arXiv:2110.05796v1 [cs.IT] 12 Oct 2021

Uplink Performance of Cell-Free Massive MIMO
Over Spatially Correlated Rician Fading Channels

Zhe Wang, Jiayi Zhang, Senior Member, IEEE,
Emil Bjornson, Senior Member, IEEE, and Bo Ai, Senior Member, IEEE

Abstract—We consider a practical cell-free massive multiple-
input-multiple-output (MIMO) system with multi-antenna access
points (APs) and spatially correlated Rician fading channels. The
significant phase-shift of the line-of-sight component induced by
the user equipment movement is modeled randomly. Further-
more, we investigate the uplink spectral efficiency (SE) with
maximum ratio (MR)/local minimum mean squared error (L-
MMSE) combining and optimal large-scale fading decoding based
on the phase-aware MMSE, phase-aware element-wise MMSE
and linear MMSE (LMMSE) estimators. Then new closed-form
SE expressions with MR combining are derived. Numerical
results validate our derived expressions and show that the SE
benefits from the spatial correlation. It is important to observe
that the performance gap between L-MMSE and MR combining
increases with the number of antennas per AP and the SE of the
LMMSE estimator is lower than that of other estimators due to
the lack of phase-shifts knowledge.

Index Terms—cell-free massive MIMO, spatially correlated
Rician fading, phase-shift, spectral efficiency.

I. INTRODUCTION

As one of the most promising technologies for future wire-
less communication, cell-free massive multiple-input-multiple-
output (CF mMIMO) has been widely investigated in [1]-
[3]. The key concept is that a large number of access points
(APs) are connected to the central processing unit (CPU) via
fronthaul connections to jointly serve the user equipments
(UEs) on the same time-frequency resource. The number of
APs is envisioned to be much larger than the number of
UESs, thus distances between the closest AP-UE pairs decrease
greatly, which leads to the decrease in path loss and the
increase in macro diversity gain. In the uplink (UL), CF
mMIMO usually uses maximum ratio (MR) combining for
the low complexity but [[6] advocates for local minimum mean
squared error (L-MMSE) combining for its better performance.
Moreover, the large-scale fading decoding (LSFD) method
proposed for mMIMO originally has been utilized in CF
mMIMO systems to further improve the throughput [6].
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The vast majority of scientific papers on CF mMIMO
are making the simplifying assumption of Rayleigh fading
channels [6]-[9] or Rician fading channels where the line-
of-sight (LoS) component has a static phase [10]. Recently,
the authors in [T1]] indicate that the practical channel in CF
mMIMO should be composed of a semi-deterministic LoS
path component with random phase-shifts and a stochastic
non-line-of-sight (NLoS) path component. The phase-shift of
the LoS component is modeled as a uniformly distributed
random variable due to UE mobility and hardware effects
like phase noise. However, [11]] is based on the assumption of
single-antenna APs, while practical APs are usually equipped
with multiple antennas. Furthermore, the authors in
consider spatially uncorrelated Rician fading channels with
unknown phase shifts and multi-antenna APs. Unfortunately,
it did not consider the spatial channel correlation which has a
significant impact on CF mMIMO systems [13]].

To address these limitations, we consider a CF mMIMO
system over spatially correlated Rician fading channels with
phase-shifts and multi-antenna APs. The same channel model
has been investigated in the cellular mMIMO scenario in .
The main contributions of this paper are as follows: (1) We
consider three useful channel estimators with different prior
information: the phase-aware MMSE with all prior informa-
tion, the phase-aware element-wise MMSE (EW-MMSE) with
phase-shifts and partial large-scale fading knowledge and the
linear MMSE (LMMSE) with all large-scale fading but no
phase-shift knowledge; (2) Based on these channel estimators
and the LSFD method, we derive the UL SE expressions for
any combining scheme and compute closed-form SE expres-
sions for MR combining; (3) We analyse the UL SE with
MR/L-MMSE combining over correlated/uncorrelated Rician
fading channels numerically.

