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Abstract

A cell-free (CF) massive multiple-input-multiple-output (mMIMO) system can provide uniform
spectral efficiency (SE) with simple signal processing. On the other hand, a recently introduced technol-
ogy called hybrid relay-reflecting intelligent surface (HR-RIS) can customize the physical propagation
environment by simultaneously reflecting and amplifying radio waves in preferred directions. Thus, it
is natural that incorporating HR-RIS into CF mMIMO can be a symbiotic convergence of these two
technologies for future wireless communications. This motivates us to consider an HR-RIS-aided CF
mMIMO system to utilize their combined benefits. We first model the uplink/downlink channels and de-
rive the minimum-mean-square-error estimate of the effective channels. We then present a comprehensive
analysis of SE performance of the considered system. Specifically, we derive closed-form expressions
for the uplink and downlink SE. The results reveal important observations on the performance gains
achieved by HR-RISs compared to conventional systems. The presented analytical results are also valid
for conventional CF mMIMO systems and those aided by passive reconfigurable intelligent surfaces. Such
results play an important role in designing new transmission strategies and optimizing HR-RIS-aided CF
mMIMO systems. Finally, we provide extensive numerical results to verify the analytical derivations and

the effectiveness of the proposed system design under various settings.
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Index Terms

Cell-free massive MIMO, hybrid relay-reflecting intelligent surface, reconfigurable intelligent surface,

massive MIMO, spectral efficiency.

I. INTRODUCTION

To meet the demand for ultra reliable, ubiquitous coverage, high spectral efficiency (SE), and low-
latency wireless communications, several new network architectures and technologies have been intro-
duced recently. Among them, cell-free (CF) massive multiple-input-multiple-output (mMIMO) technology
is a scalable version of MIMO networks, where a large number of access points (APs) are deployed in a
large area to coherently serve numerous users in the same time-frequency resource [1]. CF mMIMO is
capable of avoiding inter-cell interference and providing uniform quality-of-service (QoS) to all users in
the network with simple signal processing techniques [2]. On the other hand, reconfigurable intelligent
reflecting surface (RIS) is also considered as a promising technology towards sustainable wireless systems
[3]]. RISs can customize and program the physical propagation environment by reflecting radio waves in
preferred directions with very low power consumption [4]], [5]. As a result, RISs have been introduced
as a cost- and energy-efficient solution to improve the performance of wireless communications systems
[3]. A downside of passive RISs in a typical cellular network is the cascaded fading effect that will
limit system performance. This inherent issue is effectively addressed by our proposed hybrid relay-
reflecting intelligent surface (HR-RIS) [6]—[8]. In HR-RIS, only a few elements are active to amplify
the incident signals, introducing relaying gains while maintaining the reflecting gains of conventional
passive RISs, and in turn providing performance improvements in terms of SE and energy efficiency
(EE). Therefore, HR-RIS-assisted CF mMIMO systems can be considered as a symbiotic convergence

of these two technologies for future wireless communications.

A. Related Works

RISs have attracted great interest in the literature recently [9]-[14]]. Their potential performance
gains have been analyzed and optimized in various wireless communications systems, ranging from
single/multiple-input-single-output (SISO/MISO) [[15]-[22] to MIMO systems [23]]-[27]]. In particular, it
has been shown that in a MISO system, the RIS of N passive elements can achieve a total beamforming
gain of N2 [16] and allow the received signal power to increase quadratically with N [17]]. Furthermore,
RISs can enrich the propagation channel of point-to-point MIMO systems by introducing additional

propagation paths with different spatial angles, and thus, enhancing channel rank and multiplexing gain
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[28]. However, the beamforming design/optimization for RISs is generally challenging due to the non-
convexity and large-sized variables (corresponding to the large number of RIS elements). In [23], an
alternating optimization (AO) method was developed to find an efficient solution for phase shifts. Perovi¢
et al. in [26] proposed the projected gradient method (PGM) to achieve the same achievable rate as that
in the AO method, but with lower computational complexity and faster convergence. Another challenge
in resource allocation of RISs is to acquire the channel state information (CSI) of reflected links. Most
of the existing studies (e.g., [23], [26]) assumed the availability of perfect CSI, which is, however, much
more difficult to acquire compared to the conventional systems without RISs [29]], [30]]. Concerning this
challenge, the works [27] and [31] considered partial CSI, while efficient channel estimation schemes
were proposed in [32]—[34]. The performances of communications systems assisted by practical RISs
with limited phase shifts and hardware impairments were characterized in [21], [25], [35]-[37].

Unlike the aforementioned works, which often considered a single RIS to assist point-to-point commu-
nications systems, RIS-aided CF mMIMO systems were investigated in [38]—[41]]. Specifically, Zhang et
al. [|38]] proposed the deployment of numerous RISs to assist communications between a base station (BS)
to user equipments (UEs). This work is then extended to a practical CF mMIMO system in [39]], where
multiple RISs are placed around multiple APs and users to enhance the EE performance. Zhang et al. [39]
showed that deploying a small number of small-to-moderate-sized RISs provides an EE improvement, but
when numerous and/or large-sized RISs are used, the EE performance is significantly degraded. In [40],
Huang et al. proposed a fully decentralized design framework for cooperative beamforming in RIS-aided
CF MIMO networks. Simulation results showed that the system sum-rate of CF networks significantly
increases as aided by RISs and clearly outperforms the existing decentralized methods. Zhou et al. in [42]]
consider an achievable rate maximization for aerial RIS-aided CF mMIMO system, in which the transmit
beamforming at APs and reflecting coefficients at the RIS are jointly optimized via AO. In [41]], Trinh
et al. further verified the benefits of deploying RISs in CF mMIMO systems where channel spatially
correlation is taken into consideration.

It is worth noting that in the aforementioned RIS-aided cellular or CF (massive) MIMO systems, RISs
only offer passive reflecting gains. Unless very large-sized RISs are employed, such gains are generally
limited compared to those provided by conventional relays [16], [43[]; however, the remarkable gains of
relays come at the cost of high power consumption. HR-RIS introduced in [6[]-[8]] is capable of balancing
this tradeoff. It can leverage the advantages of both passive RIS and active full-duplex (FD) amplify-
and-forward (AF) relay to offer not only the reflecting but also relaying gains to the aided systems. In
this regard, HR-RISs enable a semi-passive beamforming concept, ensuring a significant performance

improvement in terms of SE and EE [6]-[8]], [14]], [44]], [45]]. Along with HR-RIS, a similar architecture
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named the active RIS has been recently proposed to exploit power amplifying gains [46]—[50]. The major
difference between HR-RIS and active RIS is in the portion of active elements. More precisely, in the
former, only a single or few RIS elements are activated by employing the low-power reflection amplifiers
[51] or installing low-power RF chains and power amplifiers (PAs). In the latter, on the other hand,
all the elements are active. Although the performance gains offered by the HR-RIS and active RIS are
investigated in different communications systems, i.e., MIMO systems in [[6]-[8] and MISO systems in
[46], all the works confirm that a few active elements are sufficient to ensure satisfactory improvement in
SE, and excessive use of active elements can cause a significant loss in SE when the active power budget
is limited. Furthermore, it has been shown in [6]—[8] that deploying numerous elements can severely
degrade the EE performance. Therefore, it is reasonable to activate a small number of elements as in
HR-RISs. Finally, we note that in the RIS architectures proposed in [33]], [52], the active elements with
RF chains denote active receive, not transmit processing. Thereby the active elements facilitate channel

estimation, but do not amplify incident signals.

B. Contributions

This work, for the first time, considers a novel HR-RIS-aided CF mMIMO system where multiple
HR-RISs are deployed to assist communications between APs and UEs. In the network, each HR-RIS
serves as both active relay and passive reflecting surface to enable semi-passive beamforming, where only
a few elements are required to be active. In what follows, we focus on characterizing the SE performance
of the system and justifying the performance improvement offered by the deployed HR-RISs. Our main
contributions are summarized as follows:

e We first model the uplink and downlink signal of the novel HR-RIS-aided CF mMIMO systems
and derive the minimum-mean-square-error (MMSE) estimate of the effective channels in the time-
division duplex (TDD) operation. This channel estimate is required for the conjugate beamforming
in the downlink transmission and signal detection using matched filtering in the uplink. This result
overcomes the limitations of most previous works which consider the ideal assumption of perfect
CSI availability, which is unrealistic in practice.

e We provide rigorous closed-form expressions for the downlink and uplink SE of the considered
system. Our analytical derivations are also valid for conventional CF mMIMO systems with and
without purely passive RISs as they are special cases of the considered HR-RIS-aided CF mMIMO
system. To the best of our knowledge, the analytical results on the SE performance of the passive
RIS-aided CF mMIMO systems under the Rician fading channels have not been provided in the

literature.
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e From the SE closed-form expressions, we provide important insights into the power and SE gains
introduced by HR-RISs. Specifically, we show that HR-RISs with the capability of amplifying the
incident signals can overcome the (multiplicative) double path loss in the reflecting channels and
enhance the SE of the UEs with poor channel conditions.

o The performance of the considered system is analyzed and justified through extensive simulation
results under various deployment scenarios and setups. They also numerically demonstrate the SE
performance improvement attained by implementing HR-RISs with respect to the state-of-the-art

approaches (e.g., conventional CF mMIMO and RIS-aided CF mMIMO systems).

