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Abstract—Massive MIMO systems, where a very large number
of antennas are employed at the base station, are one of the
key technologies to increase the capacity in multi-user MIMO
scenarios. This comes at the price of raised hardware costs
and power consumption, which scales linearly with the num-
ber of receiver chains. Hence, a low-cost and power-efficient
hardware design is of special interest. However, such a low-
complexity radio frontend impairs the quality of the received
signal, impacting the overall system performance. In this paper,
the robustness to hardware impairments at the base station is
analyzed when noncoherent detection schemes are applied in
the uplink transmission. The effects on the system performance
are assessed by means of numerical simulations. Behavioral
and stochastic impairment models are utilized to cover the
influence of the main hardware components, i.e., amplifiers,
local oscillators, and analog-to-digital converters. A cluster-based
channel model adapted to the massive MIMO setting forms the
basis for the evaluation. It is shown that highly-linear amplifiers
are integral for optimum performance. However, low-resolution
ADCs and oscillators of moderate quality can be employed
without sacrificing performance, saving power and costs.

I. INTRODUCTION

In order to satisfy the rising demand of high spectral effi-
ciency in wireless communication systems, massive multiple-
input/multiple-output (MIMO) systems have attracted growing
attention over the last years [1], [2]. Here, a moderate num-
ber of users communicate with a central base station (BS)
equipped with a large number of antennas aiming enhanced
capacity. Generally, accurate channel state information (CSI)
acquired by means of pilot signaling is required to take ad-
vantage of such systems. In order to overcome the challenging
channel estimation process, noncoherent detection schemes
have been proposed [3], [4], where the (known) spatial power
distribution of each user at the BS is utilized instead of the
actual channel estimates. The presented schemes are able to
achieve results comparable to CSI-based detection [5]–[8].

Despite of the benefits of massive MIMO systems, the cost
and power consumption scale linearly with the number of radio
frequency (RF) chains at the BS. Hence, a circuit-aware design
is of major interest, where high performance is achieved but
power-efficient and low-cost hardware is employed at the same
time. This paper explores the robustness of the proposed non-
coherent detection to hardware imperfections/impairments at
the BS caused by the main receiver components. This includes
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the non-linear distortions of the low-noise amplifier (LNA), the
phase noise of the local oscillator (LO), and the quantization
errors of the analog-to-digital converter (ADC). To this end,
behavioral and stochastic impairment models are utilized to
carry out the performance analysis. A cluster-based channel
model is used to represent the propagation in a massive MIMO
scenario in a physically accurate manner.

The paper is organized as follows. Besides a brief recapit-
ulation of the uplink transmission model and the noncoherent
detection in massive MIMO, the respective impairment models
are introduced in Section II. Numerical results are presented
in Section III and conclusions are drawn in Section IV.

II. SYSTEM MODEL AND NONCOHERENT DETECTION

A. Uplink Transmission Model

In this paper, a multi-user uplink scenario is considered as
depicted in Fig. 1. Nu single-antenna users simultaneously
transmit to a central BS equipped with Nrx�Nu antennas,
which corresponds to a massive MIMO setup. In the following,
single-carrier transmission is assumed and all signals are mod-
eled in the equivalent complex baseband. The symbols bk,u
transmitted by user u at the discrete time step k are differ-
entially encoded unit-magnitude phase-shift keying (DPSK)
symbols and are given by

bk,u = ak,u bk−1,u , b0,u = 1 , (1)

where ak,u are the data symbols drawn from an M -ary PSK
constellation M= {e j2πi/M | i= 0, 1, . . . ,M−1}. Assuming
the propagation channel to remain constant over a transmission
burst and omitting inter-symbol interference, the received
signal at time instant k can be written as

rk =

Nu∑

u=1

hubk,u

︸ ︷︷ ︸
uk

+nk , (2)

where hu = [h1,u, . . . , hNrx,u]
T collects the complex-valued

channel coefficients from user u to the Nrx receive antennas
and nk = [n1,k, . . . , nNrx,k]

T gathers the zero-mean circular-
symmetric complex Gaussian noise samples with variance σ2

n .
The signal-to-noise ratio (SNR), which is defined as the ratio
of the transmitted energy per PSK symbol Es,tx and the noise
power spectral density N0, reads Es,tx/N0 = 1/σ2

n .
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Fig. 1. Generic system model for the massive MIMO uplink transmission including the main hardware components at the base station.