II. SYSTEM MODEL

We consider a CF mMIMO system consisting of M APs
with IV antennas each and K single-antenna UEs. The channel
response is constant in a coherence time-frequency block of
length 7. channel uses. In the UL, we reserve 7, channel uses
for the training and 7, = 7. — 7, channel uses for the data
transmission. Let h,,;, € CV denote the channel between AP
m and UE k. We assume h,,; is an independent random
variable for every AP m-UE k pair and h,,; in different
coherence blocks are independent and identically distributed
(i.1.d.). We consider the spatially correlated Rician fading
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channel which is composed of a semi-deterministic LoS path
component and a stochastic NLoS path component as

ey

where gnr ~ Nc(0,R,,k) is the NLoS component and
R,.x € CN*N is the spatial correlation matrix. SNLOS =
"(Rm") denotes the large-scale fading coefficient for the NLoS
propagatlon h,,x € CY represents the deterministic LoS
component. Moreover, ®,,,, = diag(e/?mr1 ... elPmiN)
CN*N where @ppn ~ U [—7, 7] is the additional phase-shift
of the LoS component between the n-th antenna of AP m and
UE k. In this paper, we assume all elements of ®,,, j, are equal,
so the LoS component in () can be denoted as h,,ePmk.
Note that ¢, ~ U [—7, 7] vary at the same pace as g, and
mi in different coherence blocks are assumed to be i.i.d.

hmk = émkﬁmk + mk,

Remark 1. We notice that () is a multi-antenna generaliza-
tion of [I1] and an extension of [[I2]] to spatially correlated
Rician fading channels.

Remark 2. We can treat each N-antenna AP as a cluster of
N single-antenna APs only if the channel coefficients to the
N antennas of an AP are independently distributed.

A. Channel Estimation

We use 7, mutually orthogonal pilot sequences for channel
estimation. ¢, € C7 denotes the pilot sequence of UE £,
with ||¢,||? = 7,. Notice that K > 7, so more than one UE
use the same pilot sequence. We define Py, as the index subset
of UEs that use the same pilot sequence as UE k including
itself. The received signal y?, € CN*™ at AP m is given by

K
¥h, =Y Vichmioh + 108,
k=1

where py, is the pilot transmit power of UE k, n2, € CVN*™»
is additive noise with independent N¢(0,0?) entries, and o>
is the noise power. In order to estimate h,,;, AP m multiplies
yP, with pilot sequence of UE k to obtain y? , = y® ¢}, as

K
Yok = \/ﬁ—kTphmk + Z Vi@ + 0l ;.

leP\{k}

(@)

3)

Based on (3), we can derive three useful channel estimators
with different prior information. We will focus on the effects of
phase-shifts and spatial correlation matrices in the following.

1) Phase-Aware MMSE Estimator: If ), R and Ok
are available for AP m, we can derive the phase-aware MMSE
estimate of h,,; as

"%Izse — Emkejwmk + \/A_f{an\I/;jC (yzm - y;:;lk) (4)

where y° . Zle? Vi Tp mle”’ml and ¥, =
Zlepk niT, R, +0%In. Omps ymk and y? mi change in every
coherence block so that (@) is a single realization. The channel
f:stimate h"7%¢ and estimation error hs¢ = hy, — hVse are
independent random variables with

E { mmse"pmk } hvnke'“am’C COV{ mmse|(pmk } :ﬁkTmeku

E{he} <o, Cov { e} =

mmse
mk >

where Q,,; = R, ¥ Ry and CMpe =
ﬁkTpRmk‘I’;}cRmh

2) Phase-Aware EW-MMSE Estimator: If hy,, ©mk and
the diagonals of R, are available for AP m, we can obtain
the phase-aware EW-MMSE estimation of h,,; as

heY = Dynpe? s + PED ik, (Y

where D,.x = diag([Ryklnn : 7 = 1, ,N) and A, =
diag([®,klnn : m = 1,---, N). The channel estimate he¥,
and estimation error h®¥, = h,,,;, —h<Y, are correlated random
variables with

E {ﬁz]k lomk } = hmkejsamc COV{ ik [omk } Yk,
E{ CW}_O COV{ mk}:Ckaa

where 2,1 2 Pp7pDii AL L ¥ A I D,y and COF 2
Rmk - ﬁkTp(RmkAr_n]kDmk - DmkA;«LkRmk) + Emk

3) LMMSE Estimator: If h,,; and R,,;, are available and
the phase-shift ¢,,; is unknown at AP m, the LMMSE

estimate of h,,; is

plmmse /> -
hmk Rmk mk

where R/, £ Ry
Zlep plTpR  + oIy .
and estimation error hlmmse
random variables with

Rmk -

- yzﬂc) ’ (5)

(6)

+ hyzhZ,  and @, £
The channel estimate hlmmse
he — hlmmse are uncorrelated

p
ymk7

mk»

i (i) = o, Cov {mpe) = o

E {fime} = 0, Cov { R} = i, 9,

where @, =R/ (¥ ,)"'R;, and CI™ = R —
PrTp Ry (W) TR,

B. UL Data Transmission

In the UL, all UEs simultaneously send 7,, UL data symbols
per coherence block to the APs. The received signal y,, € C

at AP m is
K
Ym = Z hmksk + n?}p
k=1

where si ~ Nc(0,pg) is the UL signal transmitted by UE
k with power pr = E{|si|?} and n% ~ Ng(0,0%Iy) is
the independent noise. Every AP can detect the UL data
locally with a receive combining vector. Let v,,,; denote the
combining vector designed by AP m for UE k and the local
estimate of s; in AP m is given by

