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Abstract—The practical deployment of cell-free massive multiple-input
multiple-output (CF mMIMO), a promising technology empowering the
sixth-generation with multitudinous access points (APs). This paper consid-
ers a CF mMIMO system over Rician spatially correlated fading channels
with the single-antenna user equipments (UEs) and multi-antenna APs,
where the phase-shift induced by the UEs’ movement exists at the line-of-
sight path. Though the low-resolution analog-to-digital converters (ADCs)
can effectively address the expensive hardware cost and power-hungry
problems, complicated data processing algorithms are of vital importance
to be well designed to compensate for the performance gap compared
with the real scenarios since the hardware impairments. However, the
novel mixed-ADC architecture could solve the above challenges with bet-
ter performance. So, we investigate the effect of mixed-resolution ADCs
deploying at APs and the in-phase and quadrature-phase imbalance (IQI)
on the CF mMIMO systems. Furthermore, the achievable uplink spectral
efficiency (SE) is analyzed considering IQI and quantization loss based on a
two-layer decoding scheme. Moreover, the novel closed-form SE expression
with the maximum ratio (MR) combining is derived. And we find the
relationship between the SE performance and different combining schemes,
quantization bits, and IQI parameters. Finally, the numerical results reveal
the mixed-resolution ADCs show a great advantage in boosting the SE
performance, and increasing the number of APs is an effective means to
promote the system performance.

Index Terms—Cell-free massive MIMO, I/Q imbalance, mixed-
resolution ADC, spectral efficiency.

1. INTRODUCTION

Over the past few decades, the academy has proposed advanced tech-
nologies to meet the unprecedented growth of wireless data throughput,
such as multiple-input multiple-output (MIMO) [1], reconfigurable
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intelligent surface (RIS) [2], [3], TeraHertz (THz) communication
technology [4] and so on. The traditional communication paradigms
are undergoing a landmark revolution to access the next-generation
communication system.

MIMO, a vital physical layer technology of the fifth-generation (5G),
provides both diversity and spatial reuse to enhance the transmission
reliability and the transmission rate [5]. However, limited by the sys-
tem architecture and the sharp increase in the network throughput,
the industry puts forward new demands to the forthcoming wireless
communication. Cell-free massive MIMO (CF mMIMO), promoting
the spectral efficiency (SE) by introducing the thought of “user-centric,”
can address the inter-cell interference existing at the implementation of
“cell-centric” networks and cope with the challenges brought by the
exponential growth of mobile data traffic due to its outstanding advan-
tages of fully exploiting the spatial degrees-of-freedom [6], [7], [8]. In
CF mMIMO systems, a good deal of access points (APs) with massive
antenna arrays are distributed at the service region and coordinate with
each other to serve all user equipments (UEs) [9]. It is noteworthy
that the key performance indicators for evaluating the CF mMIMO
are SE and energy efficiency (EE). For instance, a low-complexity
power control algorithm based on the accelerated projected gradient
method was proposed for EE maximization in [10], while the uplink
SE performance of CF mMIMO system with multi-antenna UEs over
spatially correlated Rayleigh fading channels was effectively analyzed
in [7]. Nevertheless, the hardware cost and power consumption of APs
are still pendent challenges in the sixth-generation.

In CF mMIMO, the number of radio-frequency links implemented
at APs is proportional to the number of antennas, which undoubtedly
brings considerable data processing burden, expensive hardware cost,
and high system power consumption. In order to tackle the aforemen-
tioned issues, a novel method, adopting low-precision components was
proposed. The uplink performance with the low-resolution analog-
to-digital converters (ADCs) over Weichselberger Rayleigh fading
channels was investigated in [11]. However, the assumption of APs
with all antennas connected to high-resolution ADCs will be quite
power-hungry, while the low-resolution ADCs are at the cost of SE
degradation. In contrast, the mixed-ADC architecture can achieve a
balance between EE and SE [12], remarkably reducing the hardware
cost and power consumption. In [13], the alternating optimization
method was attempted to jointly solve the power control problem
and antenna selection with the APs equipped with the mixed-ADC
architecture. Aside from [13], the max-min fairness algorithm was valid
for optimizing power in CF mMIMO systems [12].

