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STAR-RIS Assisted Cell-Free Massive MIMO
System Under Spatially-Correlated Channels

Anastasios Papazafeiropoulos, Hien Quoc Ngo, Pandelis Kourtessis, Symeon Chatzinotas

Abstract—This paper investigates the performance of downlink
simultaneous transmitting and reflecting reconfigurable intelligent
surface (STAR-RIS)-assisted cell-free (CF) massive multiple-input
multiple-output (mMIMO) systems, where user equipments (UEs)
are located on both sides of the RIS. We account for correlated
Rayleigh fading and multiple antennas per access point (AP), while
the maximum ratio (MR) beamforming is applied for the design
of the active beamforming in terms of instantaneous channel state
information (CSI). Firstly, we rely on an aggregated channel
estimation approach that reduces the overhead required for
channel estimation while providing sufficient information for
data processing. We obtain the normalized mean square error
(NMSE) of the channel estimate per AP, and design the passive
beamforming (PB) of the surface based on the long-time statistical
CSI. Next, we derive the received signal in the asymptotic regime
of numbers of APs and surface elements. Then, we obtain a closed-
form expression of the downlink achievable rate for arbitrary
numbers of APs and STAR-RIS elements under statistical CSI.
Finally, based on the derived expressions, the numerical results
show the feasibility and the advantages of deploying a STAR-
RIS into conventional CF mMIMO systems. In particular, we
theoretically analyze the properties of STAR-RIS-assisted CF
mMIMO systems and reveal explicit insights in terms of the
impact of channel correlation, the number of surface elements,
and the pilot contamination on the achievable rate.

Index Terms—Simultaneously transmitting and reflecting RIS,
cell-free mMIMO, correlated Rayleigh fading, imperfect CSI, 6G
networks.

I. INTRODUCTION

Massive multiple-input multiple-output (mMIMO) has al-
ready been identified as one of the main advancements in
fifth-generation (5G) networks with remarkable improvements
in the rate, latency, reliability, and coverage [1]. MMIMO
can be deployed in not only collocated but also in distributed
setups. The advantage of the collocated mMIMO setup is the
low backhaul requirements. On the other hand, the benefit of a
distributed mMIMO architecture, where the transmit antennas
are scattered across a large area, is the extended coverage by
exploiting diversity against shadow fading. Unfortunately, both
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architectures are cellular-based since each base station (BS)
serves the user equipments (UEs) within the cell boundaries,
i.e., the inter-cell interference is a significant limiting factor.

In this direction, cell-free (CF) mMIMO has appeared
as a promising solution to mitigate the effect of inter-cell
interference with the combination of centralised processing
and CF design [2[|-[5]. Basically, CF mMIMO relies on a
distributed mMIMO layout, where a large number of access
points allocated in a given area serve a smaller number of
UEs. All access points (APs) cooperate to serve the UEs in the
same frequency resources by alleviating any cell boundaries.
CF mMIMO presents an enhanced performance by reaping the
benefits of network MIMO and distributed mMIMO together
within the close proximity of UEs to the APs. Note that even
maximum ratio (MR) beamforming and match filtering result
in high spectral efficiency (SE) in the downlink and uplink,
respectively. Hence, CF has been at the centre of attention
in the last few years. However, a large-scale deployment of
APs can result in high costs regarding hardware and power
since even single-antenna APs are accompanied by a radio
frequency (RF) chain. Also, in urban areas, uniform coverage
is not attainable due to the uneven layout of tall buildings
and the blocked areas due to obstacles. The simple solution
of just deploying more APs to improve their coverage is not
affordable since it leads to excessive deployment cost and
energy consumption.

Fortunately, reconfigurable intelligent surface (RIS) has
emerged as a promising technology that can shape the propa-
gation environment without any increase in the transmit power
or the number of APs [[6]—[8]. In particular, a RIS consists
of an array of a large number of passive reflective elements
that induce phase shifts on the electromagnetic impinging
waves towards improving the coverage, the SE, and the energy
efficiency without any additional power [S8]], [9]. Also, not only
a RIS has a low deployment cost and can be installed easily,
but its performance is comparable to mMIMO with a lower
number of antennas and reduced transmit power [8]. Thus, the
integration of RIS is of great practical interest to decrease the
equipment concerning the number of APs, the transmit power,
and improve the quality of service of blocked users.

Although RIS has been suggested for different communica-
tion scenarios due to its numerous advantages [[6]—[8], [10]—
[15[], most works have assumed that both the transmitter and
receiver are located on the same side of the panel. In practise,
real-world applications require UEs located on both sides of
the RIS. Thanks to recent advancements in programmable
metamaterials, a new technology has appeared known as
simultaneous transmitting and reflecting RIS (STAR-RIS) that
provides full space coverage by adjusting the amplitudes and
the phases of impinging waves [16]—[21]]. For example, in
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[17], it was shown that STAR-RIS has better performance
than reflecting only RIS and three protocols were presented
for optimising the panel performance namely energy splitting
(ES), mode switching (MS), and time switching (TS). Recently,
in [21]], the achievable rate for STAR-RIS assisted mMIMO
channels was studied while assuming spatially correlated
channels.

Many works have relied on the perfect channel state
information (CSI) assumption, which is unrealistic for practical
RIS-aided systems due to their lack of any radio sources to
receive or send any pilot signals [[7]], [8]. On this topic, early
papers on channel estimation (CE) protocols proposed ON/OFF
strategies, which have large training overhead [22]]. Other works
with lower overheads are based on the ideas of RIS elements
grouping or channel sparsity exploitation [[11]], [23]. Notably,
additionally to the training overhead the RIS optimization based
on instantaneous CSI, changing at each coherence interval,
increases the complexity and overhead.

To address the burden of RIS optimization based on instan-
taneous CSI, authors have turned their attention to designing
the RIS parameters by exploiting only statistical CSI in terms
of large statistics such as correlation matrices and path-losses,
which are slowly-varying (every several coherence intervals)
[13[, [21]], [24]]-[29]. Especially, in [25], a maximisation of
the achievable sum rate of a RIS-assisted multi-user multi-
input single-output (MU-MISO) system took place by using
a two-timescale transmission protocol, where precoding was
designed in terms of instantaneous CSI, while the RIS phase
shifts were optimised by using statistical CSI. Moreover, the
two-timescale protocol was supplied to study the impact of
hardware impairments on the sum rate and the minimum rate
in [13]] and [27], respectively.

Meanwhile most initial works on RIS considered independent
fading, but this is impractical as shown in [30]. In particular,
in [30]], it was proved that the Rayleigh fading channel model
is not physically appearing when using an RIS in an isotropic
scattering environment, thus it should not be used. Hence, many
recent works have taken RIS correlation into consideration for
conventional RIS-assisted systems but this consideration for
STAR-RIS systems is limited. Also, the majority of works on
STAR-RIS have only considered a single UE on each side of
the surface, e.g., see [17].

Despite the necessity for introducing RIS into CF mMIMO
systems, the current literature is still in its infancy [31]—
[40]. Most works have formulated optimization problems
for RIS-assisted CF mMIMO with certain communication
objectives but with the impractical assumptions of perfect
CSL In [31], a hybrid beamforming scheme was proposed
to decompose the original optimization problem into the
digital beamforming subproblem and the RIS-based analog
beamforming subproblem. In [32], an alternate optimization
(AO) algorithm was proposed for the solution of these two
beamforming problems by using the sequential programming
(SP) method and zero-forcing (ZF) beamforming. In [33], the
maximization of the energy efficiency of the worst user in
a wideband RIS-aided cell-free network took place by an
iterative precoding algorithm using Lagrangian transform and
fractional programming. The uplink SE was considered in [34]
for spatially correlated RIS-aided cell-free mMIMO systems

in the case of Rician fading channels. Moreover, in [35]], the
aggregated channel, including both the direct and indirect
links, was considered. In [36], it was shown that generalized
maximum ratio combining could double the achievable date rate
over the maximum ratio combining. The joint precoding design
at BSs and RISs took place in [37] in the case of a wideband
RIS-aided cell-free network to maximize the network capacity.
In [38]], a generalized superimposed channel estimation scheme
was proposed for an uplink cell-free mMIMO system to
enhance the wireless coverage and SE. In [39] and [40],
the secure communication in a RIS-aided cell-free mMIMO
system under the presence of active eavesdropping and the
beamforming optimization for RIS-aided simultaneous wireless
information and power transfer in cell-free mMIMO networks
were investigated, respectively. In [41]], the two-time scale
protocol was considered for optimizing the achievable uplink
rate.