(N

K
< H H H _ul
Smk =V hmk Sk + E Ve Rmi St + Vo
1=1,1#£k

®)

Any combining vector is available for (8) and AP m can
use its local channel state information (CSI) to design v,,k.
We consider two combining schemes: MR combining with
Vii = hi , where i € {mmse, ew, Immse} correspond to the



MMSE, EW-MMSE and LMMSE estimators, respectively, and
L-MMSE combining as

a e NH -
Vmk =Pk (Zpl (hinl ( :nl) + C:nl>+ O'QIN> :nk'
=1
(C))
Note that @) is optimal for the MMSE and LMMSE estimators
since it can minimize MSE, ., = E{|s — v, y,.|? | {h? ,}},
but suboptimal for the EW-MMSE estimator.
To further mitigate the inter-user interference, the local
estimates {Sy,, : m = 1,---, M} are sent to the CPU where
they are linearly weighted by the LSFD coefficients to derive

. M
Sp=) 0 10 Smk as

K
Sv=afbusk+ Y afbusi+ny,  (10)

I=1,1#k
where a;, = [ak, - ,anmik]T € CM is the LSFD coef-
ficient vector, by = [vlkhll,--- vil ]t € CM, and
o

M tivel
n, =Y _ ot vl n" respectively.

ITI. SPECTRAL EFFICIENCY ANALYSIS

In this section, we study the UL SE of CF mMIMO with
different estimators and combining schemes. Based on (10),
an achievable SE of UE k is

Tu
SE;, = - logsy (1 + k) (11)
with the effective SINR ~;, given by

Dk ’akHE {brr} ’2

Tk =
ayf (Zliil pilri — prE {b} E {bL } + O'QZk) ay
(12)
where Ty = [E{vyurhl vyl i} - Vm,m'] € CM*M and

Zy = diag(E{||[vik||?}, - E{|varl?}) € RM*M And the
expectations are with respect to all sources of randomness [6]].

Note that we use the use-and-then-forget (UatF) bound as
([ which serves a lower bound of the UL ergodic channel
capacity of UE k [15]. To maximize the effective SINR in
(@), ai can be optimized by the CPU as

K —1
a, = (Zplrkl pE{bii} E{bii} + 0°Zi | E{bp},

(13)
which leads to the maximum SE value

SEi = = log, (1+piE {bf}} ay) (14)
The proof of (I3) follows from [15, Lemma B.10] since (13)
is a generalized Rayleigh quotient with respect to a; with a
rank-one numerator.

Closed-form SE expressions cannot be obtained when using
L-MMSE combining, while Monte Carlo simulations are used
to compute the SE with L-MMSE combining. However, we
can derive closed-form SE expressions if MR combining
adopted. Closed-form SE expressions with different estima-
tors can be similarly formed as SEj = :—Zlogz(l + )
with ~¢ shown as ([3), where bl = E{by} € CM

and 2 = i, )+ B[y *)). We detn
3 = Zl 1plr + Zlepkplrél - pkb}g(b}i;)H
02Zi € CMxM_ The SE with maximizing LSFD vector
ar = (T'%)~'b! is given by

SE} = log, (1+pi (b)) (L) "BL).  (16)

A. SE with the Phase-Aware MMSE Estimator

For MR combining based on the phase-aware MMSE esti-
mator v,,, = hmmse we have [Z]™¢],,, = tr(Pr7pQmi) +
[hkl|* and bI™e = diag(Z"™°). And T')," M) ¢ gMxM
is a diagonal matrix with the (m,m)-th element given by

T @] = puytr (Rt i) + By Roni B

s = g2
+ perphf Qb + [ B |". (A7)

The computation of above results follow similar steps as [11]
and [13]). Moreover,

mese (2) pkpl7-2zr]?lmse (Zrlglmse)H K l E Pk\{k} (18)
kl bmmse (bmmse) _ Lz7 =k

where z"¢ = [tr(Ry\Ill_klle),-_-- (R R T
and L, = diag(||hil[? -, |hasel/?). So Ijpmse
O D L

o?Z¥™e. So we can derive the closed-form SE based on the
phase aware MMSE estimator from (I6) using the matrices
and vectors that we have computed.