The outcomes of this work also provide a novel framework and guidance for designing new transmission
strategies and optimizing the performance of RIS/HR-RIS-enabled systems. In particular, the derived
closed-form expressions of SE can be employed/leveraged as a design goal to maximize SE and EE.
Furthermore, the developed system model and insights outlined in this paper facilitate further investiga-
tions and modifications of CF mMIMO systems with the presence of RISs/HR-RISs. Similar to [1], [2]],
we aim at deriving the closed-form SE based on the hardening bound. However, the difference is that
in this work, the HR-RISs and Rician fading channels with spatially correlated non-line-of-sight (NLoS)
components are taken into consideration. Thus, the derivations in previous works are not applicable, and

it is much more challenging to derive the closed-form SE performance.

C. Paper Structure and Notation

The rest of the paper is organized as follows. In Section[[I, we present mathematical models of HR-RIS
and the uplink channel as well as MMSE estimation of the effective uplink channels. Then, the signal
models of the downlink and uplink data transmission are presented in Section We derive closed-form
expressions for downlink and uplink SE in Section Numerical results are given in Section [V] while
Section |VI| concludes the paper.

Notations: Throughout the paper, numbers, vectors, and matrices are denoted by lower-case, bold-face
lower-case, and bold-face upper-case letters, respectively. We denote by (-)*, (-)7, and (-)¥ the conjugate
of a complex number, the transpose and conjugate transpose of a matrix or vector, respectively. Whereas,

diag{ai,...,an} represents a diagonal matrix with diagonal entries ay, ..., ay. Furthermore,

-| denotes
either the absolute value of a scalar or cardinality of a set. E {-} and Var (-) are the expected value and
variance of a random variable, respectively, while C{-} and C {-, -} denote the auto- and cross-covariance

operators, respectively. Finally, o represents a Hadamard product.
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II. HR-RIS, CHANNEL MODEL AND ESTIMATION

We consider an HR-RIS-aided CF mMIMO system illustrated in Fig. [I[(a)] where L APs, each equipped
with N transmit antennas, simultaneously serve K single-antenna UEs. Furthermore, the system is aided
by M HR-RISs. The following further assumptions are made. First, all APs are connected to the CPU
via ideal backhaul links that offer error-free and infinite capacity [1]. Second, we assume the TDD
operation, where each coherence interval is divided into three main phases, including uplink training,
uplink payload data transmission, and downlink payload data transmission. Furthermore, the deployment
of HR-RISs/RISs is assumed to preserve the channel reciprocity as in [32], [53]], [54]. Therefore, the
uplink and downlink channel coefficients are the same, and, thus, we rely on uplink channel estimation
for both downlink and uplink transmission. In practice, some calibration schemes may be needed, but
those are out of the scope of this paper. To model the HR-RIS-aided CF mMIMO system, we first present

a mathematical model of HR-RIS. The details on its architecture can be found in [7]], [8].

A. Deployment of HR-RISs

Each HR-RIS is equipped with N elements, including Ny active relay elements and N — Ny passive
reflecting elements. We note here that an active elements would require higher power consumption and
hardware cost than a passive one [46]]. Furthermore, deploying numerous active elements can severely
degrade the EE and even the SE when the HR-RIS’s power budget is limited [7]], [8]]. Therefore, it is
reasonable to deploy the HR-RIS with a few active elements (i.e., Ng < N), which is sufficient to
provide good SE improvement [7]. Denote by A,, C {1,2,..., N} with |A,,| = Ng the index set of
the active elements in the m-th HR-RIS, which is assumed to be fixed and given in advance (during
the manufacturing of HR-RISs). The amplitude of passive reflecting coefficients is fixed to unity, which
is optimal in the sense that it maximizes the received signal power [16], and their phases are tunable
in the range [0,27). In contrast, both the phase and amplitude of active relaying coefficients can be
optimized for efficient relaying. Let o, be the relay/reflection coefficient of the n-th element in the
m-th HR-RIS. In other words, we have a;,, = |mn| el where 0.,y € [0, 27) represents the phase
shift, and |a,,| = 1 for n & A,,. Let Y, = diag{cn1, ..., amn}t € CV*N be the diagonal matrix of
the coefficients of the m-th HR-RIS. We define an additive decomposition as Y,, = ¥,, + ®,,. Here,
v, =1,0%Y,, and ®,, = (Iy — 1,,) o X, where 1,, denotes an N x N diagonal matrix whose
non-zero diagonal elements are all unity and have positions determined by A,,. In particular, ¥, and
®,,, contain only active relaying and passive reflecting coefficients of the m-th HR-RIS, respectively.

Clearly, HR-RIS reduces to a standard passive RIS if |ap,| = 1, Vm, n.

June 15, 2022 DRAFT



E A é

AP2
AP1

UE 2

A .é\

APL

UEK

HSA //.T%IX\ Hif
HR-RIST ~_  HRRISM
-
v B L=
i

Ky us
11 y, . hgy

(a) HR-RIS-aided CF mMIMO system (b) Downlink channel (c) Uplink channel
Fig. 1. The HR-RIS-aided CF mMIMO system and its downlink and uplink channels.

The simultaneous reflecting and amplifying at active elements can be realized by the recently introduced
technology called reflection amplifiers [51]. We note that in an active element, the incident signal is only
amplified without decoding. Therefore, the delay when the signals go through active elements is much
smaller than the coherence interval and has no impact on the channel estimation and signal combining
at the receiver as in [33[], [46]-[50]. Similarly, the reflection amplifier-based AF relay does not cause

significant self-interference levels, but we still include it in our analysis for completeness.

B. Channel Model

As illustrated in Fig. [I(c), when a UE sends its pilot sequence to the [-th AP, the pilot signal propagates
through both the direct UE-AP channel and M HR-RISs. Accordingly, we denote hlk € CNax1, h}jﬁ; €
CN*1 and Hlsr/r} € CNaxN 35 the channels between the k-th UE and the [-th AP, between the k-th UE
and the m-th HR-RIS, and between the m-th HR-RIS and the [-th AP, respectively.

In practice, wireless channels typically consist of a deterministic LoS path and small-scale fading
caused by multi-path propagation [55[. Therefore, we consider the Rician fading model for the channels
hiA, hPS, and HP2 [16], [23], with the Rician factors k%, £V, and k32, respectively. Furthermore,
we assume the slow mobility of the users and small phase noise, and thus, the LoS components in I_z}iA

and h}jf; are deterministic In particular, hUA is modeled as

BUA _ lk h ~UA 1
Ik ( lIIJcA+1 UA+1 (D

where Cl[,iA denotes the large-scale fading; hlk and hlk represent the line-of-sight (LoS) and NLoS
components, respectively. The former is modeled as a deterministic channel with known amplitude, while
the latter is assumed to follow the Rayleigh fading model [[16]], [23]]. Therefore, we have ‘hlkt ‘ =1,
where h}i‘;‘ denote the ¢-th element of ﬁlk ,t=1,...,Na. We consider spatial correlation for NLoS

~UA
channels hlk , VI, k. Specifically, let Qﬁf € CNaxNa be the spatial correlation matrix of h}i , with

"We refer readers to [56], [[57]] for possible extensions taking instantaneous phase shifts of LoS components into consideration.
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trace (Qﬁc) /Na = 1. Then, we have l;l[iA ~ CN(0,Qi}). Tt is observed from (T that element hjJ2 of

h* has mean value

UA & K

Mlk;t = C 7hlkt’ t:].,,NA (2)
K 1

UA
By defining pj* £ [uhd, ... ,MHC‘?VA]T as the mean vector of hjj;*, and by denoting S}* £ ?k’: 1. We
rewrite (1)) as
~UA
R = i 4\ By, 3)

