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Abstract—Reconfigurable intelligent surfaces (RISs) and cell-free (CF)
massive multiple-input multiple-output (MIMO) are two promising tech-
nologies for realizing beyond-fifth generation (5G) networks. In this paper,
we study the uplink spectral efficiency (SE) of a practical spatially corre-
lated RISs-aided CF massive MIMO system over Rician fading channels.
Specifically, we derive the closed-form expression for characterizing the
uplink SE of the system, which shows that increasing the number of RIS
elements can improve the system performance. Moreover, the results unveil
that the spatial correlation of RIS has a significant impact on the system
while leading to the best performance gain at a half wavelength spacing.
Finally, the accuracy of our analytical results are verified by Monte-Carlo
simulations.

Index Terms—Reconfigurable intelligent surface, cell-free massive
MIMO, spatial correlation, spectral efficiency.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) has recently emerged as a
promising new paradigm to establish smart and reconfigurable wireless
channels/radio propagation environment for beyond-5G (B5G) wireless
communication systems [1], [2]. For instance, in [3], with massive
reflective and refractive elements, RIS can realize effective passive
beamforming by altering the phase of the reflected impinging signal.
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It has the advantages of easy deployment, low power, and low cost.
Meanwhile, cell-free (CF) massive MIMO is a network architecture
where a large number of access points (APs) are deployed in the
coverage to serve users. It is regarded as one of the most promising
technologies for B5G wireless communication [4]. In practice, CF
massive MIMO can support a large number of users and improve
the quality of communication by shortening the distances between
users and the base stations. More importantly, CF massive MIMO
can effectively exploit the spatial degrees of freedom which facilitates
interference management among users [S]-[8].

Recently, a number of studies have focused on how to jointly exploit
the advantages of RIS and cell-free massive MIMO to improve commu-
nication performance [9]. For example, some works have considered a
single RIS-aided system [10], [11]. It was shown that such a system can
greatly enhance the link quality and coverage, owing to the capability in
shaping favorable propagation and the dispersed distribution of RISs.
Also, in [12], the authors proposed a new channel estimation method
for RIS-aided CF communications, which can estimate all channels by
switching each element in turn. Besides, in [13], the authors deployed
RISs to assist CF massive MIMO and proposed an iterative algorithm to
address the system sum-rate optimization problem. However, none of
the aforementioned studies considered the impact of spatial correlation
of RIS on the system performance. Indeed, the size of a RIS element
is of subwavelength such that spatial correlations among RIS elements
naturally exist. Therefore, the spatial correlation channel model of RIS
represented by the sinc function was proposed in [14]. Specifically, the
authors showed that the characteristics of spatial correlation channels
can be manipulated by adjusting the spacing among RIS elements. Also,
in [15], the authors proposed an aggregated channel estimation method
and considered the performance of a CF system assisted by a single
spatial correlation RIS. However, the performance of the RIS-aided
cell-free massive MIMO system under spatially correlated channels
has not been fully studied, yet.

In this work, motivated by the above consideration, we investigate
the uplink performance of RISs-aided CF massive MIMO systems
under spatially correlated channels. More specifically, we propose the
minimum mean square error (MMSE) channel estimation scheme to
estimate the channels between user equipments (UEs), RISs, and APs
by switching elements in turn. Then, the closed-form expression for the
uplink spectral efficiency (SE) of the RISs-aided CF massive MIMO
systems is derived. The results show that increasing the number of
RISs or the number of elements of each RIS can improve the system
performance, especially when the direct links are blocked with a high
probability. Moreover, the spatial correlation of RIS has a significant
impact on RISs-aided CF massive MIMO systems while leading to the
best performance gain at a half wavelength spacing.

II. SYSTEM MODEL

Asillustrated in Fig. 1, we consider a RISs-aided CF massive MIMO
system with M APs, K UEs, and T, RISs. All APs and UEs are
equipped with a single-antenna and each RIS has L reflective elements.
To fully exploit the spatial characteristic of CF, we assume that each
deployed RIS is close to one AP. As such, through RIS beamforming,
it is guaranteed that the beam reflected from the RIS can be effectively
focused on the desired AP [10], [16]. In this scenario, the interference
caused by other RISs is weak enough to be ignored. As introduced
in [2], [3], we model the re-established RIS-AP and UE-RIS channels
by Rician fading. Besides, there is no direct path between UEs and APs
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RIS t with L elements

Fig. 1.