A. Motivation and contributions

Different from [31]]-[[40], we develop an analytical frame-
work for the study of the downlink of a STAR-RIS-assisted CF
mMIMO system by using statistical CSI, where the aggregate
APs-UEs channels, based on imperfect CSI, are considered
with MR beamforming for information decoding. Also, contrary
to [35]], we account for APs with multiple antennas, while
compared to [41]], we consider correlated Rayleigh fading.
Although in [21]], we have also assumed correlated fading in
STAR-RIS-assisted systems, we have focused on colocated
mMIMO systems, while, in this work, we study CF mMIMO
systems, which is another network architecture based on
a distributed structure with special characteristics such as
enhanced macro-diversity gain.

Thus, we avoid the estimation of all individual channels and
STAR-RIS optimization at each channel realisation. Specifically,
firstly, we describe the channel estimation, where each AP
estimates the cascaded channel by the linear minimum mean
square error (LMMSE) estimation technique. We introduce the
normalized mean square error (NMSE) of the channel estimate,
and we design the passive beamforming of RISs based on the
long-time statistical CSI, where the STAR-RIS parameters, i.e.,
the amplitudes and phase shifts are optimised simultaneously.
Next, the APs apply MR beamforming to send their data. A
closed-form expression of the downlink sum-SE is obtained in
terms of statistical CSI.

Our main contributions are summarised as follows:

o We consider a STAR-RIS-assisted CF mMIMO under
spatially correlated channels. All APs have multiple
antennas and obtain the LMMSE of the instantaneous
cascaded channel in the uplink pilot training phase for
each AP-UE link with lower overhead compared to other
channel estimation methods such as the ON/OFF strategy.
Notably, we account for pilot contamination based on an
arbitrary pilot reuse pattern. This is the only work that
has introduced STAR-RIS on CF mMIMO systems as far
as the authors are aware.

o We introduce the NMSE of the channel estimate for each
AP. Contrary to [35]], our work focuses on STAR-RIS
and assumes multiple antennas per AP, which requires
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a different analysis with more complicate manipulations.
Based on the NMSE, we optimize the passive beamform-
ing (PB) of the STAR-RIS, which includes a simultaneous
optimization of the amplitudes and phase shifts of the
surface.

e« We show the performance of the system in the large
number of APs and surface elements regime, where the
small-scale fading, the additive noise, and the coherent
interference average out even with MR beamforming,
while the received signal includes only the desired signal
and the coherent interference.

o We derive a closed-form expression for the downlink
achievable sum SE in terms of only statistical CSI.
The analytical expression reveals the impact of spatial
correlation, pilot contamination, numbers of APs and
elements, and phase shifts of the surface.

o Simulation results verify the analytical expressions and
present the superiority of STAR-RIS against conventional
RIS-assisted CF mMIMO systems.

Paper Outline: The remainder of this paper is organized as
follows. Section [[]introduces the system model of a STAR-RIS-
assisted CF mMIMO system with correlated Rayleigh fading.
Section presents the channel estimation of the cascaded
channel the design of the passive beamforming based on the
long-time statistical CSI. Section [[V|presents the downlink data
transmission with the derived downlink sum SE. The numerical
results are provided in Section [V] and Section [VI] concludes
the paper.

Notation: Vectors and matrices are represented by boldface
lower and upper case symbols, respectively. The notations ()7,
(1)", and tr(-) denote the transpose, Hermitian transpose, and
trace operators, respectively. Moreover, the notations E [-] and
V(-) describe the expectation operator and gradient operator,
respectively. The notation diag (A) denotes a vector with
elements equal to the diagonal elements of A, the notation
diag (x) describes a diagonal matrix whose elements are x. O(+)
denotes the limiting behavior of a function when the argument
tends towards infinity, log() denotes the natural logarithm and
[] denotes the smallest integer that is larger than or equal
to the argument Also, b ~ CN(0,3) denotes a circularly
symmetric complex Gaussian vector with zero mean and a
covariance matrix 3.

II. SYSTEM MODEL

In this section, we present a CF mMIMO system assisted by
a STAR-RIS. For the sake of demonstrating a practical scenario,
we assume that the CF mMIMO system is implemented outdoor
while communication takes place with both indoor and outdoor
UEs through a STAR-RIS deployed on the wall of the building
hosting the indoor UEs as shown in Fig[I] Also, all UEs are
assumed far from the APs or behind obstacles to justify the
implementation of a RIS.

In particular, we consider M multi-antenna APs with L
antennas each, which are connected to a central processing
unit (CPU) and serve simultaneously K edge UEs in total on
the same time and frequency resource.! The group of UEs

't would also be very interesting to consider non-edge users, where the
APs can be located at both sides of the surface but this is left for future work.

consists of Ky = {1,..., K} UEs located in the transmission
region (t) and KC, = {1, ..., K, } UEs located in the reflection
region (r), respectively. In other words, K = K; + K. For
the sake of a better representation of the analysis below, we
denote as W = {wy, wa,...,wg } a set that defines the RIS
operation mode for each of K UEs in a unified way. Hence,
if the kth UE is located behind the STAR-RIS (k € K;), then
wy = t, while wy, = r, if the kth UE is found in front of the
STAR-RIS (k € K,), i.e., the APs and the kth UE are found
at the same side. We assume no direct links exist between the
APs and UEs in both regions due to obstacles.

STAR-RIS
N elements

Transmission
area
CF mMIMO RIS
controller

UEs behind
the RIS

UEs in front of
the RIS

Fig. 1: A CF mMIMO STAR-RIS-assisted system with
multiple antennas per AP and with multiple UEs at transmission
and reflection regions.

The STAR-RIS, being one of the focal points of the system
model, consists of a uniform planar array (UPA) that can modify
the amplitudes and phases of impinging signals. Each row of
the array includes [V}, elements and each column consists of
N, elements, i.e., the total number of RIS elements is N =
Ny X Ny and defines a set of AV = {1,..., N} elements. The
ability of the STAR-RIS is characterized by the simultaneous
configuration of the transmitted (¢) and reflected (r) signals
by two independent coefficients. Especially, the transmitted
and reflected signal by the nth RIS element are described by
tn = (BLei%n)s, and 1, = (B"e/%n)s,, respectively, where
Sp, denotes the impinging signal. We assume that the amplitude
and phase parameters S¥ € [0, 1] and ¢% € [0, 27), where the
kth UE can be in any of the two regions that corresponds
also to the RIS mode, i.e. transmission (¢) or reflection (r)
[16], are independent.? Although ¢! and ¢! can be chosen
independently, the choice of the amplitudes is based on the
correlation expressed by the law of energy conservation as

(BL)? +(Br) =1,Vn e N. (1)

Both the amplitudes and the phase shifts are adjusted by a
controller through a backhaul link that enables the exchange
of information betwesn the APs and the STAR-RIS. Below,
we denote 6% = ei?:" for the sake of better exposition.

A. STAR-RIS model Protocols

A STAR-RIS generally operates in the ES mode, while the
MS mode can also be used, which has lower performance but

%In practice, the phases of the reflecting and transmitting coefficient
are coupled with each other. However, this consideration requires a separate
analysis regarding the optimization, and is left for future work [42].

Authorized licensed use limited to: National Technical University of Athens (NTUA). Downloaded on November 30,2023 at 10:51:52 UTC from IEEE Xplore. Restrictions apply.

© 2023 Crown Copyright. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3327768

also lower complexity. Another option is the TS protocol, but
herein, we will focus on the first two protocols due to limited
space, while the study of the TS protocol is left for future
work.

1) ES protocol: All RIS elements serve simultaneously all
UEs despite their locations. In other words, UEs can be found
in both ¢ and r regions. The PB for UE k is expressed as
‘I‘EE = diag(B"* 07, ..., By On*) € CNXN where BY% > 0,
(BL)?+(Br)?> =1, and 0| = 1,Vn € N.

2) MS protocol: This protocol suggests the partitioning of
the RIS elements into two groups of Ny and N, elements
that serve UEs in the ¢ and r regions, respectively. In other
words, Ny + N, = N. The PB for k € K; or k € I, is
given by ®M5 = diag(8;+ 67", ..., Byr0N*) € CV*N, where
Bk € {0,1}, (BL)? + (B5)? =1, and |0 = 1,Vn € N. In
other words, the amplitude coefficients for transmission and
reflection are restricted to binary values, which means that the
MS protocol is a special case of the ES protocol, i.e., it is
inferior.