Similarly, let {¢U3,¢PAY, {AYS RPA Y, and {hpS (KA} form = 1,...,N,t = 1,...,Nu be the

Imnt Imnt

large-scale fading, LoS, and NLoS components of the elements of k.~ i, and HlSmA, respectively. Similar

to (3), let us denote

us a /.U ’% US
Hlemn = Ckm gy m=1,..., N, “4)
SA & |/ ”l
:U’lmnt = Clsnl? o lmnt7 t= 17"‘7NA7 (5)
ﬁUS 2 _Gm and BSA 2 G Here, and are the mean value/vector of hYS and AP
RN ~ KA Fiomn Himn kmn Imn>
respectively, where h}ﬁn is the n-th element of hkm, and hlmn is the n-th column of HZS;;L". As a result,

hUS

o, and h$2  are modeled as

Us
hkmn :U’kmn ﬁkmhkmrm (6)
hlmn y‘ls’n?n + ﬁSAhlmnv (7)
respectively. Here, we note that the NLoS channel izlsin is spatially correlated, i.e., I;lsﬁn ~ CN(0, Qﬁnn),
where Q7 represents the spatial correlation matrix with trace (Qﬁ,,m) /Na = 1,Vl,m,n. The effective
channel between the k-th UE and the [-th AP, denoted by glk € (CN ax1 can be expressed as

M
g = h}iA + Z H?rjr?‘rm Ay Z Z am"hls’ﬁ”hkm"’ ®

m=1n=1

m=1
where the last equality follows by the diagonal structure of Y,

C. Uplink Channel Estimation

We first consider the uplink training phase, in which all UEs transmit their pilot sequences to the
APs to perform channel estimation. Let /T, € C™*! be the pilot sequence of the k-th UE, where
l@wll> = 1, Vk. Here, 7, (1, < 7¢) is the length of ¢, where 7. denotes the length of each coherence

interval (in samples). The received pilot signal at the [-th AP is

Y, = Y72 YA 4 Zay, 9)
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where Y }JA and Y}JSA represent the received signals propagating through the direct UE-AP channel and
those reflected through HR-RISs, respectively. In (), Z4; € CNa*Te is a matrix of complex additive
white Gaussian noise (AWGN) at the [-th AP, whose entries are CA/(0, 0% ) random variables. Denoting

by pp, the power of each UE to transmit the pilot signal, we have

K
UA UA H
Yo = /Toop Zhlk Pk » (10)
k=1

M K M

USA SA Us, H SA

Yl = W/Tppp Z ZHlm Tmhkmcpk + Z Hlm (‘IJmZSI,m+ lIITnZSm’L ) (11)
~—_—— N—_——
amplified/reflected pilot signal amplified SI amplified noise

It is shown in (TI)) that the I-th AP receives not only pilot signals but also self-interference (SI) Zsy,,,, €
CN*™ and noise Zx ,, € CV*™ from HR-RISs caused by active relay elements in A,,, ¥m. We adopt
the SI model in [58], in which the SI is modeled as CA/(0,02;) random variables. This is based on
the fact that there are numerous sources of imperfections in active elements, and the experiment in [59]
shows that the residual SI can be eliminated to be as low as 1 dB independent of the transmit power
and the number of transmit antennas. We denote by zé{mm and zﬁmm the n-th row of Zgy,, and Zg ;,,
respectively. Their elements are distributed as CN (0, O'%I) and CN(0,0%), respectively, for n € Ay,;
otherwise, they are zeros because the n-th element (n ¢ A,,) of the m-th HR-RIS only reflects the
incident pilot signals passively [[60].
From (8)—(T1), ¥; can be written as

K
Y = \/Topp ZglkSOkH +Z, (12)
k=1
where
M M N
ZiEZpi+ Y Hin W (Zsim + Znm) = Zag+ Y Y Cnhiyny @Stmn +20mn) ™, (13)
m=1 m=1n=1

is the aggregated noise matrix at the [-th AP. Note that {ZsLm, Inm,Z AJ,H%} are mutually indepen-
dent, and we recall from the definition of ¥,, in Section[[I-A] that in this matrix, only the diagonal entries
with positions determined by A,, are non-zeros. Thus, the entries of Z; have zero-mean and variance

o3 given as

M
oli=0a+ > Bin D lawml® (0% +03). (14)
m=1 neA,, AO” )
—vYs

To estimate g;;,, Y; is projected onto ¢, yielding

yi = Yoy, = VToPp&1k T \/ToPp Z glk"iog"okzlk’ (15)
k' £k
where
M N
m=1n=1
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From (I3)), we derive the MMSE estimate of the effective channel g;;, detailed in the following theorem.

Theorem 1: The MMSE estimate of g;;, is given by

i = Mg — TpppélkEl_klﬁlk + vaPpélkEl_li’lka (17)
where
K K )
fuy, = Z ep it Ciie = Cui, + Z e eiCuitr Eigg 2 Topp Z ’9059%! Ci + Uf)JINA- (18)
k=1 k'k k=1

Here, p;;, Cix, and Cjys are the mean vector, covariance matrix of g;;, and the cross-covariance matrix

between g;,. and g/, given as

ik = “l[I]cA + Z Z amn”lswénﬂ}cjrim (19)
m=1n=1
M N 2 H

UA HA 2 SA US , ,SA SA

Cie = B Qe+ Y D |l ( + | i ) Biv Qi + BimMimn (Bimn) 20)
m=1n=1
2

Cigrr = Z Z ‘O‘m"‘ Mgrsnn Mk’mn) 6[ Alen 2n

m=1n=1

respectively. The estimate g;;, has mean vector E {g;,.} = ;. and covariance matrix Cy = TpppélkEl_kH éf,i,
which yield
E {é’zm@z]z} = Cui + pppih = Rip, E {Hﬁm\ﬁ} = trace (Clk> + [l (22)
The estimation error g, = g, — &, is uncorrelated with g, and has mean vector E{g,.} = 0 and
covariance matrix
C{gu} = Cu — Cuix = Ry (23)
Proof: Please see Appendix [A] O
It is observed from (I7)—(21) that with given pilot sequences, each AP performs the MMSE estimation
using only the received pilot signals and large-scale parameters of the direct and reflecting channels.
Here, large-scale parameters are obtained under the assumption that the information on the path loss,
Rician factors, deterministic LoS components, and correlation matrices are available [57], [61]. These
parameters stay constant for several coherence intervals and change much more slowly than small-scale

fading channels, making the MMSE estimation practical in real systems []1].

III. DOWNLINK AND UPLINK SIGNAL MODEL
A. Downlink Payload Transmission

Let s;, be the symbol intended for the k-th UE, where E{|s;|*} =1, k =1,..., K. Let x; € CNax!

be the signal vector transmitted from the [-th AP to all the UEs. For simplicity, conjugate beamforming
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is adopted at APs [2]], and each symbol s; at the [-th AP is scaled by the power control coefficient 7

and precoded with the conjugate of the channel estimate:

K
X1 =/Pd Y N k&iSks (24)

where pq is the maximum transmit power at each AP.

Similar to the uplink, the downlink signals propagate on the direct channels and also reflects through
HR-RISs, as illustrated in Fig.[I(b)] For the ease of notation and due to the channel reciprocity, we denote
the downlink channels as k" = (h3*)T € CNa, BV = (RpS)T € CN, and HIS = (HPA)T

CN*Na_ Similar to (9), the received signal at the k-th UE in the downlink can be expressed as
L

M
ak =Y (hﬁU + R Hy, ) x; + Z B W (2N + Z51m) + 2U ks (25)
m=1

=1

A,T Y
=8k =Zd,k

where zyy ~ CN(0,0%) is the AWGN, zs1,m, ~ CN(0,03/1,,) is the residual SI, and zn,, ~
CN(0,0%1,,) is the noise caused by active elements of the m-th HR-RIS. In (23), le]; and zqy are
the effective downlink channel and the aggregated noise at the k-th UE, respectively. Similar to the

aggregated noise at APs in the uplink training phase (i.e., see (I4))), zq has zero-mean and variance

SU 2 2
o3 E= =of + Zm 1 Bim 2one A, |ozmn] og. From (24), 74 can be expressed as

Tdk = VP Z Vg &1k + Z VI 8l&lw Sk | + Za k- (26)

k' #k

B. Uplink Payload Transmission

In the uplink, all K UEs simultaneously send their data to APs. Let ¢ with E {\qk\g} =1 and ¥, with
Ik € [0, 1] be the symbol and the transmit power coefficient of the k-th UE, respectively. The received
signal at the [-th AP is

K
Y1 =/Pu Z VOrgurak + 2, 27)

where p, is the maximum transmit power at each UE and z,; = 2 za 1+ Z H m A, (zs1.m +2N,m) 18

the aggregated noise at the [-th AP. Each element of z,; has zero-mean and variance o2, = O'i +

u,l
M SA
Zm:l lm ZnEAm

received at the APs are combined with the conjugate of the local channel estimates to yield {g%yl}, v,

ozmn|2 0'%. Similar to the conventional CF mMIMO systems, the signal vectors

which are then sent to the CPU via a backhaul network [1]], [62]]. To detect the data symbol ¢; of the

k-th UE at the CPU [63], {glkyl} Vi are hnearly combined using the welghts {wi}, Vi, k to obtain

Tk = Z WGy = Z Z VouOrwingligu ar + Z Wik (12,1 (28)

k'=11=1
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IV. DOWNLINK AND UPLINK PERFORMANCE ANALYSIS

In this section, we derive the closed-form SE for both the uplink and downlink channels, followed by
important observations to characterize the system performance as well as the performance gain offered

by HR-RISs.