An RISs-aided CF massive MIMO system.

and the transmission environment needs to be enhanced through RIS
to realize efficient communication [17]. Note that we consider multiple
RISs and adopt the Rician fading channel models, which introduces a
generalized framework compared with [15]. The total cascaded uplink
channelbetween UEL € {1,..., K}andAPm € {1,..., M}isgiven
by

Gtk = Geim€ 1 g, (D)

where g4, denotes the channel from element [ € {1,..., L} in RIS
te{l,...,T.} to AP m whereas gy is the channel from UE k to
element [ of RIS £. We model the two channels as g1, = Geim + Geim
and git; = Gre + Grel» respectively, where Gy ~ CN(0, Bim ) and
i1 ~ CN(0, Bry) are the corresponding NLoS components, while
Gtim and gy are the corresponding LoS components. By, and By
denote the large-scale fading coefficients of element / of RIS ¢ to AP
m and UE £k, respectively. Moreover, 0 € [0,27] is the phase shift
introduced by element [ of RIS ¢. The cascaded uplink channel from
UE k to AP m through element [ of RIS ¢ is given as

0
Imtik = Gum€’ " Gru

= GeimTre1€? %% + (Grimrer + JetmTher + FermGrer )€

Imitlk Imtik

= Gmtik + Gmtik- 2

Note that due to the assumption that the LoS component is known
as a priori and changes slowly across time, the information of g,,,4x is
available, i.e., the first term of (2). The Rician x-factor and the large-
scale fading coefficients vary depending on the locations of UEs and
APs. Moreover, the additional phase-shift e/¥mik exists on the LoS
component as G,y e’ $mitk, We assume that the magnitude of RIS
phase shift in (1) is |e?|> = 1 and 6 = 7/4 [15], [18]. Therefore, we
have

Bt = E {|§mtlk|2} = BretlGum|” + Betm|Trat|” + Beim Bruts
3)

where E{-} denotes the expectation of a random variable.
Considering the spatial correlation of RIS elements, with isotropic
scattering in the half-space in front of the RIS [14], the spatial correla-
tion matrix R of each RIS has elements [R], , = sinc(2||d, q||/A)
with p,gq=1,2,...,L, where sinc(z) = sin(wz)/(wz). Variable
dp,q = up, — ug represents the spacing between elements p and g,
and the wavelength is represented by A. Furthermore, we have u, =
[0, mod (p — 1, Ny )ds, [ (p — 1)/Nu |dv]T, where Ny and Ny de-
note the number of elements per row and per column, respectively,
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such that L = Ny X Ny. |- | and || - || denote the absolute value and
Euclidean norm. mod (-, -) is the modulus operation and |-| denotes
the truncated argument. dy and dy are the horizontal width and the
vertical height of each element, respectively. The superscripts (-)*, (-)7,
and (-)¥ denote the conjugate, transpose, and conjugate-transpose,

respectively.

A. Uplink Channel Estimation

We adopt the time-division duplex (TDD) transmission protocol,
where the uplink channels are estimated by each AP [19], [20]. With
the method developed in [12], in every subtime slot, element [ on RIS
t is on, while the other elements are off. We denote 7. as the length
of each coherence block and we adopt an orthogonal pilot sequence
Tp to estimate the channel and 7, = 7. — 7, is exploited for data
transmission. ¢ € C™*! denotes the pilot sequence of UE k and
satisfies || |*> = 7,. Let Py denote the index subset of UEs which
adopts the same pilot sequence as UE k including itself. The received
signal y? ., € C™*! at AP m can be expressed as

K
Yo =V PkGmux®r + by, C)
k=1

where py, denotes the transmit power from UE k,n} ., ~ CN'(0,0°1;,)

is the additive noise, and o is the noise power. Then, AP m multiplies
the received signal by ¢ to obtain the estimated channel as

P _ pH_P
Yk = Pk Yo

= \/]ZTpgmtlk + Z mTpgmtlu + ¢anfntl' (5)

uePr \{k}

Based on (5), after all elements have been switched on and off in
turn, AP m obtains signal y* ,, 4 o iks Yonians - - - Yo i) T - Since
the channel statistics Gy, ¢ixk, Smek are known to AP m, we adopt the
MMSE channel estimation method, as reported in [15], [21], to estimate

the channel g+ as

Btk = Bmere’ P + /PrRoner AL (Vo — Vo) s (6)

where  the channels g4 2 [Gmt150, Gmt2kPs - - - > GmeLkP) s
the matrix Rmtk - diag(/@mtlkpv /Bthkpa DIRICINY /BthkP)s
the  correlation  coefficient  p = tr(R?)/L, the  di-
rect  component  part ¥, =3 ,cp VDuTpBmeus  and