Typically, the digital communication systems are undergoing the
effect of hardware impairments, introduced by low-resolution compo-
nents, such as phase noise, in-phase or quadrature-phase imbalance
(IQD), and others [14]. The EE performance of CF mMIMO systems
over the Rayleigh channels was investigated under the limited fronthaul
capacity and low-resolution ADCs in [15]. And the hardware-quality
scaling law shed light on the potential relationship between hardware
impairments and the number of antennas [16]. Recently, the uplink
achievable rate expressions were derived over the Rayleigh fading chan-
nels with compress-forward strategies [17] and the eavesdroppers [18],
respectively. Unfortunately, the state-of-the-art researches are mainly
focused on the Rayleigh fading channels [14], [15], [16], [17], [18].
While with the combination of line-of-sight (LoS) path and small-scale
fading in the real CF mMIMO systems [19], the Rician fading channels
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are more suitable for the actual wireless propagation channel modeling
in CF mMIMO systems [20].

Motivated by the aforementioned observations, in this paper, we
consider a CF mMIMO system with the mixed-resolution ADCs archi-
tecture and IQI at multi-antenna APs over Rician spatially correlated
fading channels with phase-shifts. The main contributions are given as
follows:

® Based on the phase-aware minimum mean squared error (MMSE)

channel estimator, we derive the SE expressions for different
combining schemes. More specifically, we derive exact closed-
form uplink SE expressions for MR combining with mixed-ADC
architecture and IQI.

® Wereveal the impacts of different combining schemes, the number

of quantization bits, and IQI parameters on the uplink SE perfor-
mance. Compared with MR combining, the SE performance of
the mixed-ADC architecture with L-MMSE combining is more
advantageous. Our analysis unveils that hardware impairments
have significant impacts on the performance of CF mMIMO
systems.

The rest of this paper is organized as follows. The CF mMIMO
system model with IQI and mixed-resolution ADCs is briefly intro-
duced in Section II. Then, the uplink SE performance and closed-form
SE expressions with MR combining based on the large-scale fading
decoding (LSFD) scheme of such a system are derived in Section III.
Finally, Section IV provides the simulation results and discussion to
illustrate the effects of mixed-ADC architecture and IQI, while the
conclusions are drawn in Section V.

II. SYSTEM MODEL

An uplink CF mMIMO network is investigated which consists of M
APs equipped with L antennas each and K single-antenna UEs. All
APs connect to a central processing unit (CPU) via lossless fronthaul
links [3], [7], [9]. The system operates in the time division duplexing
(TDD) mode where the channel responses remain constant over a
coherence block of 7, samples. Note that 7, samples are reserved for
training and the remaining 7, = 7. — 7, are reserved for payload data.
The channel response between L antennas of AP m and UE k is denoted
by h,,, € C¥,whichis assumed to keep constant over a coherence time
block of 7. channel uses.

A. Rician Correlated Fading Channels With Phase-Shifts

In this paper, we consider the Rician spatially correlated fading chan-
nel which is comprised of a semi-deterministic LoS path component
with a random phase-shift and a stochastic non-line-of-sight (NLoS)
path component [19] as h,,,, = hy Pk + Zmk, Where h,, is the
deterministic LoS path component, g, ~ Nc (0, R, ) is the NLoS
component, and R, € CL*L is the positive semi-definite covariance
matrix describing the spatial correlation of g,,,1, respectively. In ad-
dition, the phase-shift matrix P,,;, = diag(e/¥mk.1,... el¥Pmk.L) €
CE*L describes the phase-shift of AP m and UE k, where the I-th
element @, ~ U(—m, ) represents the phase-shift of the LoS com-
ponent between the [-th antenna of AP m and UE k [19]. We assume
that the diagonal elements of P, are equal to ©,,, S0 h,,; can be
rewritten as

hmk = hmkeﬁpmk + 8mk,

ey

where ¢, and the channel realization h,,,;, are assumed independent
and identically distributed (i.i.d.) random variables in different coher-
ence blocks.
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TABLE I
DISTORTION FACTORS FOR DIFFERENT QUANTIZATION BITS

b 1 2 3 4 5

pr 0.6366 0.8825 0.96546 0.990503 0.997501

On the other hand, the large-scale fading coefficient between AP
m and UE k, BN = "Humi) - describes the geometric pathloss and

shadowing for the NLoS path.