A. Downlink Spectral Efficiency

1) Closed-Form Downlink Spectral Efficiency: Since there are no downlink pilot symbols, UE k&
treats the mean of the effective channel gain as the true channel for signal detection. This method is

widely used in the mMIMO literature [1]]. With this method, we rewrite (26) in the following form
K

rak = DSq sk + BUq sk + Z Ulg g Sk + 2a ks (29)
k' #k
h DS Ny L T ~x B A L T A% E L T A%
where DSq . = /paE 1 > 2121 Vk8i&lk ¢» BUak = v/pa (2121 Vik8iw&ik — E D121 Vik&1&lk ¢ )
and Ulg pp £ /pd ZZL: 1 \/Wgﬁgfk, represent the desired signal, beamforming uncertainty gain, and

inter-user interference, respectively. The SE of the k-th UE is given by

SEdJC = % log2 (1 + SINRdJﬁ) R (30)

C

where 74 is the duration of the downlink payload transmission, and
2
[DSa,x]

E{BU} + S E {[Ulapwl?} + 03,
Theorem 2: In the downlink of the considered HR-RIS-aided CF mMIMO system, the SE of the k-th

SINRgy, £

UE can be approximated by

SEq (0, a) = §log2 <1 + - . 2Pd \uf(O;)m;!z - ) .
e pa Xk Vi (@) |+ pa Y=y [P (@) |* + 03 1. ()
where o = {an }, Vm,n, n = {n}, VI, k, and

= Ve, il (32)
up(@) 2 [uip(a), ..., upp(a)]’, (33)
Vi (@) 2 i (@), .., v (@)] (34)
Dy (@) £ diag { iy, (@) dj (@)} (35)

Here, the [-th elements of uy (), vii(a), and Dy (), I =1,..., L, are defined as
u (o) £ trace (C‘lk> + el (36)
Vi (00) & pijehsiy (37)

N ~92 ~ o
G (@) R QN{iClkulk + trace (Clk + Ry, ole> k=K a8)
lkk' \OX) =
ug,Clkulk/ + chlk/ﬂlk + trace (Typr ) , k # K,
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where

Tir = C 0 Coir + Toppos RuCuiw Egp (Cir Egp )7, (39)
2 o 2 H
Cu 2 r202Cu Bt (O | o |” € ) B Ci, (40)
k=1
and p,, Ciy Eig, Cyi, Ry, and Ry, are given in (M)-23).
Proof: See Appendix [B] O

In Theorem [2| 7, is determined by the power coefficients associated with user k; w; (), vk (ct),
and djx (o) are functions of the HR-RIS coefficients o and large-scale fading parameters, as observed
from (I8)-22), 39, @0). Along with 7;,, uy(cx) determines the desired signal power, while vy () and
Dy () affect the beamforming uncertainty gain and inter-user interference power, as shown in (31).

Remark 1: 1f all the channels k5>, hYS , and H 52 follow independent and identically distributed (i.i.d.)

Rayleigh fading model, the SE of the k-th UE can be given as

SEid T g (1+ palx [7i (@)1 ‘ ) (41)
@) = T pdNAZk;' 1 1 Prwr (@) Fel@)

where v () £ [yix, . . . ,’YLk] and Dy (o) £ diag { v/ Cixyiw, - - ,/CLkal} with

US N ToPp Sk |
Gk 2 Gt + mzzu; | |” Con Gl and & S ’%59%\2 T Ug,l. (42)
Here, (i £ (i + Z Cr Pk Z Z |ctmn® U3,
We omit the proof of Rem::ri i_because @) can be obtained by applying Ii = K,gr% = /slsfl‘ 0
and Q5 = Qi =0y, ,VI,m, k to Theorem [2} l
2) Power gains of HR-RISs: First, we note that the SINR in @ can be re-expressed as
STNR, = pal3 (Sl md® %k) w“

K L :
PaANA D pr—1 D11 MG Vi + Uﬁ,k(a)
By dividing both the numerator and denominator of SINRlld by L?N2Z, one can observe that the

interference and noise disappear as the total number of transmit antennas grows without bound, i.e.,
LNj — oo. A similar observation can be made for . — co. Therefore, in the following, we investigate
the power of the desired signal to show the power gains of the considered system offered by HR-RISs.
More specifically, we analyze how the received desired power at a UE is improved with the HR-RIS
active coefficients. To facilitate the analysis, we ignore the channel estimation errors and assume perfect
CSI availability. However, the drawn conclusions are approximately valid with the presence of CSI error,
especially at high SNR regime and when the pilot sequences are orthogonal.

Remark 2: Under the same assumptions and setup as those in Remark (1} let P£§_RIS = |DSGL;€|2 be

the received power of the desired signal at the k-th UE in the downlink assisted by HR-RISs. Pé{,?_ms
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is given as
- ir v i 2
PURRIS — piet 1 prsive 4 pactve 4 oy (GUAGERGEY) + oo ((Gch)™), @)

where PRIt 2 p N3 (S5, Gna) s PR 2 poNg (S5, TN, S, CUSGAnE) © and
Piive £ paN3 (Elel M e A |ty |2 CE%CFﬁni) ’ represent the (desired) signal power at the k-
th UE received via the direct AP-UE link, via reflecting through N — Ng passive elements and relaying
through Ny active elements of HR-RISs, respectively. Equivalently, P(ii,ge“ is the received power in
conventional CF mMIMO systems without RIS/HR-RIS, while Pgirect + pPissive o) (¢UACUSCBA) 4
02 ((anslg“lsn?) 2) is the received power in passive RISs-assisted systems. We note that the last two terms in
are very small and negligible compared to the others due to the multiplicative path loss coefficients.
It is observed from (44)) that HR-RISs provide the k-th UE with a power gain of ng,fi"e compared to
the conventional passive RISs.

Remark |2 can be shown via a straightforward expansion of Pd}f,lj*ms = paNa (ZZL: 1 wmi)Q, with
the note that 7, = (j under the assumption of perfect CSI and (j;; given in ({@2).

Remark 3: Consider an extreme scenario in which the received signal over the direct AP-UE link is
very weak that it is negligible compared to the others (due to low p; and/or large Cl[,iA), resulting in
Pii,ge“ ~ 0. Furthermore, when the active elements of HR-RISs are provided with a sufficiently large
power budget, we have ng;i"e > Py fswe. Thus, we can write

L | M 2
Pili M =~ paNg (Z M Y ChmCin Y !amnF) - (45)
=1 m=1 neA,
Here, it is worth noting that Clgnsl ¢ % reflects the multiplicative fading that occurs on the reflecting channels.

For a sufficiently large power budget at the HR-RISs, it follows that (3¢5 >0 - 1 lamn)® > 1 (e,
the multiplicative path loss is eliminated), while this cannot be attained by conventional passive RISs
with |o,|? = 1,Ym, n.