ALl = uep, VPuTpRomp + 0L tr(-) is the trace operator.
Note that y? ., and §¥ ,, vary in each coherence block, so the channel
estimate §,,;x and the estimation error go,ix = Smik — Emitk
are independent random variables with [22]. The mean and
variance Of E,¢r are e and Pp7, ek, respectively. Here,
Qi = RmtkA:nlthmtk and the covariance matrix of g,,;, can
be obtained as C,,,1x = Rtk — PrTpQmer. The mean-squared error
is MSE = E{|gmtx — gmtkf} = C,.sx. Note that the aggregated
channel estimation method reduces the signaling overhead at the
expense of the complexity [15], while our method has a lower
complexity with the increased overhead.

Remark 1: Note that when we estimate the channel, the elements
switch on/off in turn, so there is no RIS elements correlation in (5).
While AP know the correlation matrix R, because it only depends on
the structure of RIS. On the other hand, since the positions of RISs and
APs are fixed, the channel of RIS-AP can be obtained accurately, which
can be well captured by some channel coefficients. Therefore, it is not
necessary to consider the correlation caused by the common channel
from AP n to RIS ¢.
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B. Uplink Data Transmission

In this subsection, we consider the uplink data transmission, where
all UEs send 7, duration of uplink data to the APs in each coherence
block. In other words, each AP can receive the signal from all UEs.
Then, the received signal at AP m is given by

K

L
= Z ngtlksk + s @)

k=1 1=1

where s, ~ CN(0,pg) is the uplink signal of UE k with power
pr = E{|sx|*}and n,,, ~ CN(0, 1) is the noise at AP . AP m utilizes
the combined channel estimates, v, = ZIL:I Gmuk, to detect the
signal of UE k and the estimate of s, is derived by

Sm,k = UmtpYm

K
* * *
Utk ImtkSk T E Utk GmtuSu T Uppplom- (8)

u=1,u#k

where g = Zl]‘:, Imuik- We assume that there is a central process-
ing unit (CPU) that only receives s,,, j, from the APs for joint processing.
At the CPU, all APs signals can be written as

K
= H Z H
Sk = Vi8tkSk + Vik8tuSu + ng, (9)
u=1l,u*k
where the combining vector Vi = [Uitk, Vatks - - -, Unsk) s
_ T _
8tk = [Gitks Gatkey - - Garek) ' and ny = Zm:1 Uper -

III. SPECTRAL EFFICIENCY ANALYSIS

In this section, we investigate the uplink performance of RISs-aided
CF massive MIMO systems and explore the impact of correlation and
the number of RIS elements. Based on (9), the uplink ergodic achievable
rate of UE k is lower bounded using the use-and-then-forget (UatF)
bound as

.
SEx = “log, (1+ %) (10)

where the uplink effective SINR ~;, of UE k is given as [22]

2
P E{vfigei}|
S paE {Iviignl ) — pelE{vE g} + 0 { v, )’}
amn
The maximum-ratio (MR) combining has lower complexity than
MMSE and its closed-form structure facilitates performance analy-

sis [22]. In the following sections, we apply MR combining for vy
to compute 7, based on the MMSE channel estimator, which yields

Ve =

E {0}l 9mie } = PrTptr(Roee A R )+ @i (&

= ﬁkTptr(ﬂmtk) + ”gmtk ”2 (12)
Based on (12), we have
E{viigu} = butptr (Bx) +tr (Gy) (13)
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where B = diag(tr(Qyx), tr(Qaik), - - -, t1(Qaser)) and
G, = diag(||gil”, |82k, - - -, |8arex]”). Then the term of
noise is given by

E{ Vel } = Brrptr (2x) +tr (Gr) (14)

Note that the expectation of the estimation error g, times /7 is zero,
so (13) and (14) are identical. Also, the first term of the denominator
can be expressed as

M M
E{’vigtu{z}: Z ZE{(Ugtkgmtu)H (/Uzkgntu)}~ (15)

m=1n=I1

We know that the channel estimates at different APs are in-
dependent. In the first case, for m #n and w ¢ Pr, we have