Modeling the massive MIMO channel using a geometry-
based stochastic approach, more specifically the COST 2100
channel model [9], [10], the channel coefficients hm,u between
user u and BS antenna m can be expressed by [6]

hm,u =
∑

i

aMPC
i,m,u Crx(ϕ

MPC
i,m,u, θ

MPC
i,m,u) , (3)

where aMPC
i,m,u is the complex amplitude of the ith multi-path

component due to active clusters with the corresponding di-
rection of arrivals (DOAs) ϕMPC

i,m,u and θMPC
i,m,u, respectively. The

antenna pattern at the BS is taken into account by Crx(ϕ, θ).

B. Noncoherent Detection

At the BS, noncoherent detection schemes are applied. To
this end, a receive block R over Nbl time steps is considered,
which is given in case of an ideal receiver by

R = [r0, · · · , rNbl−1] . (4)

Decision-feedback differential detection combined with non-
coherent decision-feedback equalization (DFDD/nDFE) [4] of
user u is then based on the Nbl×Nbl correlation matrix

Zu
def
= RHWuR , (5)

where Wu
def
=diag(w1,u, . . . , wNrx,u) is a user-specific diag-

onal weighting matrix, which effectively acts as a spatial-
domain filter. The weighting coefficients wm,u can be opti-
mized to maximize the signal-to-noise-plus-interference ratio
(SINR) [11], when the average receive power (power-space
profile, PSP) of the individual user at the BS is known.
Assuming an ideal receiver with no impairments, the PSP pu
of user u stems from the channel coefficient vector hu and the
transmitted user symbols bk,u during the transmission burst by
averaging over different channel realizations and the transmit
symbols as follows

pu
def
= E

{
|hubk,u|2

}
. (6)

C. Uplink with Hardware Impairments
At the BS, hardware imperfections cause different types

of distortions onto the desired receive signal rk. In the
following, accurate models for the main hardware impairments
as depicted in Fig. 1 are introduced capturing the non-linear
distortions of the LNAs, the phase noise of the LOs used for
downconversion, and the course quantization effects after the
analog-to-digital conversion. The impact on the received signal
is analyzed separately for each component.

1) Non-Linear Amplifier: The non-linear behavior of the
amplifiers are commonly modeled by Volterra series or its
variants [12]–[15]. These computational complex models are
able to capture the non-linear effects associated with wideband
signals by means of memory structures. However, in case of
narrowband systems, memoryless (polynomial) models [16]
are sufficient to describe the instantaneous behavior in terms
of amplitude-to-amplitude (AM-AM) and amplitude-to-phase
(AM-PM) effects, whereby both the amplitude and the phase
at the output are dependent on the instantaneous input signal
amplitude (see Fig. 1). Assuming that the amplifier at each
receiving branch follows the same input-output relation, the
output signal r̂m,k at the mth branch and at the time step k
using a polynomial of order 2P + 1 is

r̂m,k =

P∑

p=0

G2p+1|um,k|2pum,k + nm,k , (7)

where G2p+1 are complex coefficients. Generally, fifth-order
polynomials are sufficient to reflect the non-linear charac-
teristics in an accurate manner. Even-order terms are ne-
glected in (7) since they only lead to out-of-band spectral
regrowth [16]. In order to keep the amplifiers at each receive
branch in the linear operation region and to avoid distortions,
the amplifiers have to be backed-off. The input back-off (IBO)
is defined as the ratio of the input-related 1 dB compression
point P1dB,in of the amplifier and the maximum average input
power P in,max among all amplifiers of the receive branches
as follows

IBO = 10 log10

(
P1dB,in

P in,max

)
dB . (8)



2) Phase Noise: The received signal is impaired by the
phase noise of the imperfect LO signal used for downconver-
sion. Assuming perfect timing and frequency synchronization,
the resultant received vector r̂k can be expressed by

r̂k = Dkuk + nk , (9)

where
Dk = diag

(
e−jφPN

1,k , · · · , e−jφPN
Nrx,k

)
(10)

models the respective phase drifts φPNm,k originated from the
phase noise at each receive branch m and for each time
step k. Here, two LO configurations at the BS can be analyzed,
namely a common LO deployment, where a central LO serves
all BS branches, or an independent LO deployment, where
each receive path is equipped with a different LO. In the first
case, the phase rotations are identical, i.e., φPN1,k = . . .=φPNNrx,k

,
and in the latter case all φPNm,k are independent.