Although the conclusions in Remarks [2| and [3| are made for the scenario of the weak LoS and direct
links, they are generally valid for CF mMIMO systems where APs and UEs are deployed in a large area.
It is obvious from and @J) that the more the power budget at HR-RISs and/or the more deployed
HR-RISs, the better the system performance can be achieved. The impact of the power budget at HR-RIS

and number of HR-RISs to the SE performance will be further justified by numerical results in Section [V]

B. Uplink Spectral Efficiency

In the uplink, APs send their combined signals to the CPU, where the desired symbol ¢, is detected

from 7, in (28). We assume that the CPU uses only statistical knowledge of the channel to perform
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signal detection [1]]. We rewrite in the following form:
K

Tuk = DSurqr + BUyrqr + Z Ul gk Qe + Zu ks
)

L 5 L - L A
where DS, 1 = /puUxE {lel wlkgflgglk}a BUy £ vpulk (Zl:l wikgii& — B {Zzzl wlkgflgglk})s
and Ul g/ £/ Pulp Zlel wlk/gf,ig,k, are the desired signal, beamforming uncertainty gain, and inter-
user interference, respectively, and Z, j = ZZL: 1 wlkgf,gzml. As a result, we can derive the uplink SE of

the k-th UE as

; DSy /?
SEusr = log, [ 1+ DSk (46)
T

c E{|BUwAP" } + 4 B { | UL P} + E {20}

Theorem 3: In the uplink of the considered HR-RIS-aided CF mMIMO system with matched filtering
detection, the SE of the k-th UE can be approximated by

PuVk |uk(a)ka‘2

.
SEu (9, w, ) = — log, >,
a1 O Dk (@wi |+ [k (@)wy ]

g <1+ —
¢ PuZ}y#k K’

Vi (e)wi
(47)
where w 2 {wy},Vk with wy, £ [wig, ..., wrk]’, and ug (@), vir (), and Dy () are given in (B3)—
(B3), respectively, and X () £ diag {aml Vuig(a),... our m}
Proof: See Appendix O

To further confirm that the closed-form expression of SE, (¥, w,a) in is also valid for the
Us

conventional CF mMIMO uplink system, we consider the simple case where all the channels k3, hYS |

an ollow 1.1.d. Raylei ading model and assume w;; = . In this case, the of the k-t
d H?% follow i.i.d. Rayleigh fading model and 1,VI, k. In thi he SE of the k-th

UE in the uplink can be given as

2
L
y pul N} (lel ’Yllc)
SEﬁfjk(ﬂ, a) = E 10g2 1 + K 7 7 5
Te PulNA D o1 O D20 Qv + Na D21 0 i)

which is in an agreement with the result in [|1] by applying cpkH pr = 0,Vk # K to (27) (in [1]]) and

;o (48

fixing Npo = 1 in (48) for single-antenna APs.

The discussions and conclusions in Section are also valid for the uplink channel. Specifically,
from (48)), it is clear that as LNy — oo or L — oo, the received signal becomes free of interference and
noise. Note that the received power of the desired signal (i.e., the numerator of the SINR in (@8)) has
the same form as in (1)) by setting 1y = ¥, VI. Then, the conclusions on the power gains provided by

HR-RISs in Remarks [2] and [3] still hold for the uplink channel.
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V. SIMULATION RESULTS

In this section, we provide numerical results to verify the analytical derivations and demonstrate
the merits of the HR-RIS-sided CF mMIMO system. For comparison purposes, we also include the

performance of the conventional CF mMIMO system with and without passive RISs.

A. Simulation Setup

We denote by (zi*,47*) and (x},yy) the positions in a 2D coordinate of the I-th AP and the k-UE,

respectively. We consider the following two scenarios:

o Si: APs and UEs are randomly distributed over the entire coverage area of 1 x 1 km?, i.e.,
ity 2l yY € [-0.5,0.5] km, Vi, k [1], [2].
e Sy: APs and UEs are randomly distributed in two adjacent sub-regions such that xlA, ylA € [-0.5,0]
km, and z},y; € [0,0.5] km, Vi, k.
In both scenarios &1 and S, RISs/HR-RISs are randomly deployed inside circles of a radius of 10 m
centred by the UEs, implying that RISs/HR-RISs are in the vicinity of the UEs.

Let d € {dJ*,dJS dA} be the distance between the I-th AP and k-th UE, between the k-th UE and
the m-th HR-RIS, and between the m-th HR-RIS and the [-th AP, respectively. The large-scale fading
coefficients ( € {C}iA, ,EWSZ, ZSW’?} are modeled based on the three-slope path loss model in [1]], [2]], [41]],
[61], 162], i.e.,

Co — 35log;(d), if d > dy,
¢ =19 (o — 15logyo(dy) — 20logyo(d), if doy < d < dy, (49)
Co — 151og;o(d1) — 201og;o(do), if d < do,
where (5 = —140.7 + SF dB with SF ~ CN(0, ogr) representing the shadowing factor. In the fol-
lowing simulations, we set ogp = 8 dB, dg = 10 m, and d; = 50 m []1], [2]. The Rician factor
k€ {rpl, kS KPAY is set to k = Pros(d)/ (1 — Pros(d)) [64], where Ppos(d) is the LoS probability
given as Pos(d) = min (2,1) (1 — exp(—)) + exp(— ) based on the 3GPP-UMa model [65].

We assume the uniform linear arrays (ULAs) for APs and uniform planar arrays (UPAs) for HR-
RISs with antenna/element spacing of da A and 0.5\, respectively, where A is the wave length. Conse-
quently, the LoS channels are modeled as k> = ayLa (@), hj = aupa (@i, ol ), and Ry =
aULA(wﬁﬁ)agpA(wl}}m,cbﬁm), where aULA(wﬁf) and aUpA(wlP}m,qﬁﬁm) are the array response vec-
tors at AP and HR-RIS, with the n-th element given as aypan(wi;) = exp(j2nda(n — 1)sinwj))
and aypa (@i, , O ) = exp (]W(LNLIJ sinwl singh + (n— LNLIJ N,)sinwll  cos gbgm)), n=

1,..., Na, respectively. Here, Wﬁc and wﬁgm € [0,27) denote the angle-of-departure (AoD) at APs
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and the azimuth angle-of-arrival (AoA) at HR-RISs, respectively, and ¢}i € [—7/2,7/2) denotes the
elevation AoA at HR-RISs. We recall that the NLoS channels are modeled by Rayleigh fading, and we

assume the Gaussian local scattering model for spatial correlation. Thus, the (7, j)-th entry of Qﬁ. is

given as qﬁmj = 2;% fj;o exp(j2mda (i — 7) sin(wi), + 6)) exp (—%) dé, where § ~ ./\/'(0,035) isa
deviation from wﬁf with angular standard deviation o [56], [57]]. Entries of Qﬁm are generated similarly.
In the simulations, we set o4 = 30° for a moderate spatial correlation [57].

Since the optimization of power and reflecting/relaying coefficients is beyond the scope of this paper,
we adopt simple equal power control schemes for both downlink and uplink transmissions to obtain {7},
{9}, {amn} [1], [2]. In particular, we assume that the power coefficients of APs are computed based on

2))_1, Vi, k,

in the downlink transmission, and 93 = 1, Vk in the uplink transmission [1]], [2]]. The phases {6, } are

the large-scale fading of the direct AP-UE channel, i.e., n;; = (2,5:1 (N A'yﬁf + Hul[,iA

randomly generated, while the amplitude {|a,n|}, n € A, of the active elements are obtained based on
exhaustive search such that the total transmit power of each HR-RIS is limited by a given power budget
ps and equally shared among the active elements. Here, the positions of active elements are randomly
generated for all HR-RISs. Furthermore, we assume that at the CPU, the local estimates from all APs
are equally weighted, i.e., wyr, = 1,V k [1]. Compared to the conventional passive RIS, each HR-RIS
requires an additional power budget pg. In the simulations, the transmit power at each AP in the downlink

or at each UE in the uplink of the systems with HR-RISs is reduced by an amount of % or Aﬁfs,

respectively. As a result, the total transmit power (of the transmitters and HR-RISs) in these systems
becomes L(pd - MTP> + Mps = Lpq in the downlink and K(pu . MTP> + Mps = K py in the uplink,
which are equal to those of the systems without HR-RIS and with passive RISs.

The noise power is computed as 04 = 0%, = 0% = —170 + 101log;¢(By) + NF (dBm), where we set
the system bandwidth By = 20 MHz and the noise figure NF = 9 dB. Unless otherwise stated, we set
the normalized residual SI power to 1 dB, 7. = 200, 7, = K/2, 7¢ = 7y = (Tc — 7)/2, and p, = 100
mW following studies in [1f], [58], [S9]. In the simulations, the analytical results are averaged over 100
large-scale channel realizations, while the results obtained by Monte Carlo simulations are averaged out

over 1000 small-scale channel realizations.