H
E{(vE, gmtn) (W2, gniu)} =0, as v, and g, both have zero
mean and they are statistically independent. When u € Py, it can be

divided into two cases: u = k and u # k. For the first subcase, we have

E {|vggtk|2} = prrptr (ShBi) + tr (GF Gy)
+ tr (Eka) +pk7'2tr (E Ek)

+ 3prptr (GrEi) , (16)

where Ek = diag(tr(thk), tI‘(]R,th)7 Lo tr
ond subcase, we have

(Rasex))- For the sec-

E{[viige|"} = prptr (BuE5) + tr (G Gu) + tr (£,G)
+ ﬁkTptr (Ekéu) + ﬁkﬁuTZZ‘tr (Eu‘rkzk)‘z

+ 2 V ﬁkﬁquRe {tI‘ (zurkzk) gfq{,gtk} )

a7
where Y, = diag(Aj}, Ay, .-, Ays)  and  the  vector
g1 = (8,11, Botps- - » EBpsen) - Combining the above results and

substitute them into (13), 7y, is given in (18) shown at the bottom of

this page, where ¢ ,Slu) and ¢, ,ii) are given by

C,iij = pr7ptr (B, Eg) + prTptr (E )

+tr (,Gi) + tr (G GL) (19)
O = pepurZltr (B, Y
+2v/pepupRe {tr (2, X1 2%) /L8 ), (20)

respectively, which denote the non-coherent interference and the co-
herent interference terms, respectively. We note that in (18), R exists
in the denominator Z;,. Due to the characteristics of the sinc function,
the correlations among RIS elements have a negative impact on SE.
Note that compared with [23], we introduce the RIS assistance and
considered the spatial correlation of RIS elements.

Proof: The proof is given in Appendix A. |

Pk ’kaptr (Ek) “+tr (Gk) |2

(18)

Ve =

1 2 = 2
S Pk + ey Pulin — prtr(G)

o2 (pkrptr (Bg) +tr (G’k)) .
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Fig.2.  Average SE against different number of RISs T}. with different number
of UEs (K = [10,20,30], L =4,dy = %A).

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, the derived SE expression of a RISs-aided CF massive
MIMO systems is validated and evaluated by simulation results. We
assume that the APs and the UEs are uniformly distributed ina 1 x 1
km? square area. The pathloss is computed by the COST 321 Walfish-
Ikegami model for micro-cells in [15] with AP height 12.5 m and UE
height 1.5 m, then the pathloss is modeled as

Bux [dB] = —30.18 — 26log;, (ld > + Fy, 21

m
where d denotes the

UE, and RIS. The
= 10130003 d_

corresponding distance between AP,
Rician k-factor can be expressed as
We consider the correlated shadow fading as
in [24] with Fy, = \/0sa; + /1 —85bg, where a, ~ N(0,62)
and by, ~ N (0,02 ) are independent random variables and J¢ is the
shadow fading parameter. The covariance functions a; and b, are

d,, Ay
given as E{a,ay} = 2 7 and E{bxbr} = Z_ﬁ, where d;» and
dy are the geographical distances between RIS ¢-RIS ¢’ and UE k-UE
k', respectively, dg. is the decorrelation distance depending on the
environment. As the distance between RIS and AP is less than 10 m,
the pathloss is set as (3,,+[dB] = —81.2. Let 07 = 0.5, d4. = 100 m,
and 6, = 8 in our paper. The large-scale coefficients are given by
Gik = \/Ftr/ (Kex + DV Birs BAEOS = Bix/(Ker + 1) which can be
estimated by exploiting the distance information [14], [16].

In addition, the coefficients between each AP and the corresponding
RIS can be obtained in the same way. One RIS serves one AP, i.e.,
M =T,. All the UEs transmit with power p; = 200 mW and the
receive noise power is 0> = —94 dBm. Also, every coherence block
consists of 7, = 200 samples and 7, = 5 channel uses are reserved for
pilot transmission.

Fig. 2 shows the uplink average SE under random UE and AP-RIS
locations as the function of the number of RISs 7. for different UEs
K. Note that the simulation results and the closed-form solution do not
exactly match due to channel spatial correlation. It is clear that for a
fixed 7., the average SE decreases with K increasing. When K is a
constant, the average SE increases with the increases of 7',.. This reveals
that better communication performance can be achieved by increasing
the number of RISs in RISs-aided CF massive MIMO system as the
increasing number of RIS can effectively improve the communication
link strength between transceivers. Besides, the increases in Rician
factor enhance the strength of the LoS component and improve the
system performance.