B. Channel Model

We assume narrowband quasi-static block fading channels
based on the standard time-division-duplex (TDD) protocol,
which is used in CF mMIMO systems and enables channel
reciprocity. Specifically, each block has a duration of 7, channel
uses, while 7 channel uses are allocated for the uplink training
phase and 7. — 7 channel uses are allocated for the downlink
data transmission phase.

Let w,; € CN¥* and q; € CV*X! be the channel
between the [th antenna of AP m and the RIS, and the
channel between the RIS and UE £, respectively. Note that
W, = [Wmi,...,Wmz] € CV*L is the concatenated
downlink channel between AP m and the RIS. Especially,
the links including the RIS underlie unavoidable correlated
Rayleigh fading [30]. Thus, we have

W,. = \/ B Rris.m /> D Rap m /2, 2)
aqr =/ BrRris k' ek, 3)

where RRIS,rmG (CNXN, RRIS,kaG (CNXN, and Rpp €
CE*L express the deterministic Hermitian-symmetric positive
semi-definite correlation matrices at the RIS and the AP
m, which are assumed to be known by the network. Also,
vec(D,,) ~ CN(0,Ipn) and ¢, ~ CN (0,Iy) express
the corresponding fast-fading vectors. Note that, in the case
of isotropic scattering with uniformly distributed multipath
components, Rrys,, and Rgig are modeled as in [30].
In particular, we have [R];; = dudysinc(2|u; — u,||/N),
where A is the wavelength, sinc(z) = sin(nz)/(7wx) is the
sinc function, dydy is the size of each element of the RIS
with di and dvy being the horizontal width and the vertical
height of each RIS element. Also, the location of the nth
element with respect to the origin is given by u, = [0,
mod (n — 1)Npdy, |(n — 1) Ny, |dv]T. Moreover, S, and S
express the path-losses of the mth AP-RIS and RIS-UE k links,
respectively. Note that the channel model in () is different from
most related works, which assume that W,,, is deterministic
for the sake of analytical tractability [13]], [43].

Given the PB, the aggregated channel between AP m and
UE k, consisted of the cascaded channel, is

hy = Wi, @4, i, “4)

and has a variance R, = E{h,,;h! .} given by
R = 6 (Rt ) R, 5)

where f{mk = BmkRRIS,m(I)kaRIS,k(I)Hwk- We have used
the independence between W,, and q, Bmk = Bm Bk,
E{qqu} = 6kRRIS,k" E{VBVH} = tI’(B)IM with B being
a deterministic square matrix, and V being any matrix with
independent and identically distributed (i.i.d.) entries of zero
mean and unit variance. In the case that Rrism = Rrisx =
Iy, R, does not depend on the phase shifts but only on the
amplitudes, as also mentioned in [44]. For convenience, we
provide below the lemma in [45, Lem. 1].

Lemma 1: Let A be deterministic matrices, and X, iS a
vector of i.i.d. CN(0,1) elements. Then, we have

E{[x" . Ax,k|?} = tr(AA") + (tr(A))% (6)

Also, regarding the cascaded channel given by (@), we
observe that it is the product of weighted complex Gaussian
and spatially correlated random variables. Despite the statistical
complexity of (@), the following lemma provides useful
expressions with respect to the expectation of the channel,
which are required in Sec. [V]C.

Lemma 2: Let A and B be deterministic matrices, then we
have (7)-(TI) at the top of the next page.

Proof: See Appendix [A] [ |

III. CHANNEL ESTIMATION

A STAR-RIS is basically implemented by nearly passive
elements without any RF chains. Thus, it cannot process the
estimated channels, i.e., it cannot obtain the received pilots by
UEs, and it cannot transmit any pilot sequences to the APs for
channel estimation. Given that perfect CSI is unavailable and
based on the TDD protocol, we resort to a channel estimation
method obtaining the estimation of the cascaded channel by
an uplink training phase with pilot symbols [46], while being
indifferent to the individual channels.?

3There are two general approaches for channel estimation. One focuses
on the estimation of the individual channels such as [42], and the other one
obtains the estimated aggregated channel [13], [28]. In particular, in this work,
we employ the second approach, which has lower overhead and provides
the estimated channel in closed form. This method has not been used before
for STAR-RIS CF mMIMO. This approach allows to highlight one of the
advantages of this work, which is making the expression for the channel
estimation "looking" the same for both types of users belonging to different
areas of the RIS. However, the channel estimation is different since R,
including the expressions corresponding to the phases shifts is different, for
users in ¢ and 7 regions. In other words, we have managed in a smart way to
introduce the standard channel estimation for multiple-user SIMO to STAR-
RIS CF mMIMO, which has not taken place before. Also, the treatment of
imperfect CSI via LMMSE seems to be standard but it is not since it concerns
the aggregated channel vector. Note that other papers have not employed this
efficient way for channel estimation on STAR-RIS CF mMIMO.
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E{h;‘nkAhmk} = tr(ARmk),

E{h" , Ah,h",Bh,} =tr(Rap mA)tr(Rap ,B)(tr (Rmk) tr(f{”k> —|—tr<]::{mkf{nk)),m £n
E{h" , Ah,,;h",Bh,;} = tr(Rap mA) tr(Rap.mB) tr( RykRu ), m # n
E{[h",, Ahyp|?} ~ tr(Rap.m ARAP mA") (tr (R2,,) + (tr (Rons) 2),

E{|[h",, Ah,|?} ~ tr(Rap.m ARap mA") tr(f{ml) tr(f{mk kAL

(7
®)
©))
(10)
Y

A. LMMSE Estimation

We denote as Py, the set of indices of UEs that share the
same pilot sequence as UE k. All UEs in ¢ or r region that
belong to P}, share the same orthogonal pilot sequences as UE
k. Specifically, we denote by x = [Tk 1,..., 2k ] € CT*!
the pilot sequence of UE k that can be found in any of the two
regions, where the duration of the uplink training phase is 7
symbols. Note that the pilot sequences are mutually orthogonal,
ie, xf{x; =0,if | & Py and xiix; = 1,if | € Pj.* Moreover,
all UEs use the same normalized signal-to-noise ratio (SNR)
p for transmitting each pilot symbol during the training phase.

Let us assume UE k transmitting the pilot sequence /pTx.
Then, the received signal by the mth AP is written as

K
Yom =Y VITWn B iy + Zpm,  (12)
k=1

where Z,,, is an L x 7 noise matrix whose elements
are independent and identically distributed (i.i.d.) CN (0,1)
random variables. Next, the received signal in (I2) is projected
to X to estimate the desired channel. Specifically, we obtain

Ypmk = Yp,mxk

= V pTW;‘néwqu
+ > WLt Zp ke, (13)
lePr\{k}
where z, 1 = Zp X includes iid. CA(0,1) random

variables.

Having fixed the phase shifts, we apply the LMMSE method
for estimating h,,;, at the AP even in the presence of STAR-
RIS, where the cascaded channel is given by the product of
weighted complex Gaussian random variables. Despite the
complicate form of the cascaded channel, the following lemma
provides a closed-form expression of the estimated channel.

“4Ideally, pilot sequences assigned to all users should be pairwisely
orthogonal. This requires 7 >= K. In many practical scenarios, the number
of users is large or/and the coherence interval is short (i.e. in high mobility
environments), the above condition cannot be fulfilled. Thus, orthogonal pilot
sequences should be re-used among the users. This causes pilot contamination
effect which may reduce the system performance significantly. To reduce the
effect of pilot contamination, many pilot assignment/grouping schemes have
been proposed in cell-free massive MIMO. For examples, in [2]], greedy pilot
assignment is proposed, while [47]—[49] proposed to new pilot assignment
schemes based on Hungarian, Tabu-search, and weighted graphics algorithms,
respectively. The pilot assignment for our considered systems is out scope of
our work. It requires a comprehensive study and is left for future work.