B. Channel Estimation

In this phase, the channel state information (CSI) is gathered at
the APs. Each AP can only exploit its local CSI for receive signals
combining [9]. We assume that 7,, mutually orthogonal 7,,-length pilot
sequences are used for channel estimation. ¢, € C™» denotes the pilot
sequence of UE k, with ||¢y||> = 7,. We define Py, as the set of UEs
that use the same pilot sequence as UE k, including itself. With p, being
the pilot transmit power of UE k, the pilot sequences are sent by all the
UEs to the APs. Then the received pilot signal y?, € CE*7» at AP m
isy? = S0 VPrhme L 4 0P, where n?, ~ N (0,0°1,) is the
additive noise with o2 denoting the noise power. Affected by IQI, we
consider it at the AP side based on the asymmetrical IQI model [11],
so that the received pilot signal y? 4i,m At AP m can be expressed as

Yigim = Kimyh, + Ko (v5,)"

K K
k=1 k=1

p

+ i mo 2)
where nj, =K, ,nb +K,,(n5)" ~Nc(0,E) and E =
(1K1 + Ko ). The diagonal matrix
K, =diag(Kj,,,...,Kf, )eCt and Ko =

diag(Kj ,,, ..., K%,,) € CL*% denote the IQI coefficient matrix
of AP m with the diagonal entries KLm = %(1 + gie7%) and
K} ,, = 3(1 — ge?®), where g, and 6, denote the amplitude and
phase mismatch, respectively.

Compared with the traditional perfect ADCs causing a huge power
consumption and low-resolution ADCs strategy decreasing the SE,
we consider a mixed-ADC architecture in this paper, which achieves
the tradeoff between the SE performance and hardware cost. Since
the ADCs with different resolutions are disposed at the antennas of
APs, so the quantization bits of each antenna can be expressed as
b = [by,...,by], where b; can be the arbitrary integer from one bit
to the maximum value of the ADCs.

The received signal at AP m being quantized can be indicated on the
basis of the linear additive quantization noise model (AQNM) [12] as
¥E, = Q¥Viyim) = Ayh, , + 108, where A = diag(a,...,ar)
and 11}, is the additive Gaussian quantization noise which is uncor-
related with y? i,m> Tespectively. And a; = 1 — p; is the linear gain,
where p; is the inverse of the signal-to-quantization-noise ratio, de-
pending on the quantization bits of ADCs. Accordingly, the relationship
between p; and b; is shown in Table I for b; < 5, and can be modeled
as p; = %ﬁ -2720m when b; > 6 [13]. And the covariance matrix of
the quantization noise 11}, , is given by (3) shown at the bottom of the
next page.
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In order to acquire sufficient statistics to estimate the channel,
we first multiple the quantization signal y?  with ¢; to
obtain y¥, =yP o; as yb, = Zszl VIAK o hndF ¢5 +
Skt VIR AK, i O 67, + Anf 67, + 15, 67 Since
there are a great number of UEs deployed in the CF mMIMO
systems such that 7, < K, and the pilots are mutually orthogonal,
SO y L can be rewritten as yfnk = \/ﬁTpAKhmhmk +
Zle?’k\{k} VDirp AK b + 37,5, VT AKy by, 4
A iqi, m¢k + n ¢k

The traditional MMSE estimators are widely adopted for estimating
the channel with the prior information, e.g., the LoS component h,,,;,
and the spatial correlation matrix R, . Based on the above and the
phase-shift information ¢,,,, the novel MMSE estimation criterion,
that is so-called phase-aware MMSE estimator, is dedicated to the
accuracy of channel estimation. So, if the channel statistics hw, Rk
are available and the phase-shift ¢, is fully known at AP m, we can
derive the phase-aware MMSE estimate of h,,,;, as Lemma 1.