B. SE with the Phase-Aware EW-MMSE Estimator

If MR combmmg based on the phase-aware EW-MMSE
estimator v, = hewk is adopted, [Z?Cw]mm = tr(Xmr) +
H mkH2 and bew = [kaptI'(DmkA Dmk) + ||Flmk||2 tm =
1, M]Te RM Besides, rew(” € CMxM
matrix with the (m,m)-th element given by

r®] o~

is a diagonal

(le 23mk) + l_lgkleﬁmk

+ B %, B+ [BE By (19)
e(2) | D2y (), 1€ P\{k}
= H 19 (20)
b (b — L2, 1=k

where Z [tr(DllAlk le) ,tr(DMlAX;kDMk)]T. So
Y = Zl:l plyy Yt Zle?’k plFZVzV’(Q) — pebf (b))
0222‘”. We can derive the closed-form SE expression of

the phase-aware EW-MMSE estimator from (I6) using the
matrices and vectors that we have computed.

C. SE with the LMMSE Estimator

If we use MR combining based on the LMMSE estimator
Vink = ﬁly‘nm;“, we have [ZI"™],... = pp7,tr(€2,,) and
bimmse — diag(Z"™°). Moreover, I‘l,:;mse’(l) € CMxM
diagonal matrix with the (m, m)-th element given by

Immse, (1
...

is a

= Py [0 (Rt p,) + Byl 0 b ]
(21)



praf’by ()"

. \H .
(Zl Ty +2en, pTy? = pibi (b}) +02Z}€) a

5)

1 ) 2
tr <(Tgkl(l)) ’ Rﬁu)

[xi2],, o |

- _ ~ ) i
+2Re {tr <(Tgkl(1)) > anl> hanlSmkhml}:| + Pt (Rt Tonka(2)) + Prbafy Ty oy ot — {Fgmse,(l)} ’

= = = = = = 2
+tr (lekal(l)) +h71;lllT7I;Ilk[(1)hml + hglsgklesmkhml + }hglsmkhml |

(23)

mm

Besides, we can obtain I‘I;llmse @) as
I‘z’:llmse (2) _ Tgcll) + dlmmse (dlmmse) _ Tl(j)v (22)
where 'I'E) € CMxM, 'I'(Q) € CMxM are diago-

nal matrices and dymse = dlag{(T,(d)) z}. The (m,m)-
th element of T,(Cl) is given by (@3), where S, =
R;n (‘I’;n )_ kal(l) = SmkleS mk and kal(g) =
TpSmk\Il;nkai — pirpSmiR,,SH ., respectively. And the
(m, m)-th element of Tél) is

{Tl(j)}mm:ﬁkﬁsztr(leR g ( mk)_1)2

So Fl]énmse _ Zl P lrlmmse (1) + Z[epk plrlmmse( )
pbimmse (plmmse) H 4 UQZIH“‘lse and we can obtain the closed-
form SE expression based on the LMMSE estimator from (T6).
Note that the phase-aware MMSE estimator achieves better
SE than other estimators since it makes use of prior phase
knowledge, which will be demonstrated in Section IV.

mk>

(24)

IV. NUMERICAL RESULTS

We consider APs and UEs are uniformly distributed in a
1 x 1km? area with a wrap-around scheme [I5]. All AP-UE
pairs have LoS paths and the pathloss is computed by the
COST 321 Walfish-Ikegami model as

dm,
Bk [dB] = —30.18 — 26 log, (1—11’1“) + Fnk,  (25)

where d,,; is the distance between AP m and UE £ (taking
an 11 m height difference into account). The Rician k-factor
is computed as i, = 101:379-0034mr We model the shadow
fading Fp as in [1] with Fp = \/0fam + /1 — 65bs,
where a,, ~ N(0,6%) and by ~ N(0,02%) are independent
random variables and ¢ is the shadow fading parameteg. The
covariance functions of a,, and by, are E{a,an } =2~ e
E{biby } = 9™ where dymm and dgy are the geographical
distances between AP m-AP m' and UE k-UE £/, respectively,
dg. is the decorrelation distance depending on the environment.
Let 6 = 0.5, dge = 100m and 6y = 8 in this paper. The
large-scale coefficients of h,,; are given by

1
LoS ﬂ NLoS

k = ———Bmk
mk — mks Mmk Kmk+1 m

Kmk + 1
Each AP is equipped with a uniform linear array (ULA)
with omnidirectional antennas so the n-th element of the

deterministic LoS component l_‘lm_,k € CV can be written as

[Emk}n =/ BLoSeirdu(n=1)sin(0mr) where ,,, is the angle
of arrival to the UE k seen from AP m and dgy denotes the
antenna spacing parameter (in fractions of the wavelength).