In the following, the phase noise model of two common
oscillator types, more precisely, of a free-running oscillator
and of a frequency synthesizer with phase-locked loop (PLL),
are introduced. In case of a free-running oscillator, the phase
rotations can be modeled by a Wiener or Brownian motion
process [16]–[18]. The phase error accumulates over time with
linearly increasing variance (random walk) according to

φPN,FREEm,k = φPN,FREEm,k−1 + ξFREEm,k , (11)

where ξFREEm,k ∼N
(

0, σ2
ξ

)
is a real Gaussian random variable

of zero mean and variance

σ2
ξ = 4π2f2

0 cfreeTs , (12)

which is a function of the carrier frequency f0, the symbol
duration time Ts, and a constant cfree characterizing the quality
of the oscillator. The single-sideband phase noise spectrum
L(foffset) (in dBc/Hz) of the free-running oscillator at a
specific frequency offset foffset with respect to the oscillator
frequency f0 is specified by the quality constant cfree, which
is approximately given by [18]

cfree ≈ 10L(foffset)/10

(
foffset

f0

)2

. (13)

The presented phase noise model of a free-running oscillator
has been extensively used in the literature [19]–[22]. However,
in practice, PLL-based frequency synthesizers are employed in
radio communication systems. These synthesizers comprise a
voltage-controlled oscillator (VCO) and a high-quality refer-
ence crystal, which operates at low frequencies. A feedback
loop involving a phase detector and a low-pass (loop) filter
controls the output of the VCO via the reference signal. The
output phase of the PLL can be represented by the sum of
two stochastic processes [17], [23], [24], namely a Wiener
process φPN,REFm,k of the reference signal and a one-dimensional
Ornstein-Uhlenbeck process βm,k, as follows

φPN,PLLm,k = φPN,REFm,k + βm,k , (14)

where

φPN,REFm,k = φPN,REFm,k−1 + ξREFm,k (15)

is again a random walk process as in case of a free-running
oscillator with ξREFm,k ∼N

(
0, 4π2f2

0 crefTs
)

and the correspond-
ing quality constant cref of the reference signal. Transferring
the continuous-time representation of the Ornstein-Uhlenbeck
process presented in [23] into a discrete-time model, βm,k
in (14) can be expressed as [24]

βm,k = βm,k−1 + 2πfc,PLLTs/kPDγm,k−1 + ξVCOm,k − ξREFm,k ,
(16)

where fc,PLL denotes the cut-off frequency of the PLL, kPD is
the phase detector constant, and ξVCOm,k is a Gaussian distributed
random variable according to ξVCOm,k ∼N

(
0, 4π2f2

0 cvcoTs
)

with
the corresponding quality factor cvco of the VCO. The VCO
input is denoted by γ, which depends on the actual PLL
design. Employing a charge pump PLL solving the steady state
error, the VCO input phase is given by

γm,k =
(
1− 2πfc,PLLTs

)
γm,k−1 − 2πfc,CPTskPDβm,k−1

−kPD

(
ξVCOm,k + ξREFm,k

)
, (17)

where fc,CP is the cut-off frequency of the charge pump. The
respective VCO input for different PLL configurations, for
instance with or without a first-order loop filter, can be found
in [23], [24]. In general, the phase error grows without bound
in case of a free-running oscillator, whereas the output phase
of a PLL-based synthesizer is within a certain range, i.e., has
bounded variance (see Fig. 1).

3) Analog-to-Digital Converter: The ADC quantizes the
received signal to a resolution of q bits. Assuming that quan-
tization is performed separately for the real and the imaginary
component, the resultant receive signal after quantization can
be expressed as

r̂m,k = Q{Re{rm,k}}+ jQ{Im{rm,k}} , (18)

where Q{·} denotes the nonlinear quantization function. Con-
sidering a uniform q-bit quantizer with a total input range VFS

and a quantization step-size ∆ =VFS/(2
q − 1) as in Fig. 1,

the quantized output of an input signal x can be given by

Q{x} =





VFS/2, x ≥ VFS/2⌊
x
∆

⌋
∆, −VFS/2 ≤ x < VFS/2

−VFS/2, x < −VFS/2

, (19)

where b·c denotes rounding to the nearest smaller integer. In
order to ensure a full-scale operation of the ADC and to avoid
clipping, the input signal has to be amplified appropriately.
Generally, a variable gain amplifier (VGA) and an automatic
gain control (AGC) is employed. Analogously, the input range
of the ADC has to be twice the maximum magnitude of the
input signal according to

VFS = 2 max
{
|x|
}
. (20)
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depicted from user 2 to the 50th BS antenna.