B. Results and Discussions

In the following simulations, we evaluate the per-user throughput (in bits/s) of the considered schemes,
which is obtained by scaling the SE (in bits/s/Hz) with the system bandwidth of By = 20 x 10% Hz. We
first validate the closed-form expressions of the downlink and uplink SE provided in Theorems [2] and 3]

respectively. Fig. 2] shows the downlink/uplink throughput obtained by analytical derivations and those
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Fig. 2. Average per-user downlink and uplink throughput of HR-RIS-assisted CF mMIMO systems versus pq and py,
L =30, Na =4, K=4, M = {4,8}, N =40, Ng =1, and ps = —5 dBm for both S; and Ss.

Table I. Average per-user downlink throughput of CF mMIMO systems without (w/0) RIS/HR-RIS, with M RISs, and

with

with

M HR-RISs. The simulation parameters are L = 80, Na =4, K = 20, M = 20, Ngr = 1, pg = 200 mW, and ps = —5 dBm.

Downlink in S; (Mbits/s) in Sy (Mbits/s)

throughput | w/o RIS/HR-RIS | with RIS | with HR-RIS | w/o RIS/HR-RIS | with RIS | with HR-RIS
Simulation 25.92 25.95 26.15 4.14 4.15 6.35
Analytical 26.47 26.48 27.12 3.91 3.91 6.32

obtained by Monte Carlo simulations for two considered scenarios S; and Sz. The simulation parameters

for both scenarios are L = 30, Ny =4, K =4, M = {4,8}, N =40, Ng = 1, and ps = —5 dBm.

From Fig. 2] the interesting observations are in order:

e In all the considered schemes and scenarios, the theoretical analysis results align well with

the

simulation ones based on Monte Carlo method in the entire considered range of pq and p, validating

the derivations in Theorems [2] and [3]

o With random phase shifts, passive RISs offer marginal performance gain for CF mMIMO systems.

We note from (3I)) that the RIS phase shifts only affect the SE performance via g, Vi, k. Thus,

their performance gain is generally limited, especially with random phase shifts.

o Comparing the throughput of CF mMIMO systems with and without HR-RISs, the former clearly

outperforms the latter for all the considered values of pq and py. In particular, the proposed schemes

offer higher gains in Sy compared with those in S, which agrees with the discussion in Remark [3]

Furthermore, it is clear that a larger M leads to a more significant improvement in the throughput.

« Finally, we observe that although the throughput gain offered by HR-RISs in the uplink is

still

noticeable, its improvement is less significant than in the downlink. This is because in the uplink,

HR-RISs are placed far away from the receivers (i.e., APs).

To verify the analytical results for a larger scale system, we consider in Table [I] a CF mMIMO system
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Fig. 3. CDF of downlink per-user throughput with (L, M) = {(60,40), (20,40)}, Nao = 4, K = 20, N = 40, Ng = 1,
pa = 200 mW, and ps = —5 dBm for both S; and S.

with L = 80, Ny = 4, K =20, M = 20, and pg = 200 mW [1]]. The results in Table |I| show that the
downlink throughput obtained by (31)) for systems without RISs/HR-RISs, with passive RISs, and with
HR-RISs are tight with the simulation ones in both S and S». Therefore, in the following, we omit the
results of Monte Carlo simulations and focus on large-scale downlink systems with fixed pq = 200 mW.

Fig. 3| plots the cumulative distribution functions (CDFs) of per-user throughput of the downlink system
with (L, M) = {(60, 20), (40,40)}, Npo =4, K =20, N =40, Ng = 1, and ps = —5 dBm. The results
clearly show the advantage of using HR-RISs in both &; and S,. In particular, the system assisted
by HR-RISs outperforms the conventional systems, i.e., CF mMIMO systems without any RISs/HR-
RISs and with only the passive RISs, in both median and 95%-likely performance, especially when
fewer APs are deployed in the network. Specifically, with (L, M) = (40,40), the 95%-likely per-user
downlink throughputs of the conventional systems are only {1.25 x 105, 4.53 x 103} bits/s, whereas
those of the proposed HR-RIS-aided systems are {4.58 x 10%,1.55 x 10*} bits/s, implying {3.66, 3.42}
times improvement in {Si, S2}, respectively. With (L, M) = (60, 20), the corresponding gains are nearly
{1.5,1.8} times. Furthermore, it can be seen that HR-RIS-aided systems provide more uniform and better
performance for all users. These observations confirm the benefits of deploying HR-RISs, especially in
an extreme scenario like Sz and/or when the number of APs is not large enough.

In Fig. @] we investigate the significance of HR-RISs for CF mMIMO systems with different numbers
of APs and UEs. To this end, we set L € [20,100], Nao = 4, K = 20, M = {20,40} in Fig. and
L =80, K € [10,30], M = {20,40} in Fig. The other parameters are Ny =4, N =40, Ny = 1,
pa =200 mW, and ps = —5 dBm, which are the same for both Figs. {(a)] and [4(b)]

Similar to the observations in the previous figures, it is observed in Fig. fi(a)] that the performance
improvement of the passive RISs is sill negligible. In contrast, it can be seen in Sz that HR-RISs offer a

significant improvement in throughput compared to the system without HR-RISs, even when a very large
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Fig. 4. Average per-user downlink throughput of CF mMIMO systems versus (a) L and (b) K. Other parameters are Na = 4,
N =40, Nr =1, pa = 200 mW, and ps = —5 dBm for both Figs. (a) and (b).

number of APs are deployed in the system. However, the gain of HR-RISs in & is not as significant as
in 8o and reduces when L increases. This is reasonable because when UEs are served by more and closer
APs (in S7), HR-RISs become less important. In contrast, when the APs are not always close to the UEs
(as in Sy), deploying more APs just provides marginal performance improvements, while HR-RISs are
necessary to assist communications between APs and UEs to greatly improve the system performance,
as seen in Sy. This result further confirms the discussion in Remark [3] Furthermore, we observe in Sy
that without HR-RISs, L = 100 APs only provide the throughput of around 6 Mbits/s, which can be
easily attained by a HR-RIS-aided CF mMIMO systems with 20 APs and 20 HR-RISs. In other words,
for a target throughput of 6 Mbits/s, deploying 20 HR-RISs help reduce a large number of APs. This
may result in a significant improvement in the system EE because an AP generally requires much higher
power consumption than a HR-RIS. Thus, for a good SE-EE tradeoff, it is beneficial to deploy HR-RISs
in the system.

In Fig. A(b)l HR-RIS-aided systems outperform the conventional ones in the entire considered range
of K, especially in So. This is similar to the observations from the previous figures. Furthermore, it is
seen that as K increases, the gain offered by the HR-RIS reduces. This is reasonable because when the
number of users increases but the number of HR-RISs is fixed, on one hand, more and more users are
not supported by HR-RISs, on the other hand, the inter-user interference increase. Consequently, not only
the average throughput but also the gain of HR-RISs are reduced.

In Fig.[5] we investigate the impact of various deployments and setups of the HR-RISs. Specifically, we
show the performance improvement of the systems with different numbers of HR-RISs in Fig. [5(a)] with
L =80, Ny =4, K =20, M € [10,40], Ng = 1, and ps = —5 dBm. It is seen that as M increases,
i.e., more HR-RISs/RISs are deployed to the network, the throughput of the HR-RIS-assisted system
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Fig. 5. Average per-user downlink throughput of HR-RIS-aided CF mMIMO systems versus (a) M and (b) ps. Other parameters
are N = 40 and pq = 200 mW for both Figs. (a) and (b).

remarkably increases, which is, in contrast, not seen for the conventional passive RISs. It is noteworthy
that even when the HR-RISs are sparse (e.g., for the case M < K = 20), the throughput gain offered by
HR-RISs is still significant. Furthermore, as M increases, the throughput gain of the HR-RISs is more
significant in So than in S;. For example, if each UE has one nearby HR-RIS (e.g., M = K = 20), the
throughput in is improved by about 5 Mbits/s in Sy compared to 1 Mbits/s in S.