Lemma 3: The LMMSE estimate of the cascaded channel
h,,; between the mth AP and UE k is given by

Bk = /DT Rk QY p,mie, (14)

-1 . .
where Q,,, = (pT ZlePk R+ IM) , and yp, mk is the noisy
channel given by (13). Hence, the estimated channel has zero
mean and variance given by

Wr = pTRe QrRonk- (15)

The estimated channel flmk is }lncorrelated with the channel
estimation error e,,, = h,, — h,,., which has zero mean and
variance E{|e,,x|?} given by R,x — ¥ k.
Proof: See Appendix [B] [ |
With the PB fixed, according to Lemma|[3] it is shown that the
cascaded channel can be estimated without any further increase
of the pilot training overhead since only 7 > K symbols are
required in each coherence interval as in standard CF mMIMO
systems. The closed-form expression of the channel estimate
will be employed below to derive the NMSE of the channel
estimate of UE &k at AP m and optimize the PB by minimizing
the NMSE.
Given that channel estimation is crucial in CF mMIMO
systems, herein, we focus on the design of the PB to increase
the quality of the channel estimation. Specifically, we define

tr (E[(flmk — hyge) (Byns, — hmk)H])

()
=1 tr(Rmk) . (17)

The NMSE, lying in the range [0, 1], is suitable for measuring
the channel estimation quality per AP. If orthogonal pilot signals
are employed for every UE and the pilot power tends to infinity,
the NMSE tends to zero. Also, if independent Rayleigh fading
is assumed, the correlation matrices in do no depend on
the phase shifts. Hence, the NMSE,,,;, cannot be optimized.

B. PB Optimization

It is essential to optimize the performance of STAR-RIS-
assisted systems with respect to the PB, which depends on
both amplitudes and phase shifts. As in [35]], we propose to
optimize the PB by minimizing the NMSE from all UEs and
APs. In this direction and based on infinite-resolution phase
shifters, we formulate the optimization problem for minimizing
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the NMSE,,,, of CF mMIMO STAR-RIS-assisted systems
accounting for correlated fading and imperfect CSI as
M K
min NMSE = NMSE,,
st (B2 + (B =LVneN
L >0,80 >0, VneN
|0t =100 =1, Yn € N
where 6 = [(6")7,(67)"]" and B = [(8")", (B")"]".

We would like to emphasize that contrary to [35], we
consider multiple antennas per AP, and we are going to optimize
not only the phase shifts but also the amplitudes. Of course, we
differentiate from [35]] because we refer to STAR-RIS instead
of conventional RIS. The optimization approach and the result
is different. Hence, the equal phase shift design, demonstrated
in [35]], does not take place here, and we rely on the projected
gradient ascent method (PGAM) to obtain a locally-optimal
solution of (PI). The proposed optimization method of the
phase shifts of the RIS, i.e., the minimization of the sum NMSE
focuses on improving the channel estimation quality, which
is a critical objective in mMIMO systems. In particular, an
improvement in the accuracy of channel estimation leads to a
significant enhancement of the downlink net throughput [35].
Note that an alternative solution would be to optimize the PB
based on the maximization of the downlink SE provided below.
However, this approach is challenging, and page limitations
have led us to defer the optimization of the SE in future work.

Remark 1: Under independent Rayleigh fading conditions,
NMSE,, is independent of 6. Hence, its optimization is
performed in terms of 3.

The problem is non-convex while the amplitudes and
the phase shifts for transmission and reflection are coupled.
For the sake of exposition, the feasible set of (PI)) is defined
by the sets © = {0 | |0!| = |67| = 1,i = 1,2,... N}, and
B=1{8|BYH2+ ()2 =1,8>0,8>0,i=1,2,...N}.
Since the sets © and B the projection operators can be obtained
in closed-form, we apply the PGAM [50, Ch. 2] to optimize
6 and (8. The proposed PGAM, which increases the objective
from the current iterate (0™, 3™) towards the gradient direction,
consists of the following iterations

6"t = Po(6" + 11, VoNMSE, (6", 8™)), (18a)
B+ = Pg(B" + 11, VgNMSE,,1 (8", 8")),  (18b)

where the superscript expresses the iteration count, (i, is the
step size for both 6 and 3 while Po(-) and Pg(:) are the
projections onto © and B, respectively.

Although the ideal step size should be inversely proportional
to the Lipschitz constant of the corresponding gradient, it is
difficult to find it for the problem above. Fortunately, Armijo-
Goldstein backtracking line search allows finding the step
size at each iteration. For this reason, we define a quadratic
approximation of NMSE, (6, 3) as

Qu(8,8:x,y) = NMSE,..(6, 3)

1
+ (VoNMSE, (8, 8),x — 0) — ;Hx - 6|3

(P

1
+ (VgNMSE,.4(8,8),y — B) — ;Hy -gBl3. 19

The step size p, in (I8) can be obtained as y,, = L,x"",
where we assume that L, > 0, k € (0,1), and u,, is the
smallest nonnegative integer satisfying

NMSEmk) (9n+1 ) ﬁn+1) 2 QLnH“” (0n7 ﬂnv 9n+1 ) /6n+1)7
(20)
which can be performed by an iterative procedure. Note that the

step size at iteration n is used as the initial step size at iteration
n + 1. The proposed PGAM is summarized in Algorithm [I]

Algorithm 1 Projected Gradient Ascent Algorithm for the RIS
Design

1: Input: 8°,8° uy >0, k € (0,1)

2n<+1

3: repeat

4:  repeat

5: 0"t = Po (0™ + 11, VoNMSE,,1 (8", 3"))
6: l@n-&-l — PB (ﬂn + MnV,BNMSEmk(OTL’ﬂn))
7

if NMSE, ., (71, g7 +1) <
Qp, (67,8771, 871 then

8: Wy = UnK

9: end if

10:  until NMSE, ., (71, g7 +1) >

Qun (071’ I@n,; 0n+17ﬂn+1)
1 g1 < fn
122 n<n+1
13: until convergence
14: Output: @7+t g+l

Proposition 1: The complex gradients VoNMSE, (0, 3)
and VgNMSE,, (0, 3) are given in closed-forms by @€I),
22), where

Vi tr(Rnk) = Bk tr(Rap)diag(A;diag(8)),  (23)
Vi tr(¥,) = viidiag (A, diag(8")) (24)
with
Vinke = Brniett (Qr Rk + Ron Qu—pT Z QiR2,.Qr)Rap).
LEP
(25)

Similarly, the gradient VgNMSE,, (8, 3) is given by (26),
27), where
Vi tr(Ronk) =2Bmi tr(Rap) Re{diag(Al/diag(6")}, (28)
Vi tr(W 1) =2vp,,diag (A; Re{diag(A}diag(6")}. (29)
Proof: Please see Appendix [C| [ |

C. Complexity Analysis of Algorithm [I|

Herein, we present the complexity analysis for each iteration
of Algorithm [T] using the big-O notation. First, we focus on the
computation of R,,;. We observe that Rgis,, P, requires
N2 complex multiplications because ®,,, is diagonal. Thus,
to compute tr(A,, @Y, ), the complexity is O(N? + N). The
complexity to compute R, is O(N%+N+L?) because O(L?)
additional complexity multiplications are required to derive
tr (A, @5, )RAP,m. Moreover, since ¥, = Ry QuRink
with Q. being inverse takes O(L?) to derive it. In summary,
we can conclude that the complexity for each iteration is
NMSE, . (0, 3) is O(KM(N? + L?)).
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VGNMSEmk (05 6) = [VGtNMSEmk (07 B)Ta VGTNMSEmk (05 B)T]Tv (21)
tr(W,, i tr(Ropk) — tr(R,, i tr(W,, .
Vo NMSE, (0, ) = r(W,,1) Vi tr( k2) (R ) Vi tr( lc)’l - 22)
tr (Rm,k)
VaNMSE,.. (0, 8) = [Vg:NMSE,,.(6,8)", Vg-NMSE,,..(8, 3)"]", (26)
tr( W) Vi tr(Rik) — tr(Romk) Vgi tr(W,y,
VQtNMSEmk;<6,ﬂ) — I'( k) B8 ]f'( kz) I'( k) B8 r( k)7l =t,r (27)
tr (Rmk)
1) Convergence Analysis of Algorithm [I} The guarantee received signal by UE £k is described as
of the convergence of Algorithm [I|is provided by following o
standard arguments for projected gradient methods. First, the _ Bt + 30
gradients Vg f (0, 3) and Vg f(8, 3) are Lipschitz continuous’ " mz_:l mkSm T 2k, (30)

over the feasible set as they comprise basic functions as given
above. Let Lg and Lg be the Lipschitz constant of Vg f(6, 3)
and Vgf(0,8), respectively. Next, we have that [50, Chapter
2]

Fx.3) = £(6.8) + (Vof (6,8).x — 6) - ;- [}x ~ 0]
+(T1(0.8). ~ )~ _lly - B}
> 1(6.0) + (Vof(6.),x ~ 6) ~ —|x— O]}
+(Vaf(6.0).y — ) - Iy - I3

where Ly,.x = max(Lg, Lg). Hence, the line search procedure
of Algorithm [T] (i.e. the loop between Steps ] —[T0) terminates
in finite iterations since the condition in Step must be
satisfied when p, < Ly.x. More specifically, given p,_1,

the maximum number of steps in the line search procedure
W—‘. Moreover, because of the line search we
automatically have an increasing sequence of objectives, i.e.,
fonti grtly > £(gm B"). Since the feasible sets © and B
are compact, f(0™,3") must converge. However, we highlight
that Algorithm |1|is only guaranteed to converge to a stationary
point of {PT)), which is not necessarily an optimal solution due
to the nonconvexity of (PI). We also note that Lg and Lg are
not required to run Algorithm [I]

3

IV. DOWNLINK DATA TRANSMISSION

This section presents the downlink data transmission phase,
and the study of the received signal when both the numbers
of APs and RIS elements grow to infinity. Also, we provide
a closed-form expression of the achievable downlink SE with
MR precoding for an arbitrary PB.