Fig. 3 shows the impact on the uplink average SE of the RIS-aided CF
system versus different number of elements L in each RIS. The results
show that the system performance can be improved by increasing the
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Fig.3. Average SE against different number of APs M with different number
of RIS elements (L = [4,9, 16], K = 10, dy = $1).
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Fig. 4. CDF of SE per UE for M = 50, K = 10, L = 64 with different dy.

number of RIS elements, due to the improved beamforming capability
of each RIS. On the other hand, when increasing the number of APs,
the system performance can also be enhanced. Indeed, the adopted de-
centralized control approach can avoid extremely poor communication
performance caused by long communication distance between a UE
and a AP.

Fig. 4 shows the CDF of the SEs under different spatial correlation
matrix R. When the spacing between two elements is dy = %A, SE
achieves the best performance. Also, we observe that the SE decreases
as the physical size of each element of the RIS decreases. In fact,
changing the element spacing introduces a significant impact on the
correlation matrix R in the denominator of (21), which is related to
the characteristics of sinc function. The result provides an insightful
reference to design the physical structure of RIS.

V. CONCLUSION

In this paper, we investigated the uplink performance of the spatially
correlated RISs-aided CF massive MIMO systems over Rician fading
channel. We derived the closed-form expression for analyzing the
uplink SE of the considered system. We found that the SE performance
improves with the increase number of RISs or RIS elements. By
reasonably designing the inter-distance among RIS elements as at least
half wavelength, the deteriorating effect of spatial correlation is notably
reduced and hence improves the SE performance. In our future work,
we will study the system performance by considering more practical
scenarios such as the existence of the AP-UE direct link and the spatial
correlation of multi-antenna APs.

APPENDIX A

PrROOF OF UL SE WITH MMSE ESTIMATOR

This appendix calculates the expected values in (16) and (17). For
m # n and k = u, we obtain
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E { (Url;lltkgmtk) " (vrlitkgntk) }
=2 (R 00 (Rir) + |8 B |

+ DTt (i) |8t |+ Prmptr (i) |Bomer > (22)

Similarly for m = n and k = u, we calculate the following equation
as

N ~ 2 ~ _
E {182 il } = (hrtr (k) + Bnek ) Const: - 23)
To calculate E{|g,,,¢x |4}, we rewrite the MMSE estimator in (6) as

Emtk = Bmtk T \/I?kRmtkA;nltk Ytk = Fonere)

= Pe T Romii A, 2W + Btk (24)

where w ~ CN(0,I). After that, we directly compute

E {‘gmtk|4} = 2ﬁi75tr(ﬂmtk)2+3ﬁk7—ptr (thk) ggtkgmtk

_ _ _ _ 2
+ (Romek — Contr) g'rI;ILtkgmtk + |ggtkgmtk} :
(25)

Combining (23) and (25) arrives

H ~ N ~ 2
E {(’U’Ztkgmtk) (Ufr{tkgmtk) } =E {'gmtk|4} +E {|g5tkgmtlk} }
= ﬁkTptr (Rmtkﬂmtk) + ﬁiTZtr(thk)z

R o H o 2
+3prTptr (Qntr) gTHntkgmtk: + Rmtkggtkgmtk+|g7Hntkgmtk’ .
(26)

Putting all the equations together for £ = u, we can obtain (16). For
m = n and u € Py \{k} using the method in [22], we have

E{[&&meal } = (Br7tr (i) + [Bl”) Cons 27

. L 2 . _
E {’ggtkgmtu‘ } = zkapRazntkAmltk (Romtw — Contu)
+ ﬁkTPtr (RmtkA:nlthmtk) ggtugmtu
_H - o - 2
+ (Rintw — Contu) Brn s Btk + |g£tkgmtu‘

+ 20/ D PuTp Rtk Ay Rontw B 11 Bt (28)

Then, we obtain

2 -~ ~ 2 ~ -~ 2
= ﬁkTPtr (ﬂmthmtu) + ﬁkTPtr (thk) ||g7ntuH2

- 2 = = 2
+tr (Rmtu) Hgmtk H + |ggtkgmtu’

ﬁkﬁu’rgtr (thk) tr (thu)
+ +2\/ ﬁkﬁquRmtkA;qlthmtungntkgnLtu7 u e Pk\{k:} (29)
07 u ¢ Pk

Substituting the above results into (11) and the results for the UL SE
follow immediately.
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