In the previous figures, we considered Ng = 1 and ps = —5 dBm, which means that each HR-RIS
is deployed with only a single active element and a limited power budget so that its increase in the
total power consumption is marginal compared to the conventional passive RIS. In Fig. [5(b)l we show
the impact of the number of active elements and the transmit power of each HR-RIS on the throughput
performance, with Ng = {0,1,4,8}, ps € [-10,10] dBm, L = 30, No = 4, K = 4, M = 4, and
N = 40. As can be seen, the throughput increases rapidly as pg increases. Unsurprisingly, compared to
the case of Np = 0 (i.e., the passive RISs), HR-RISs only require a single or a few active elements to
achieve significant improvement in throughput, even with small pg. Comparing the performances achieved
by different values of VR, it is seen that for high pg, a larger N provides a better performance. However,
for low and moderate power budget, i.e., ps € [—10, 5] dBm, the performance for all the considered Ny
are comparable. This further advocates a practical implementation of the proposed HR-RIS design, where
only a small number of active elements and limited power budget is needed.

In Figs. 2H3] we have investigated the performance of RIS/HR-RIS-aided CF mMIMO systems under
the three-slope path loss model. In Fig. [f] we consider the case that the path loss is modeled by the
COST 321 Walfish-Ikegami model as in [S5]-[57]], [66], [67]. Specifically, the probability of having
an LoS path in the channel between the [-th AP and the k-th user with distance dl[iA is given by

Pros(df®) = 1 —djA/300 if 0 < d3* < 300 m and otherwise Ppos(di*) = 0. The corresponding
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Fig. 6. Average per-user downlink throughput of HR-RIS-assisted CF mMIMO systems with the COST 321 Walfish-Ikegami
path loss model. We set L =30, Na =4, K =4, M = {1,4,8}, N =40, Ng = 1, and ps = {—5,—15} dBm.

. . . _ UA
Rician factor is computed as x> = 101-370-003d;;

if the LoS component exists and otherwise x;* = 0.
Then, the path loss Cl[,f;A (in dB) is modeled as

—30.18 — 26 log;o(dix/1 m) + SFyk, ki #0
(50)

G’ = :
—34.53 — 38logyo(djx/1 m) + SFyk, Ky =0
where SFj, = +/sa; + /1 — by, represents the shadowing factor, with s being the shadow fading
parameter, and a;, by ~ CN (O,U§F). We consider correlated shadowing coefficients with covariance
functions E {a;a; } = 2% and E {b;by } = 2%, where d; and d, are the distance between the
[-th and !’-th APs and between the k-th and k’-th users, respectively. We set osp = 8 dB, » = 0.5,
dge = 100 m , , and {k5 kDAY, {CUS, (P2} are modeled similarly.

In Fig. we show the downlink throughput obtained by analytical derivations and those obtained
by Monte Carlo simulations for both scenarios S; and Ss with path loss model (30). The simulation
parameters are the same as those in Fig. [2] It is seen that the analytical results are still good approximations
of those obtained via Monte Carlo simulations in both scenarios. The HR-RISs provide significant
performance improvement in S, especially at low and moderate pq. However, it is interesting to see that
in &1, the HR-RISs cause performance loss at high pgq. This is because with the COST 321 Walfish-
Ikegami model, the path loss becomes less severe, and thus, the gain from signal amplification of the
HR-RISs is less significant while the interference is large.

We further investigate the interesting observation on the performance of the HR-RISs in &; with the
COST 321 Walfish-Ikegami model in Fig. for various values of pg and M. Specifically, we consider
ps = {—15,—-5} dBm, M = {1,4,8}, and the other parameters are the same as in Fig. It is seen
that for pg < 10 dBm, a larger M and higher pg always lead to a better SE, and the gains offered by HR-

RISs in this regime are significant. In contrast, for pg > 10 dBm, less HR-RISs with low power budget
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(i.e., smaller M and lower pg) should be employed. These observations motivate further designs and
optimizations of the considered HR-RISs-aided CF mMIMO systems with focuses on power allocation

and HR-RIS selection/on-off schemes.

VI. CONCLUSION

This work has considered the novel HR-RIS-aided CF mMIMO system in which HR-RISs are equipped
with both active relay and passive reflecting elements to assist communications between multiple APs and
UEs. We have modeled the uplink and downlink channels of the considered system and derived the MMSE
estimate of the effective channels. Then, we have provided closed-form expressions for the uplink and
downlink SE. In addition, the power scaling effects and performance gains over conventional systems
have also been discussed to provide more insights into the proposed HR-RIS design. The analytical
derivations have been numerically justified by simulations, showing that the performance improvement
in terms of per-user SE offered by HR-RISs in both the uplink and downlink can be significant when
the transmit power of APs is low and/or when UEs are located far away from APs. In the case that the
direct communications links between the users and APs are strong, and the APs’ transmit power is high,
the gain is generally limited. They have also contributed to the realization of an efficient and practical
implementation of the proposed HR-RIS design that requires only a few active elements to guarantee low
costs of hardware and power consumption. Our analytical results in this work also call for more efficient
transmission strategies and intelligent end-to-end resource allocation policies. A similar analysis of the
HR-RIS-aided CF mMIMO systems employing other centralized/distributed processing approaches is a
potential extension of this work. Furthermore, finding the best trade-offs in terms of energy efficiency

with power budgets at the transmitters and HR-RISs is also an important future research topic.

APPENDIX A

PROOF OF THEOREMI]

The MMSE estimate of g;;, is computed as

A -1
& = E{gu} + Cleuyud Clynt ™ e —E{yn}) - (Al
To this end, we compute the required statistical quantities in (A[T) to derive g;;.. First, from (8), we have
M N
~USA
E{gy} = my + Z Z Ll = Pk (Al2)
m=1n=1

where oA £ pB8A US  Noting that E {Z;} = 0 and from (T3), we obtain

K
E{yy} = E{\/Tpppglk +/Tobp D i Ph Pk +Zlk} = \/ToPp D PI PR (Al3)

k' 4k k=1
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To compute C {gy;,, ¥y}, from y, = /Tolp&ik + /ToPp Yoo 1 81k Pl Pk + Zuk» We have
Clewyu} = viorsClen} +virs > Claw u b b er + C e i}

k' #k

(a)
= VToPpClk + /T pp Z ‘PZ‘Pkclkk:' =V pPp <Clk + Z ‘Pg‘PkClkk’) (Al4)

k'#k k' #k
where Cj;, = C{g;,.} and Cjpr = C{gys, &, }- Equality (a) can be obtained by expanding C {g,;.,Zix} =

E{gzll} — E{gy} E{zn}” = On, due to E{g,z/l} = Oy, and E{Zx} = 0 as the noise en-
tries/elements of Z A ;, Zs1,mn and Zn .y, are independent of g;,. and have zero means VI, m, n. Furthermore,

in (Al4), Cj; can be computed based on (§), as

Cie = C{gy} = C{ng* ZDamnr C{ i omn } » @A)

where C {h;;*} = 820} and e
C {hlmn kmn} E {hlmn kmn kmn) lmn H} E {hlmn kmn} E{ hk:mn lmn }
O g {nS L E (A, AT - B (RS, R {hlmn}wlmn
© ( + }Nkmn 2) (51 Alen + “lsn/}m (l’l’lsrﬁn) ) ‘:u‘kmn} Nlmn (uls'nén)
— (85 + |ukinal”) BEA QR + Bismia, (i) @o)
Here, equality (b) is obtained because hS, and hUS _are independent, and equality (c) follows E{}hkmn } -

2
S+ }ukmn and E {hlmn lmn i} = oa SAQh 4 uph (ulmn) . Thus, we obtain

ApA 2 2\ 5sA S, SA SA
Clk = Bltli Qlk + Z Z ‘O‘mn’ ( + ‘:u’kmn ) ﬁl len + Blgm/"’lmn (/’l‘lmn

m=1n=1
Furthermore, we can compute Ciir in (Al4) based on (@ as

Clkk’ = { + Z Za’mnhlsnénhkmn7 lk’ + Z Za'mnhlsnénhk’mn}

m=1n=1 m=1n=1

H

)H

= C{hp* hy} Z z:@mnC (> o b ) + Z z:@mnC .

m=1n=1 m=1n=1
{Z Z amnhlmn kmn’ Z Z amnhlmn k’mn}
m=1n=1 m=1n=1
(d)
{ > Z Wt Mo Z > O‘mnhlsrf;nhk/mn} = Ejr 1 — Eige 2, A7)

m=1n=1 m=1n=1
where equahty (d) follows C {hlk ’ ZI;C’A =C {hlk ’ lmnh[kJ’?nn} C {hlmnh[kjvin7hlk’ = ONA
because h;* is uncorrelated with k> and hlmnh}g,f’m, Vk # k'. In (A7), we have