Based on TDD, we can exploit channel reciprocity, where
the uplink and downlink channels are the same, and write
the received signal by UE k£ in ¢ or r region. Specifically,
we consider the cooperation among the M APs that jointly
transmit the same data symbol to UE k. In particular, the

SA function h(x) is said to be Lipschitz continuous over the set D if
there exists L > 0 such that |[h(x) — h(y)|| < L||x — y||2

where s,, = /pa Zfil /Mmifil; denotes the transmit signal
vector by the mth AP with pq being the normalized SNR in
the downlink allocated to UE k, and z;, ~ CN(0,1) being
the complex Gaussian noise at UE k. Also, f, € CE*1 is
the linear precoding vector, and [ is the corresponding data
symbol with E{|l;|?} = 1. After accounting for MR precoding,
where f; = lfl,m-, (30) can be written as

M K
e =/Pd Y N Tmiblmili + 2.

m=1 i=1

€1y

Note that 7,,; is a power control coefficient at AP m that
satisfies the power constraint E{||s,, >} < pa, which gives

K
>t tr(¥p) < 1. (32)
k=1

A. Asymptotic Analysis (M, N — o)

To proceed with the analysis in this case, certain assumptions,
concerning the covariance matrices, should be fulfilled [51},
Assump. A1-A3]. These assumptions basically mean that the
sum of the eigenvalues and the largest singular value of the
covariance matrices are finite and positive. As can be seen in
(31), the received signal depends on the channel estimates of
all UEs. To proceed further, this equation is rewritten in terms
of the pilot reuse set as

M
"= Pd D Y A/ Tmihl Bl

1€P m=1

M
+VPa Y D Vil + 21

1Z€Pr m=1

(33)
Elaborating on the first sum of (33), we have

M
Z thmkflmi

m=1

M
= > Vlmin /DT Rmi Qi (D /DT humt + 2 mi)
m=1

LEP),
(34)
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S S v

M
Z nmsz mkRszm mk +
m=1 lePrg{k} m=1

M
X R Qb + > /iy Roni QunZp mi, (39
m=1

where (34) is derived by substituting the channel estimate
provided by (I4), while (33) is obtained after extracting the
channel of UE k from the summation. When M, N — oo, the
asymptotic result is written after dividing each term by M N
as

M

1

MN E V nm1p7h:~kaszmhmk
m=1

1
= W Z V nmszqu’:;kaRszmW?n‘I’wqu
m=1

M
1 1
= VT, (7 D Vi WonRniQu Wi, ) @,
m=1
P
M — 00 pT
M
« L g iz./—ﬂ«:- {(W,.R,,;Q,, W' }&
qu we f Tmi mIUmiQm WV o, wi, Ak
m=1
pT
1 1 M
X qu kMZ\/nmzﬁmRRISktr< szmRAP m) wi, Ak
m=1
1
PT R Ak AL, (36)

where A = t7(Runi QuRAP.m) i, Some 1v/Tmi B B,
RRris,x P, we have used Tchebyshev’s theorem [52]], while
the second and third terms tend to zero due to favorable
propagation conditions, and because the overall channel and
the noise are mutually independent. This result shows that,
for a fixed N, the channels become asymptotically orthogonal.
Thus, the small-scale fading and the additive noise cancel out.
The received signal becomes

1
MN

q;Aqy

m \/PTﬁkN tr(ARR1s, k),

Tk—> \/ﬁ
37

where the contribution of the STAR-RIS appears indirectly in
(37). However, the pilot contamination from UEs using the
same pilot sequence remains, which means that the system
cannot be benefited if we add more APs.

B. Finite Analysis

By taking advantage of the hardening channel capacity
bounding technique, the downlink ergodic spectral efficiency
in bps/Hz can be written as

SEx = (1 = 7/7c) loga (1 + k), (38)

where the pre-log fraction expresses the percentage of samples
per coherence block for downlink data transmission, and the

effective uplink signal-to-interference-plus-noise ratio (SINR)
vk 1s given by

Sk
Ve = 1. (39)
with
Sy = |DSk|? (40)
K
L =E{BU"} + > B{[ULxf}+1. @D
i=1,i#k

n (@0), DSy, is the desired signal, while, in @I)), BU, is
the beamforming gain, and Ul is the multi-UE interference.
Specifically, we have

VAIE{ fj Vb .

DS, = (42)
BU, = (Z vV mk hmk hmk E{Z\/ Timk hmkhmk}>
(43)
M
UL =Y v/Hmih . (44)

m=1

Proposition [2] provides a closed-form representation of (39).

Proposition 2: For a given PB ®,,, and MR precoding being
used, the downlink achievable SINR of UE k in a STAR-RIS-
assisted CF mMIMO system is given by (39), where

M
a(D Vi t1())?, (45)
m=1

M M

Ik = pPd Z Z VImkA/ Tink (pT)2 tI‘(]RAP,m]Rmk, Qm)

m=1n=1,n#m

X tr(RAp’anRnk) (tr(Rmk) tr(Rnk) + tr(RmkRnk))

+ (pT)2 Z tI‘(];{Al:’m"b]-:{mk Qm)tr(RAP,m Qank )tI‘ (Rmk Rnl)
lEPL\K

— Pav/Tmi\/ Nk tT(¥ i) tr
M

+ pdz Nimk (PT)2 tI'(:[{Ap,ml{mk QmRAP,QO,Rmk)

m=1

x (tr (R2,e) + (tr (Roun))’)
+ (pr)? Z (tr (le>

lePr\k

X tr(Rap,mRmi QmRAP,mQm

(‘Ilnk)

. 2

Rou) tr (Rmk))
M

*PdZ’I?mk tr? (P,

m=1

+ pT tr(ankan)

K M

i=1,i#£k m=1
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X tr(RAP,anRni) tr (RmkRnl)> i ¢ Pk

tT(RAP,mRmiQm RAP,m QmRmz)

x(br (R2,) + (o (Ros)”)

+Zl€77k\k tr(RAP,mRmiQmRAP,mQmRmi)
X tr (le) tr (Rmk>

+ tr(RAP,mRmiQm) tr<RAP,anRni)

X ( tr(Rong ) tr(Rpk) + tr(RmkRnk))
+ Zlepk\k tI‘(]-{AP,m]-{mi(Qm)

% tr(Rap.mQnRons) tr(f{mkﬁnlD .

Proof: See Appendix [D] [ |
The achievable sum SE is obtained as

Te — T

SE = (46)

K
> logy (1+7),

-
¢ k=1

where 7, is given by Proposition [2]

Remark 2: According to Proposition [2] the downlink achiev-
able SINR is given in closed-form and depends only on
statistical CSI in terms of path losses and covariance matrices.
We have chosen to optimize the amplitudes and the phase
shifts of the STAR-RIS by minimizing the total NMSE as
mentioned in Section The optimization of the STAR-RIS
by maximizing the achievable sum SE is omitted due to limited
space but will be the topic of future work.

V. NUMERICAL RESULTS

In this section, we present the numerical results of the sum
SE in STAR-RIS-aided CF mMIMO systems, which include
analytical results and Monte-Carlo (MC) simulations with 103
independent channel realizations.