Lemma 1: The Phase-Aware MMSE estimate of the channel from
AP m to UE k is

By = Bpe/®me PrATKS Rk O (Yo = Toi) » 4
where §7 . = >iep, VP, AK, hpe?#mi, and ¥, = 2iep,
ﬁkTpAKl’mleKﬁmAH =+ Ele’Pk ﬁkTpAKZ,mRin,lKHmAH +
AEAT ¢ Ryr

The channel estimate ﬁmk and estimation error flmk =h,,, — flmk
are  independent random  variables  with E{hmk |omr} =
hmkejAP”Lk’ COV{hmk‘ka} - kapémkv ]E{hmk} — 0

Cov{flmk} =C,, and C,p =R, — pr7p P,  where
(I’mk = AKl,mRmk‘I’mkRkaH AH

C. Data Transmission

During the uplink data transmission, all the UEs send data signals
to the APs simultaneously via the wireless propagation channels. The
signal transmitted by UE k is s;,, with the power p;, = E{|s.|*}. The
received signal with the consideration of ADCs and IQI at AP m can
be expressed as

K K

S”nL = Z AKl,mhmkSk + Z AKZ,mhinkS;; + Aniqi,nL + ﬁm7

k=1 k=1

(5)
where n;g; ., = K nn,, + K, ,,n;, . And ii,, is the Gaussian quan-
tization noise, whose covariance matrix is given by (6) shown at the
bottom of this page.
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by Vi € CL the combining vector designed by AP m for UE k based
on its local observation. In the first layer, the local estimate of s;, at AP
m is given by

= H & H
Smk = Vip¥m = Vi AKy phyesy

5>

I=1,1#k

H
mGAKl,mhmlsl

K
H * * H H v
+ § Vi AKo o 87 4+ v Angiom + Vi, (7)
=1

Note that v,,,;, varies from different linear combining methods. For
MR combining, v, = h,,,, and if we choose L-MMSE combining,
then v,,,;, can be designed as

Zl 1AK] m mth {{mAH
+E IAKth* o K AT o ®
mks
+Zz 1 ml1+21 1
+AEAH + Ry,

Vink = Pk
ml,2

which can minimize the mean-squared error MSE,,, = E{|s; —
vE VPt where Cppp = diag(AK,,,)diag(Kf, AT) o
Cint, G2 = diag(AK, ,, )diag(KJ, AP) @ C:

The second layer of the decoding scheme is implemented in the
CPU to mitigate the inter-user interference using LSFD coefficients.
Compared with the small-scale coefficients, the large-scale coefficients
vary slowly, relying on the distance between AP-UE pair and the
environment. The local estimate S,,,;. is sent to the CPU, where S,
is weighted by the LSFD coefficients. Therefore, we obtain the final
decoding signal 8, = S"M_ a5, as

M K
= ZZ AoV A (K s+ Ko by s7)
M
+ D Ve Al + Zamkv Wi ()
m=1 m=1

Then, we define the LSFD coefficient matrix a, = [ag, ...,
avp)t €CM, gy = [VEAK, thy, ..., v AK vha)t €
CM  and ki = [VﬁcAKz’]th, - ,Vf{kAKzﬂjuhR”}T € C]\/I,
respectively.

So, with the simplified representation above, (9) can be simplified
as

a H H H X
Sk = Ay, 8kk,15k + E ay 8ki,181 + E ay, 8ki,285]

I1=1,1%k =1
In the uplink, we adopt the LSFD scheme, which can achieve
better performance than fully-distributed implementation. We denote + it + Do, (10)
. H
Ry, = A (I, — A) diag (E {y%,..., (%)) })

K K
= A (I, — A)diag <Z Tobr Kt m Rt KI + 3 75 Ko R KA+ E) . 3)

k=1 k=1

K K
Ri,, = A (I — A) diag (ZpkKl,mRkafm + Ko m Ry K, + E) . (6)

k=1 k=1
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o M H H _ M H
where gy =3 ) Gy Vi Aligim  and Ny =30 gy
via 7
mk>me

Based on the received signal, we can derive the lower bound of uplink
SE expressions using use-and-then-forget (UatF) bounding technique
to analyze the system performance. So, the achievable SE of UE k is

SE, = (1 - %) log, |1 + peFE S Fy | (11)

where Fj, = aflE{gs, } and Xj, = pp Y15 allE{gu.i8l], Jay, +
Dk ZlK Al E{g, 2gkl Jtap — FoFF +all 7y a;, + all Zy ra;
with Zj; = tr(EA" v v A) = r(Ev, vl © diag(A)diag(A™))
and Zj, , = tr(Rx,, E{||vi|*}), respectively.