(26)
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Fig. 1. Average SE against the number of APs M with different combining
schemes for K = 40, N = [1,2,4] and o, = 15°.

The spatial correlation matrix R, is generated based on the
Gaussian local scattering model [15]]. The (I, n)-th element of
R,k is given by

o
[Rmk]ln -

varey 27)

where ¢ ~ N(0,07) is a Gaussian distributed deviation from
O with angular standard deviation (ASD) o,. All the UEs
transmit with power 200 mW, the bandwidth is 20 MHz, the
noise power 02 = —94dBm, and every coherence block
contains 7, = 200 channel uses where 7, = 10 channel uses
are reserved for pilot transmission.

Figure 1 shows the UL SE averaged over random UE
locations and shadow fading realizations as a function of
the number of APs M for different N with MR/L-MMSE
combining based on the MMSE estimator. The average SE
grows with N, e.g., 92.02% improvement with MR combining
for N = 4, M = 100 compared with the N = 1, M = 100
scenario. Moreover, L-MMSE combining performs much bet-
ter than MR combining, e.g., 27.78% SE improvement for L-
MMSE combining compared with that of MR combining for
N = 4, M = 100. The performance gap between L-MMSE
and MR combining becomes larger with the increase of N
since L-MMSE combining can use all antennas on each AP to
suppress interference, which means that L-MMSE combining
should be advocated in the scenario with multi-antenna APs.

Figure 2 shows the cumulative distribution function (CDF)
curves for the SE per UE over spatially correlated/uncorrelated
Rician fading channels with MR/L-MMSE combining based
on the MMSE estimator. The spatial channel correlation
increases as o, reduces. Let o, = ©5°/30° represent
strong/moderate spatial correlation, respectively, and R, =
BNL"SI N is diagonal in the uncorrelated fading scenario. Note
that the SE benefits from the spatial correlation since the spa-

too _ 2
/ ejQﬁdH(lfn) sin(9mk+6)e 202 d5,
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Fig. 3. Average SE against the number of APs M with different estimators
and combining schemes for K = 40, N = 4 and o, = 15°.

tial channel correlation improves the level of favorable prop-
agation and channel estimation quality. This finding coincides
with the one in [13, Sec. 4.1]. The CDF curve in moderate
spatial correlation scenario approximately coincides with that
of the uncorrelated fading scenario. Besides, the strong spatial
correlation outperforms the moderate spatial correlation and
the gap at 95% likely SE points between the strong spatial
correlation and the moderate spatial correlation are 11.64%
and 29.78% for MR/L-MMSE combining, respectively.
Figure 3 shows the average SE as a function of the number
of APs M for N = 4 with MR/L-MMSE combining based
on different estimators. For MR combining, markers “x”
generated by analytical results from (I6) overlap with the
curves generated by simulations, respectively, which validates
our derived closed-form SE expressions. In the considered
scenarios, the MMSE estimator with all prior information
undoubtedly achieves the best performance. Moreover, the
EW-MMSE estimator with phase-shifts and partial large-
scale fading knowledge outperforms the LMMSE estimator
with only large-scale fading knowledge but no phase-shifts
knowledge. The performance gap between the EW-MMSE
estimator and the LMMSE estimator are 3.88% and 3.24%
for MR/L-MMSE combining, respectively, for M = 100.
Furthermore, we observe that performance gap due to the lack
of phase-shifts knowledge between the MMSE estimator and
the LMMSE estimator are 6.04% and 6.30% for MR/L-MMSE
combining, respectively, for M = 100. Note that the phase-

shift is significant for the SE of CF mMIMO systems so it is
worth acquiring phase-shifts to use a more advanced estimator.

V. CONCLUSIONS

In this paper, we study the UL SE of a CF mMIMO system
over spatially correlated Rician fading channels, where the
phase-shift of the LoS component is modeled randomly. For
phase-aware MMSE, phase-aware EW-MMSE, and LMMSE
estimators, we derive UL SE expressions for any combining
scheme and compute closed-form SE expressions for MR
combining. It is important to find that L-MMSE combining
performs much better than MR combining in multi-antenna
APs scenarios. Moreover, the SE grows with the number of
antennas per AP and benefits from the spatial correlation.
Finally, the MMSE estimator achieves the best performance
and the SE of the LMMSE estimator is lower than the one
of other estimators due to the lack of phase-shift knowledge.
In the future work, we will consider multi-antenna UEs with
uplink precoding, power control, and algorithmic scalability
to enable implementation of large CF mMIMO networks.
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