The setup assumes a geographic area of size 1.5 x 1.5
km?, where the locations of all nodes are given in terms
of (x,y) coordinates. In particular, we consider a STAR-RIS
with a UPA of N = 64 elements deployed on the wall of
a building. The STAR-RIS aids the communication between
M = 64 randomly located APs antennas with L = 4 each
that serve K; = 4 indoor UEs and K, = 3 outdoor UEs.
Specifically, the xy—coordinates of the APs are uniformly
distributed around (zg, yo) = (0, 0) , while the STAR-RIS is
located at (zg, yr) = (50, 10), all in meter units. Also, UEs in
r region are located on a straight line between (xp — %dl, YR—
1dy) and (zg+ 3di1, yr — $d1) with equal distances between
each two adjacent users, and d; = 20 m in our simulations.
In a similar way, UEs in the ¢ region are located between
(l‘R—%dz, yR-l—%dg) and (:CR-F%dQ, yR—&—%dg) with ds = 1 m.
We assume that the size of each RIS element is dy =dy =\/4.
Distance-based path-loss is considered in our work, such that
the channel gain of a given link j is 3; = Adj_a-’, where

tr(Rap,mRmiQmRar.m QmRm:) tr (f{ml) tr (f{mé)c dy x dy is the area of each reflecting element at the RIS,
+ Z%:l Zﬁim \/leePi tr(RAP,mRmiQma;j is the distance of the corresponding link, and «;; = 2.5 is the

path-loss exponent. Note that dg = dyv = A\/4 unless otherwise
stated. The correlation matrices Rgs and RRgrs , RRig are
computed according to [51] and [30]], respectively. The carrier
frequency and the system bandwidth are 1.9 GHz and 20 MHz,
respectively. Each coherence interval consists of 7. = 200
symbols, which correspond to a coherence bandwidth equal to
B, = 200 KHz and a coherence time equal to 7, = 1 ms. We
consider 7 = 5 orthonormal pilot sequences that are shared
by all UEs. We would like to mention that we consider equal
power allocation as commonly assumed in mMIMO systems.
Hence, we have assumed 7, = (Zgzl tr(Opnp )L, Vm, k
from (32) Optimal power control such as max-min power
control will take place in a future work.

For the evaluation of the advantages of RIS-assisted CF
mMIMO systems, we consider the following scenarios for
comparison:

i Pi\k A conventional RIS : This is a baseline scheme, which

consists of transmitting-only or reflecting-only elements,
each with N; and N, elements, such that N; + N, = N.
We denote it “cRIS”.

e« We apply an ON/OFF scheme for channel estimation
based on [22]], where the cascaded links are estimated
with one element turned on at transmission/reflection mode
sequentially. We denote it “ON/OFF scheme”.

o A random PB, where the phase shifts and the amplitudes
are chosen based on the Uniform distribution. “random
PB”.

¢ A conventional CF mMIMO without any surface. We
denote it “cCF mMIMO”.

o An active STAR-RIS as provided in [53]].

Fig. (@) illustrates the total relative estimation error, i.e.,
the normalized mean square error (NMSE) with respect to
the uplink SNR for different PB matrices. We show that the
results decrease without bound. Moreover, it is shown that
the error goes with the ON/OFF scheme in [22] and the
scenario of equal phase shifts. In addition, we have provided
a comparison between the ES and the MS protocols, where
the former presents lower error while the gap increases with
increasing SNR. The reason for this observation is that at
low SNR, under our considered setup, it is more beneficial to
focus on the UEs in the reflection region as they are closer to
the APs. This is confirmed by the fact that, after running the
proposed algorithm, 87 & 1,Vn € N. For high SNR, instead
of pouring all the power to the users in the reflection region,
some power can be directed to the users in the transmission
region to improve the total NMSE. Notably, MC simulations
verify the analytical results.

In Fig. 3] we illustrate the achievable data rate as a function
of the number of STAR-RIS elements N. It can be seen that an
increase in the number of surface elements brings a significant
performance to cRIS, which motivates the deployment of a
surface in CF mMIMO systems. However, the rate enhancement
is smaller in the case of random PB. Moreover, we show the
impact of spatial correlation at the STAR-RIS. It is shown that
the performance increases as the correlation decreases. Also,
the ES protocol exhibits a better performance than the MS
protocol since the latter is a special case of the ES protocol.
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Fig. 2: Total NMSE versus the SNR of a STAR-RIS assisted CF
mMIMO system with imperfect CSI (M =64, L =4, K =4)
in the case of uncorrelated fading at the RIS (Analytical results
and MC simulations).

Specifically, the lines coincide for low NN. Given that the ES
protocol is a full-dimension transmission and reflection scheme,
the gap between the ES and the MS protocols increases with
increasing N. Regarding cRIS, the comparison reveals that its
performance is lower since fewer degrees of freedom can be
taken into advantage. Notably, we have added a comparison

with active STAR-RIS [53]], and have used it as a benchmark.

As expected, active STAR-RIS performs better, but at the cost
of higher energy consumption.

(M =64,L = 4]

N

jes} i
~

)
~

h=]

€3]

15}

N

T;: B o--dy = dy = /4 (ES protocol)
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Fig. 3: Downlink achievable sum SE versus the number of RIS
elements antennas N of a STAR-RIS assisted MIMO system
with imperfect CSI (M = 64, L = 4, K = 4) for varying
conditions (Analytical results and MC simulations).

In Fig. [ we depict the achievable rate versus the transmit
SNR. We show that even the choice of a simple MR precoder
can enhance the performance in STAR-RIS CF mMIMO
systems in the low SNR regime, but as SNR increases, cCF
mMIMO will perform better in terms of the rate in the case of
random PB. As SNR increases further CF mMIMO can perform

better even from the optimal STAR-RIS CF mMIMO system.

The reason is the additional multi-user interference coming

from the surface. This observation indicates that the RIS is
more beneficial in the low SNR regime. Also, we observe
that the ES protocol performs better than the MS protocol.
In particular, at low SNR, the performances of the ES and
MS protocols is nearly the same. In this region, it is more
advantageous to focus on UEs in the reflection region as they
are closer to the APs. This fact is confirmed by noticing that
after running the proposed algorithm, 8. ~ 1,Vn € N. As
SNR increases, the increase in the sum SE is small, if we keep
focusing on the reflection region. At high SNR, the sum SE is
improved since some power can be directed to the UEs in the
transmission region.

-
o

T T T

[Fe—ES protocol (N = 100)
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Downlink Achievable Sum SE [bit/s/Hz|
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Fig. 4: Downlink achievable sum SE versus the SNR of a
STAR-RIS assisted CF mMIMO system with imperfect CSI
(M =64, N =64, L = 4, K = 4) for varying conditions
(Analytical results).

Fig. ] depicts the achievable rate versus the number of APs
M. As shown, the rate increases with M but saturates at a
large M because of the multi-user interference. The STAR-
RIS outperforms the cRIS because it exploits more degrees of
freedom due to the simultaneous transmission and reception.
Concerning the RIS correlation, a low correlation increases
the performance due to increased diversity gains among the
surface elements. Despite its higher complexity, the ES protocol
achieves better performance than the MS protocol. Under the
setting of no surface correlation, the performance is not good
because of the lower capability for optimization in terms of
only the amplitudes. Also, the scenario corresponding to the
ON/OFF scheme presents a higher achievable rate since our
case, based on statistical CSI, includes loss of information.
Moreover, the scenario with random PB performs better than
the case of no RIS correlation.

VI. CONCLUSION

In this paper, we studied the NMSE and the achievable
rate performance in the downlink of STAR-RIS-assisted CF
mMIMO systems in terms of statistical CSI. We accounted
for correlated Rayleigh fading and introduced a STAR-RIS
to provide additional channels to the UEs located on both
sides of the surface of a standard CF mMIMO system.
We have introduced an efficient channel estimation scheme
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Fig. 5: Downlink achievable sum SE versus the number of
BS antennas M of an STAR-RIS assisted MIMO system with
imperfect CSI (N = 64, L = 4, K = 4) under varying
conditions (Analytical results).

to overcome the high overhead obtained by estimating the
individual channels of the RIS elements. We have employed
MR beamforming to design the active beamforming in terms
of instantaneous CSI, while the analytical expressions are in
terms of statistical CSI. To this end, we have derived the closed-
form expressions of the received signal when the number of
APs and surface elements increases, and we have obtained the
downlink achievable rate while providing analytical insights.
Finally, we have illustrated the numerical results to demonstrate
the benefits of integrating a STAR-RIS into conventional CF
mMIMO systems. Our results have shed light on the impact
of spatial correlation and other fundamental parameters on a
CF network.

