low-frequency phase noise at each
element. This allows the use of a global pilot tracking loop,
which is robust to phase noise scaling and maintains high
performance across a wide range of array sizes. Additionally,
this type of correlation eliminates the phase noise-induced
channel aging effect. This level of phase noise correlation can
be introduced by distributing a shared low-frequency reference
and optimizing each element’s PLL bandwidth.
The phase noise scaling breaks down when the oscillator’s
linewidth is so large that the energy in the CPE decreases. In
this regime, it may be advantageous to estimate and correct for
higher-order components of the phase noise process. This may
favor the use of single-carrier transmissions with time-domain
pilots to reduce the complexity of phase noise tracking.
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