Actually, the LSFD coefficient matrix a; can be optimized with the
following corollary, then we can achieve the maximum of achievable

SE.
Corollary 1: When the LSFD coefficient is chosen as

K
ZZ?E {gkl,lgﬁ,l}
+> . E {gkz,zgg,z}
+Zy) + 2y

-1

E{gkr,1}, (12)

= Pk

we can get the maximum value of SE, shown as the equation (13) at
the bottom of this page.

Furthermore, we focus on the closed-form SE expressions when the
MR combining method is applied in the first layer rather than L-MMSE
combining, which is shown as

c

whereF;C allZy,and Z;, = [Zu, - Zingg)T withZ,,, = E{vEH,
AK, ,hy b =E{tr(AK, ;b 01 )}:tr(AKl,mJE{ﬁmkﬁgk S\
= tr(AK1 m ( Pk + hmkh »))- And we structure @5 = E{gy; |
gkl 1} € CM*M into blocks, where the (m,n)-th element is
G)ZE”—]E{V WAK o WK Ay, b = E{tr(AK, ;hp,
Jr(vuh K AT} = tr(AKl mE{h v DK ATE

'mk nl
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TABLE II
SIMULATION PARAMETERS

Symbol Notion Value
S simulation area 1x1 km?
of shadow fading parameter 0.5
dac decorrelation distance 100 m
B communication bandwidth 20 MHz
o? noise power -94 dBm
Te length of coherence block 200
Tp pilot length 20
Dk transmit power of each UE 200 mW

{vnxhf}), which is shown in (15) and (16) at the bottom of
this page under two cases (m =mn and m # n), respectively.
Since E{h,, hT,} =0, so we can get the closed-form result of
AL =E{gngii,} € CMM = 0.

IV. NUMERICAL RESULTS

We investigate the impacts of the mixed-resolution ADCs and
1QI on the CF mMIMO system for the simulation with a wrap-
around scheme [9]. The simulation parameters are listed in Table
II. All APs and UEs are uniformly distributed in S. We use the
COST 321 Walfish-Ikegami model to describe the pathloss of CF
mMIMO as PL,, 1[dB] = —30.18 — 26 log(%=k) + F,,, &, where
dmr 1s the two-dimension distance of AP m-UE k pair, contain-
ing the horizontal distance and a vertical distance of 11 m. Fur-
thermore, we let the Rician factor k,,; equals to 10'370-003dmsk,

K
SEk max = <1 — :”) log, |1 +E {ggw} ( 2=

E {gkmg;gJ} +Y 5 E

~1
H
{gkl,ngl,2} E {gkk,1}|- a3
+Zy1 + 2y

wm = prrptr (AK R K, AT @) + B AK Ry KL ATy, + prrphl KT AT @, AK by +

0, 1 ¢ Py
2
ir2 fr ( (APKE, Ry, ) AK, L (AT, Ry¥, 1/2)) ’
L - 2
hmkAKl,mhml + 2Py (Rmk\I] 1/2> AK],m <Rmk\:[l 1/2> hH K mA hmk} l=k
2
PRt |tr <(AHK{{mRmk\1: ‘/2) AK ., (AHK{{mle\I/“/ZD , e P\ {k}
(15)
(AKl,mEmlng) tr (K{{nAHl_lnkﬁfrI;Il) ) l ¢ Pk
i = Qo (AK gy (ByhlT, + @) o (KIL AT (BBl + @) o
puprtr (AKy i ATK Ry ® S RE K, A) (K AT, APK R, @ REK, A), 1P\ {k}
(16)
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Fig. 1. Average SE versus the number of APs with L-MMSE combining and

MR combining for K = 40, and L = 4.