APPENDIX A
PROOF OF LEMMA [2]

The computation of the expectation in (7)) is straightforward
based on the property x"y = tr(yx") for any vectors x, y. In
the case of the expectation in (@) it is written as

E{h! ,Ah,,;h", Bh,;}
— E{q} &, W,,AW", &, qiq} ", W, BW" &, q;},
47)
where, in (@7), we have substituted the cascaded channel. Note
that we have
= BBl t1(Rapm ARYE
= Bm tr(l:lAP,m1A)I{RIS,WL>
where, in (@8), we have taken into account the property
E{VCV"} = tr(C)I,;, which holds for any holds V €
CMX*N with i.i.d entries of zero mean and unit variance, and

C being a deterministic square matrix with per-dimension size
of N. Similarly, we have

(48)

W, BW! = 3, R/% | tr(Rap,mB)Ri5,,.  (49)

By inserting (48) and @9) in @7), we result in
]E{hﬂnk-AhmkhrLthnk} = /Bmgn tr(:R‘AP,mIA) tr(RAP,mB)
x E{q}, ®’, RrisrPw,arq;, P, Rr1S % Pw, Ak} (50)
= BB tr(Rap kA) tr(Rap,mB)E{|q} @}, Rrisx®uw, arl*},

(51
= BB tr(Rap xA) tr(Rap,mB)
x E{B7|ciRis o @', Rius @, Rifis i cil* ), (52)
= Bmkﬁnk tr(:RIAP,mlA) tr(RAP,mB)
2
X ((tr(RRIS,k(I’Hwk Rris,k Pu,))
+ tr(Rris,x @}, Rris kP, Rris x @}, Rris i ‘I‘wk)) )
(53)
= tr(RAp,mA) tr(RAp’mB) (t (Rmkﬁnk) + tr (Rmkﬁ«nk)) ,
54

where we have used {@8) and (@9) in (30). Moreover, we have

applied Lemma [T] in (33).
Next, (@) is obtained as

E{h! ,Ah,,;h!!,Bh,;}

= E{q;®, Wn AW &, qq; @, W, BW]®,, q;}
(55)

= BBk tr(Rap mA) tr(Rap ,»B)

x E{qy @}, Rr1s,m Puw, 21 @, RR1S,m Py Ak } (56)

= BonteBuk tr(Rap,mA) tr(Rap,nB)

X tr (RRis,m P}, RR1S,m Puw, 0] P, RR1s,m Py, )

= tr(Rap.mA) tr(Rap mB) tr (Rmkﬁnl) , (57)

where, in (61), we have used @8] and (@9). The expectation
in (TO) is written as
E{|h7c Ahmi*} = E{|di @7, W AW, @0, qil*}
= E{q;®,, W,,AW, &, q,q; P, W,,A"W] &, q;}.
(58)
Since N is asymptotically large, Wi @, qi.q}. @, W, in
(38) can be approximated by the law of large numbers as
Wi @, arqy @, Wa
~ ﬂmRAP,m tr (RRIS,m (I)'u)k quzq’lk ) . (59)
Thus, we insert (60) in (38), and we obtain (T0) as
E{|h}),; Abyuil*} = B tr(Res,m oy ardil 8, )
x E{q;.®,, W, ARAp,»nA"W, &, qi}
= Bgn tr(RAP,mARAPmLAH)
X E{qZQZ)kRRIS,m(I’wkqqu‘I’HkaRIS,mq)wkqk} (60)
= B2, tr(Rap,mARAp A" E{|q} @, Rris,mPuw, qx|*}

= 2, tr(Rap.mARAp , A")
X E{‘CZRll?,/Izs,kq):‘ukRRIS,k(I’kall{/IZS’ka|2}
= B2, tr(Rap,mARApP A"

X (tr (@4, Rris,k®uw, Rris,c @, Rris k)
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+ tf(‘I",LkRRIs,k@TukRRIs,k)) (61)
= tr(Rap,mARApP ,, A") (tr (R2,;) + (tr (Rmk))g), (62)

where we have used {@8) in (60), and Lemma [I] in (6I).
Finally, the expectation in (I1) is written as

E{|h), Ahpy|*} = E{|q;®;, Wn AW, ., qf*}

= E{q} @), W AW, @, quq) ®;, W AW, &, g1}

APPENDIX C
PROOF OF PROPOSITION[I]

First, we focus on the derivation of Vg:NMSE,,;(0,3).
According to (I7), we have

V¢:NMSE,,.1.(0, 3)

_ tr( W) Vet tr(Rong) — tr(Roni) Ve tr(Wo k)

o tI‘2 (Rmk) '
Based on R, and W,,;, we observe that Vg-NMSE,,,,, = 0,

(70)

= /BZE{qZ(}HkamAW:RQWLRRIS7k(I’TULWmAHW:’L¢wqu} when UE £ is in the reflection region, i.e., if w; = r. Hence,

_ An H H H
- s W m m = w s wy
ﬁlﬁkE{tI‘( RRis 1 @ W,,AW'! & LRRIS L P

x W, A"W" &, )}. (63)

Using the fact that N is asymptotically large,
W, AW} @, Rris x P}, W, can be approximated by
the law of large numbers as

W, AW} @, Ryis 1 @), W,
= BmRi/g,mD%Rlaézs,k@wl RRISvk@:‘UZ RIIK/I2S,kDmR1A/P2,m
~ BmRAP.m tr (@, Rris i @l Rris k)

= ﬁ}lRAP’m tr (le) .

(64)

By substituting (64) in (63), we compute (II)) as

E{[h"  Ah,.[?} ~ tr(f{ml)
X E{tr (RRIS7k<I’Z;k WmARAp)mAHW':n@wk)}

= By tr (le> tr(Rris, e @, Rris kP, ) tr(Rap,m ARAp,mA")

- tr(f{mk) tr(f{ml) tr(Rap.m ARAp mAY). (65)

APPENDIX B
PROOF OF LEMMA 3]

We follow similar steps to [54]]. In particular, the LMMSE
estimator of h,,; is derived by minimizing tr(E{(hmk —
hmk‘)(hmk - hmk)H}) as

1;lmkr = E{YP’mk?h':nk} (]E{YP,mkyz,mk})_l Ypmk- (66)

Given that the channel and the receiver noise are uncorrelated,
we obtain

EA{ypmihig} = E {hpmphi, b

= VP Rk (67)
The second term in (66) is written as
Qn =E{ypm¥pme} =07 > Ry +Iu.  (68)

LEPL

The LMMSE estimate in (T4)) is derived by substituting
and (68)) into (66). Also, the covariance matrix of the estimated
channel is

E { BBl f = Rk QuRoe (©9)

we focus on finding Vg:NMSE,,;, when wy, = t. For this
reason, we write R,,; as

Ronk = Bk tr(Rris k@1 Rris k@) Rap,m
= B tr(Ay @) )RAP m,

where A; = RRpis 1 ®:Rris k. In the case wy, = r, we define
A, = Rris 1 ®-Rrig,k. Next, we focus on the differentials
d(R,x) and d(®y) that are derived as follows. Regarding
d(Rx), we have

d(Rpk) = Bk Rap tr(ALd(®,) + Ad(DY))
— BrsRoap ((diag(Aldiag(3"))) d(6")
+ (diag(A,diag(8")))" d(6™)), (72)

where is obtained because ®; is diagonal. Based on (72)),
we can conclude that for w; = t, we obtain

(71)

0
vat tr(Rmk) = W tr(Rmk)

= ﬁmk. tr(Rap)diag (Atdiag(ﬁt))

for wy, = t, which indeed proves (23). Similarly, we can easily
obtain Vgr tr(R,,) but we omit the details for brevity.

Regarding d(¥,,), after application of [55, Eq. (3.35)], we
obtain

d(‘I’mk) = pTd(Rmk Qk:Rmk>

= pT(d(Romk) Qe Rk + Rk d(Qr )Rk + Rk Qud(Ronk))-
(74)

(73)

The next step includes the use of [55] eqn. (3.40)], which gives
—-1
d(Qx) = d(pr > Ry +1ur)

LEP

=—(pr Y. Ruu+Ta) 'd(pr Y R +1u)
LePy. LEP

x (pr Z R +IM)_1
lEPy

=—p7 Y Qrd(Ryni)Qp-

LEPL
The combination of and (75) results in

AW o) = d(Ronk) Qi Ronk —p7 > Rote Qud(Ront) QR

(75)

lePy.
+ Rmk deRmk- (76)
Thus, for wy = t, we obtain
Vi tr(¥omi) = Vmpdiag(A,diag(8")) (77)
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with

Vi = Bttt (Qe R+ Rk Qe —pT Z Q:R2,:Qr)Rap).