III. NUMERICAL RESULTS

Numerical results were conducted for a three-user scenario
(Nu = 3), where each user is located in the near-field of a
physically-large BS consisting of Nrx = 100 antennas arranged
as uniform linear array with an inter-element distance of
da =λ (see Fig. 2). In the near-field scenario, the noncoherent
detection scheme is highly dependent on the actual user
position [6]. The users are arranged along a straight line
parallel to the BS at a distance of du = 10 da and are in front
of the 20th, 50th, and 80th BS antenna, respectively.

A multi-path propagation channel is considered, where
randomly placed clusters surround the users (local cluster)
and the total number of multi-path components per user is
three. The users are equipped with omni-directional antennas,
whereas patch antennas are employed at the BS pointing into
the direction of the users as in [7]. A power control is used
assuming that the total receive power per user is one. To
this end, the acquired channel matrices from the cluster-based
channel model are normalized such that ||hu||2 = 1.

Regarding the noncoherent detection scheme, a transmission
burst of Nbl = 201 symbols is considered, where each user
transmits quaternary DPSK symbols. The performance mea-
sure is the symbol error rate (SER), which is averaged over
100,000 different channel realizations. In order to provide a
comparison to coherent detection schemes, Bell Laboratories
layered space-time (BLAST) [25] is evaluated as well for
the presented scenario. Here, the channel coefficients are
first estimated via pilot signals using Hadamard sequences of
length 32 and a linear least-squares (LS) approach. Coherent
detection is then applied on a transmission block of Nbl− 32
symbols. The associated rate loss compared to noncoherent
detection is not considered nor compensated by means of
higher-order modulation leading to a bias in favor of coherent
detection. The parameters of the system configuration, the
propagation channel and the (non)coherent detection scheme
are summarized in Table I.

A. Non-Linear Amplifier

First, the impact of the non-linear amplifier on the SER
performance is analyzed. To this end, a fifth-order polynomial
without even-order terms is chosen to cover the non-linear

TABLE I
SYSTEM CONFIGURATION AND PARAMETERIZATION OF PROPAGATION

CHANNEL AND (NON)COHERENT DETECTION.

System configuration

number of users Nu 3

number of BS antennas Nrx 100

BS antenna spacing da λ

user distance du 10 da

user antenna type omni-directional

BS antenna type patch [7]

Propagation channel

cluster types local

number of multi-path
3

components per user

number of different
100,000

channel realizations

channel normalization ||hu||2 =1

(Non)coherent detection

modulation alphabet 4-ary DPSK

block length Nbl 201

pilot signal (length) Hadamard (32)

characteristics of the amplifier. The corresponding complex
coefficients G2p+1 in (7) are taken from [26] and are normal-
ized to unity gain, hence G1 = 0.9989, G3 = 0.0479 e−j2.816,
and G5 = 0.001 e j0.39. The SER as function of the IBO for
Es,tx/N0 =̂ 14 dB and for each user is depicted in Fig. 3.
Generally, coherent and noncoherent detection perform almost
identically for all users (plots overlap). The only exception is
user 2, which performs slightly worse than the remaining users
regarding noncoherent detection due to a higher overlap of
the PSPs. As long as the amplifier is driven at large IBO,
no impact on the SER performance is observed. However,
approaching the non-linear operation region, the performance
degrades. The degradation is moderate for IBO> 0 dB, which
can be explained to some extent by the robustness of the dif-
ferential phase modulation to amplitude and phase distortions.
Strong degradation occur in the deep non-linear region.

Consequently, highly-linear (costly) amplifiers are still nec-
essary for optimum performance. Otherwise an operation at
moderate IBO has to be ensured to keep the performance
degradation in an acceptable range corresponding to a loss
in power efficiency.

B. Phase Noise

Next, the performance is assessed when the receive signal
is distorted by phase noise induced by the local oscillator
at downconversion to baseband. Here, a free-running os-
cillator and a PLL-based synthesizer in both common and
independent LO deployment are considered. The SER is
evaluated as function of the single-sideband phase noise den-
sity L(foffset = 100 kHz) in dBc/Hz at an offset frequency
of 100 kHz, which directly specifies the quality of the LO in
use and which is linked to the quality constants cfree and cvco