The shadow shading model is F},, , = \/@am + /1 — 65by, where

A ~ N(0,68%), by ~ N(0,6%) are independent random variables,

with the covariance functions of a,, and by are E{aman }=
d / dy g

2 E{bybi} = 2 %, where dyn and dy e are the dis-

tances between AP m—AP m’' pair and UE k—UE k' pair, re-

spectively. Furthermore, the large-scale coefficients of the LoS path

and NLoS path are given by 5% =,/ K:”ka /PL,, i, BNEOS =

1
Fom kTl

is [Hiln = +/BUSei?rda (n=1sinmr) with dy being the antenna
spacing, where 0, is the angle of arrival to the UE k seen from AP
m. Also, the (I, n)-th element of R,,; based on the Gaussian local
scattering model is

PL,, 1, respectively. Moreover, the n-th element of h,..

s

- ]
[Rmk]n _ egZﬂ'dH(lfn) sm(0mk+5)e 7% d(;,

+
Varo. /,m a7
where o, is the angular standard deviation.

InFig. 1, we investigate the average SE over Rician correlated fading
channels with phase-shift as a function of the number of APs M for
MR/L-MMSE combining. As the two lines shown in Fig. 1, the average
SE increases with M. And there is a prominent promotion with the
L-MMSE combining compared with MR combining, indicating that the
L-MMSE combining can cope with the effect of IQI. Actually, this is
because the L-MMSE combining can achieve the best balance between
amplifying the desired signal and suppressing the interference. Further-
more, the accuracy of the derived uplink closed-form SE expressions
for the MR combining has been verified since the “x” curve matches
perfectly the results generated by the Monte-Carlo method.

In Fig. 2, we focus on the impact of the number of AP antennas
and the resolution of ADCs on the average SE. Firstly, it is shown
that the average SE increases with the AP antennas achieving more
degrees of freedom, no matter whether with MR combining or L-MMSE
combining. Furthermore, we can observe that the high-resolution ADCs
can achieve the best SE performance and the SE performance of mixed-
resolution ADCs architecture lies in between the high-resolution case
and the low-resolution case. To be specific, the mixed-resolution ADCs
with the MR combining can achieve nearly similar performance with
the perfect, which indicates the merit of mixed-ADC architecture in CF
mMIMO systems.
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Fig. 3. Average SE versus the IQI parameters with L-MMSE combining and
MR combining for M = 60, K = 40, and L = 4.

Fig. 3 shows the effect of different IQI coefficients with the MR/L-
MMSE combining on the CF mMIMO system. The SE performance
reaches its peak value of 2.72 b/s/Hz with the L-MMSE combining
when there is no IQI. From both the sub-figures, we can observe
that the L-MMSE combining is more sensitive to parameter changes,
such as, when the maximum of amplitude mismatch is lower than 0.3,
the average SE keeps steady with the MR combining while 10.28%
decrement with the L-MMSE combining.

V. CONCLUSION

In this paper, we investigated the uplink SE performance for a CF
mMIMO system with mixed-resolution ADCs and IQI over Rician
spatially correlated channels. Based on a two-layer signal processing
paradigm with the LSFD coefficients acquired, we derived the achiev-
able SE expressions with MR combining and L-MMSE combining.
Furthermore, we also computed the closed-form SE expression for
the CF mMIMO system with MR combining. Moreover, in numerical
results, we investigated the impacts of mixed-resolution ADCs and
IQI on the CF mMIMO system. The numerical results showed that
L-MMSE combining can significantly enhance the SE performance
compared with MR combining influenced by the quantization distortion

Authorized licensed use limited to: Beijing Jiaotong University. Downloaded on February 02,2024 at 09:16:05 UTC from IEEE Xplore. Restrictions apply.



9572

and IQI. Furthermore, the ADCs with mixed-resolution can achieve
a tradeoff between the one-bit ADCs and perfect ADCs. However,
the effect of IQI, especially the amplitude mismatch, is harmful to
the average SE performance. In future work, we will investigate the
hardware effects and propose effective IQI compensation strategies to
bridge the gap caused by hardware.
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