1€Py,
(78)

Similarly, we can easily obtain Vgr tr(¥,,x).
For the derivation of V3:NMSE,, (0, 3), we have

V5 NMSE .4 (6, 8)
_ tr(\Ilmk)Vﬁi tI‘(Rmk) — tr(Rmk)Vﬁi tI‘(\Ilmk) ;
trz(Rmk) ’

For Vgi tr(Ry,x), we can write
d(Ry) = BxRps tr(AVd(®,) + Ad(DY))
= B Ras (diag(A;'diag(Bt))Td(ﬁt)
+ diag (A, diag(6™))"d(8"))
= 2/, Rps Re{diag(A!diag(6*)} d(B8"). (80a)
Hence, we have
Vi tr(Rink) = 28k tr(Rap) Re{diag (A diag(6°)}.
(80b)
In a similar way, we obtain
Vi tr(¥pr) = 2vmpdiag(A, Re{diag(A}diag(6")},
(80c)

which concludes the proof.

APPENDIX D
PROOF OF PROPOSITION

We start with the derivation of the desired signal part by
exploiting that the channel estimate and the channel estimation
error are uncorrelated. We have

M
Dsk - \/p_dE{ Z \% nmk(ﬁmk + emk’)Hflmk} (81)
m=1

M
= V/Pa D ik E{B ) (82)
m]\;l
=/Pd Y /T t1( i), (83)
m=1

where (8T) results by replacing the channel with the channel
estimate and the channel estimation error. Next, (82)) takes into

account that the channel estimate and the error are uncorrelated.

In @5), we have used the property x"y = tr(yx") for any
vectors X, y.

In the case of the beamforming uncertainty term in the
denominator of @]} we have

E{|BUL [} = pa{| S goi| }

M M M
=pa > > E{gmugin}+ra Y E{lgmil*}
m=1n=1,n#m m=1

=T + I, (84)

where Imk = +/ nmkh;‘nkhmk
can be written as

— /NMmk E{h%kﬁmk} Next, 7;

M M
Ti=pa Y, Y. Vimkv/TarB{by, bbb

m=1n=1,n#m

— Par/ MmNk T (¥ mi) tr(Pp), (85)

where we have used the identities E{(X — E{X})}E{(Y —
E{Y})} = E{XY} - E{X}E{Y} and E{|X — E{X}*}
E{|X|?} — [E{X}|?. The first part of Z; is obtained as

E{hHmkﬁmkﬁZkhnk}

= pTE{hzlkRmkQm}’p,mky;kaankhnk} (86)
= pTE{h} Rk Qi (VT Z b + Zp k)
lEPs
X (\/ pT Z hnl + Zp,nk)HQankhnk} (87)
LEP
2 H H
LEP LEP
(88)

= (7B Rk Qun (D onihl}y) QuRokhion} (89)

LEPy,

= (pT)2E{h¢nk Rmk thmkh:,k Qankhnk}

+(p7)2 Z E{h;‘nkRmkQTthnLkh?}anRnkhnk} (90)
lEPL\K

= (p7')2 tr(Rap,mRmkQm) tr(Rap,mQnRuk)
% (tr( Rk ) tr Rk ) + tr(Ron R ))

+ (pT)2 Z tI‘(:R«AP,771]-:{77119C27ﬂ) tY(RAp’m Qank) tr (Rmkf{nl) 3

lEPk\k
oD

where, in (91), we have used (§) and (O) from Lemma 2] By
inserting (91)) into (83)), we obtain Z;.
Moreover, Zs can be rewritten as

M M
o = pay_ ook B B Bmel? } = pa D" moue B [ 22
m=1 m=1

M M
= pa 3 kB [0 B2} = pa > 1k 02 (¥s), (92)
m=1 m=1

where we have applied the properties E{|X — E{X}|?} =
E{|X[*} - [E{X}|* and E{|X + Y|} = E{|X|*} + E{|Y "}
in the case of zero-mean uncorrelated random variables. Now,
we focus on the first part of (92). We substitute (T4), and we
obtain

E{ 10l } = prE{ B Rk Qunyp ]} 93)
= prE{ [0} Rt Quu (VAT D Bt + 2pmi) 2} O%)

lePy,
= pTE{ | vV pTh:»Lk;Rmk thmk

+ vPhy Rk Qo Z hy + h;‘nkRkamZp,mHQ}
lePr\k
95)

= (pT)2 tr(]RfAl:’,rn]R'mk QmRAP,m QmRmk)
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x (tr (R2,0) + (br (Ronn)))

p"qs

vV MmiTlni Z E{h;nkRszmhmthleanzhnk}

+ (pT)2 Z (tI‘ (le) t-/r(]~:{AP,rn]~:{mk(Qm];{AP,msz‘n]-:{ﬂ%k:) m]\;l leP;
ZEPk\k
Z Z vV MmiTlni Z E{hmkRszm mthlQanlhnk}
X tr( mk)) } +p7’E{|h kRkamZp mk| } (96) m=1n#m 1cPp;
=713+ 1. 100
where, in (96), we have used (I0) and (TI) from Lemma [2] 3 4 (109)
Regarding the last term in (96), we have Now, we select cases. If 4 € Py, then P; NP =0 or | # k.
([t ‘2} In this case, we have
E hmkRmk‘szp,mk
=E{h R,..Q..h,. 101
= E{h':nkRkamzp mkz?) kam mkhmk} {| mk Q l| } _ _ ( )
= E{h kRkaQO mkhmk} = tr(RAP,mRmiQmRAP,QORmi) tr (le) tr (Rmk>7
= tr(R%,,Q2,), (97) (102)

. here we have used of Lemma [2| Also, we have
where we have used of Lemma [2} Hence, we substitute W we have used (TT) B we

(©7) in (96), and we obtain MM
R I4 = Z Z vV MmiTlni Z tr(RAP,mRmiQm)
E{ |h¢nkhmk‘2} = (pT)2 tr(RAP,mRkamRAP,mQ77LRmk) m=1nz#m lePs
< (ir (R2,0) + (ir (Ros)) + (07)? 3 f 1 (R < Roap Q) 1 (R R ) (109
LEPK\k where we have used (9) of Lemma [2]
% tr(Rap Rk QmBR AP m QmRoumk) tr(Rmk) |2 If ¢ & Pi\k, then P; = Py. In this case, we obtain
+prir(R2,Q2,). ©98) Y Ti=> Ty
B9 in @2 IEP; IEP,
By substituting in , we obtain Z,. Having obtained
7, and Z,, we result in E{|BU|?}. = E{B}Roni Quu i} + Z E{ Iy Romi Qun Bt}
Regarding the interference term, we have IEPER ~ ~ .
M = tr(RAP,mRmiQmRAPmLQmRmi) (tI‘ (ank) + (tI‘ (Rmk)) )
]E{|UI“€|2}:E{| Z \% nmzh;‘nkhm1|2} + Z tr(RAP,mRmiQTnRAPJanRmi) tr (le> tr (R )
m=1 LEP\K
—pTE{|Z,/n h R,LQ 1/pTZh + 2p.mi) |2} (104
millym eIl mi\dm ml mi
el lep, " where we have used (T0) and (1) of Lemma 2]
Also, we have
)2
pT E{l Z \/nmzhmkRszm Z hml Z T, = Z 7,
LEP;
leP; IEP
- E h Rmz mEEm h anzhn
(S R Q) ) (B Romi Qe QR
m=1 + Z E{h kRszm thlQanzhnk}
PE{| S Vil R h A
(p7)"E{] Z Mmib i Roni Qom l;; mi) = tr(Rap,mRmiQm) tr(Rap,m QnRni)
X (tr(Rmk) tr(Rnk) + tr(RmkRnk)>
+ pT Z Nmi tr(RmiQQORmiRmk)}> 99) + Z tr(RAP,mRmiQm) tI‘(RAP’anRm) tr (RmkRnl> s
= lePk\k:
where (105)
where we have used (8) and (9) of Lemma [2] Substitution of
E{| Z Vi R Qun Z h,.) 2 the corresponding Z3 and Z; into (99) concludes the proof of
1eP; E{[UT;x|?}.
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