in the presented phase noise models, respectively. The symbol
duration time is assumed to be Ts = 100 ns [19] and the SNR
is set to Es,tx/N0 =̂ 14 dB.
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Results using a free-running oscillator are depicted in
Fig. 4a. Employing high- to medium-quality oscillators, the
difference in the phase noise between successive samples is
negligibly small. Consequently, the SER performance is not af-
fected due to the differential encoding of the information sym-
bols. However, the worse the quality of the oscillator the larger
the phase deviations between consecutive samples, which de-
teriorates the SER when L(foffset = 100 kHz)>−90 dBc/Hz.
A performance improvement can be observed using a indepen-
dent LO deployment due to an averaging of the independent
phase noise sources. Regarding coherent detection, this effect
was already observed in [20], [22]. Noteworthy, the coherent
approach is more sensitive to phase noise distortions in both
common and independent LO deployment.

Fig. 4b shows the SER performance for a PLL-based
synthesizer employing a charge pump with fc,CP = 16 kHz.
The cut-off frequency of the PLL is fc,PLL = 50 kHz and the
phase detector gain amounts to kPD = 1. The quality constant
of the reference signal is chosen to be cref = 10−18 s. In
comparison to a free-running oscillator, the phase noise is
bounded and the phase shifts are smaller leading to a reduced
phase noise sensitivity for both common and independent
LO deployment. Furthermore, the performance gap between
coherent and noncoherent detection is diminished.

Thus, due to the differential phase modulation, the perfor-
mance degradation considering phase noise is less severe. Gen-
erally, medium-quality oscillators can be employed achieving
optimum system performance. Due to an averaging effect of
the phase noise sources, the quality of the oscillators can be
lowered in independent LO deployments.

C. Analog-to-Digital Converter

Finally, the quantization effects due to the analog-to-digital
conversion are taken into consideration. To this end, all ADCs
are ensured to operate at full dynamic range and employ
the same total input range. The SER as function of the
resolution (in bits) at an SNR of Es,tx/N0 =̂ 14 dB is
depicted in Fig. 5b. It can be observed that coarse quantization
leads to a significant performance loss. In particular, the
non-linear distortions of 1-bit quantizers result in a strong
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(a) Free-running oscillator.
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Fig. 4. Symbol error rate vs. single-sideband phase noise density L in dBc/Hz
at an offset frequency foffset =100 kHz for Es,tx/N0 =̂ 14 dB. Colors
correspond to users: user 1 ( ), user 2 ( ), user 3 ( ).

degradation using channel-estimation-based detection. For the
noncoherent case, the effective PSPs are estimated according
to p̂u = E

{
|Q{Re{hubk,u}}+ jQ{Im{hubk,u}|2

}
. For 1-bit

quantizers the resultant estimate turns into a uniform power
distribution over the receive antennas for each user (see
Fig. 5a). Consequently, no distinct PSPs are available at the BS
to separate the users and detection fails. Interestingly, applying
the original (ideal) PSPs instead, a significant performance
gain is achieved even outperforming the coherent detection
scheme (see Fig. 5b). However, the ideal PSPs cannot be ac-
quired without an additional receive-power-estimation device
in case of 1-bit quantization. Noteworthy, 4-bit ADCs still
perform close to optimum. Hence, lower resolution ADCs can
be employed without sacrificing performance. Since the power
consumption of the ADC is related to the number of bits [27],
the power efficiency can be enhanced substantially.

IV. CONCLUSION

In this paper, the impact of the hardware impairments at the
BS has been investigated for a massive MIMO system, where
noncoherent detection is applied in the uplink. The effects of
the main receiver components were assessed on the basis of
appropriate impairment models and a cluster-based channel
model. It is shown that high-linearity amplifiers are still
required to achieve the optimum performance. Alternatively,
the input has to be backed-off, which in turn is inefficient in
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terms of power consumption. Due to the differential encoding
of the transmit symbols, the phase noise sensitivity is small
and therefore allows for oscillators of lower quality saving
the overall costs. Coarse quantization leads to a significant
performance loss, in particular for 1-bit resolution. Here, the
users cannot be separated at the BS anymore due to uniform
power-space profiles. A remarkable performance enhancement
is achieved by applying the original (ideal) power-space pro-
files instead. However, the acquisition of the original profiles
requires an additional receive-power-estimation circuitry when
pure 1-bit quantization is performed. Generally, the resolution
can be lowered to a few bits without loss in performance,
which provides power-saving on a significant scale. A mixed-
ADC architecture [28], where the base station is partially
equipped with low- and high-resolution ADCs, can offer
further potential in terms of power consumption and receive-
power estimation remaining as open topic for future work.
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