SA
Elkk’,l - { <Z Z amnhlmnhkmn> (Z Z amn hk’mn hlmn) ) }
m=1n=1 m=1n=1

June 15, 2022 DRAFT



25

M N
- Z Z |am”‘ E {hkmn} E {hk/mn} E {hlmn lsnén)H}
m=1n=1
+ZZZZ (m!,n’ in,n) mnmn)am n’a E{hkm 'n’ hk/mn) hlmn (hlmn) }
M N
= Z Z |Oémn‘2 Mgsm(uk’mn) (Blm Ilmn + H’lmn (/’l’lmn) )
T2 222Dty oy C i e () B (i)™ @8)

M H
Eipp 2 = {Z Z amnhlsnénhkmn} ( {Z Z amnhlsrémhk’mn}>

m=1n=1 m=1n=1
M N
(e) SA | US Us *
— (Z Z amn,u’lmn:“’kmn) (Z Z Can “’lmn :uk’mn) )
m=1n=1 m=1n=1

M N
2 S SA SA
= Z Z |Oémn‘ Mgmn(luk’mn) Hlmn(“lmn)H
m=1n=1

US US \, SA (, SA \H
+ ZZZZ (m n’ ) £(mynym,n) mn’amn:uk:mn (/‘Lk/ﬁm) Himn (/Llfnﬁ) 5 @9)
where (A[8) follows the derivations in equality (c) of (A[6)) and the fact that {hVS, | hUS _ RBP4, | mPA

km'n’ ""k'mn>

are mutually independent, and equality (e) in (A9) follows the independence of A% and hVS  Vk. From

kmn>

AIT)-A), we obtain Cppr = SN SN o, 1S (uUS V*B3AQR . In addition, we have
E {guglt} = Cue + punf] 2 Ry and E { gy ||* b = trace (Ry) = trace (Cuy) + el®,  @HO)

which are useful for the subsequent derivations. C {y;;,} can be computed based on (I3) as

K
- 2
Clyut = C{\/Tpppglk +/TpPp Z glk"Pg‘Pk +Zlk} = TPPPZ "Pg‘Pk’ Ciw + Ug,lINA- (Al

k' #k k=1

Finally, by substituting the results in (A[2)), (AL3), (A[4), and (IKHTI) into (AlT)), we obtain

& = My +/TpPp (Clk + Z ) kclkk’) [Tpppz ‘on"Pk‘ Cp +o zINA]
k' £k

<J’zk: - \/Tpppz Sog%cﬂlk/)-

k=1
For ease of exposition, let us denote i, = Z§=1 YT Cir. 2 Cy, + > kitk e Crirr, and

2 X
E; £ Tppp(Zﬁzl ‘gogcpk‘ Clk/) + O'IQ)JINA = C{y;}- Then, we can express g;; as
& = tur + VToPeCuEry! (yie — opob) = e — TopoCinEy iy, + TopoCinEry vy (A12)
) ) o oN\H o _maH
We have E {g,,.} = gy, from (ALT), and C {g,),} = 7pppCurEyy, C {1} (ClkEml) = mpppCuEy iy, £

Cy from (AITT) and (AIT2). Besides, by using C{g;} = E {glké’g} ~E{gu} E{gn}". E {glkgllz}
and E {HglkHQ} are obtained as in (22). The estimation error is given by g, = g, — &,,- Because

E {glk} =FE {glk} = Mk it is clear that E {glk} = 0, and thuS, (C {glk} =E {glkgl];cl} = Clk—élk é le,
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as given in Theorem

APPENDIX B

PROOF OF THEOREM

We now compute |DSq, k\Q E {]BUd k\Q}, and E {\UIkk/

2} to show the closed-form of SEq j in (3.
1) Compute |DSq k\ First, by recalling that g;;, = g;;, + &;;, and that g;;, and g;;, are uncorrelated,

we have

L L
DSax = v/Pa Yy vViE {li&i} = v/Pa Yy Vi { @ + &) &1 }
=1 =1

YV (E {&hei} +E {llewl’ }) = Y Vi (trace (Cur) + llpeul), @D
=1 =1

éulk(a)
where the last equality follows and E {g,.} = 0. By defining two vectors 7, = [, /Mks 5o /nLk]T
and uy(a) £ [up(a), ... upp(a)]”, we can write

2
IDSakl* = pa Jur(a) n|” ([B12)
2) Compute E {]BU(M\Q}: We rewrite BUq 1, = /pd (Zle \ /mkgﬁg;‘k —E {Zle . /Ulkglj;;g’?k}) =

VPa St ik (gher. — E{ghgl}). Then, E {|BUd7k|2} can be computed as
2

E{BU4} = paE i (ghéh — B {gh&in})

L L L
= pd Z nikE {\glj,;g?‘k —E{gl&i} \2} + pa Z Z Viemek (ru + ) (BL3)
=1

I=1 £l
where i, £ E { (g],&7, — E{gl&in}) (el871 —E{&l1&ix})" } By using gy = &y, + &y {81} =
0, and the fact that g;; and g;;, are uncorrelated, we obtain
S 2 2 512 s 2 512 2
Tk :E{HglkH } —E{HngH }E{Hgl’kH } :C{”glkH ) }7 (Bl4)
which represents the correlation between ||g;,.||* and [|g;.||%, | # I'. Based on B)~@), (13), and (T7), we
can write g, = My, + ‘/Tppp(u,’lkEl_kl < /ToPp (illk—i- Zk,;ﬁk ﬁlkfcpgcpk> —i—Zlk), with

M N
~ ~UA us ~SA SA
huy, = Bl(lIcAhlk + Z Z QOmn (Mkmn lsr;?hlmn + Kimn ﬁkmhkmn + lsr;?hlmn /Bkmhkmn>

m=1n=1

N
UA Z Z US SA7SA
- hlk + OmnMmn, Im hlmn

m=1n=1
M N C /i
+ Zzamn lsrz_f_mlhlmn 6kmh‘kmn+ Zzamn Blmhlmn Bkmhkmn7 @'5)
m=1n=1 m=1n=1

where the second equality follows the definition in (3)). The correlation 7/, comes from the common

channel coefficient A5 in both 81, and g, [ # U/, as observed in the last two terms in (B[3). However,

kmn
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these terms are very small compared to the overall channel coefficients of g;;.. This is because a HR-RIS
is placed in the vicinity of either UEs or APs to improve the system performance. The former case ensures
strong LoS links between HR-RISs and UEs, but causes weak LoS links and large distances between

. ~SA .. .
APs and HR-RISs, leading to ﬂlSmAhlmn ~ 0 and C%/@lsn‘j ~ 0. Under a similar analysis for the latter
SA ~
case, we have —si=— =~ 1 and nghgrin ~ 0. Therefore, in both cases, the correlation between g;;,, and

SA
lenJr

8, are negligible, yielding 7, ~ 0. With this approximation, from (B[3)), we obtain

L L
2} R pa Z nixE { g8l — E {gzj/;§1k}|2} = pd Z Mik (E { ‘gljl::gfkf} — |E{gi&i} ‘2)
=1 =1

E {|BUd,k

L
. a2 P 2
= o> B ('} + 8 {Jefln ) (troce () + o) ] @9
=1
where the last term is based on the result in (BLI). Because the elements of g;;,. and g;;, are uncorrelated

and E {g;.} = 0, we have
2 A
E { Ff } =E {Z ‘gl*kiglkiﬁ} = trace (Rm Ole) : (Bl7)
i=1
To compute E {Hglku‘l}, we note that g;;, is given in (8) as the sum of M N +1 vectors, where M N is the

total number of elements of all the HR-RISs and is very large. Therefore, g;;. and g;;, can be approximated

as g ~ CN (py,, Cii;) and g, ~ CN(ulk,Clk), respectively. By [68, Lemma 9], it follows that
. P p =\ |2 )
E {llgnel*} = el + 2 g trace (€ ) + 20aff Coppuy + [prace (€ )|+ trace (€ ) . @8)
From (BL6), (Bl7), and (B8], we obtain
L

A ) ~ «
E{|BUq|*} ~ pa E Mk (QHgClkHlk + trace (Clk + Ry, Ole)) :
=1 -

édlkk(a)
By denoting Dy, (c) £ diag {dfkk(a), e ,d%kk(a)}, E {|BUd7k]2} can be computed as
E{IBUa”} & pa 1Dw({omn D1 B9)
3) Compute E {|UId,kk/\2}: We rewrite g;;, in (A[12) as
glk’ = élk’ + \/Tpppclk’El_k/lZlk’a @10)

2 o 1. o _ K .
where g, 2ty — TpoppCiEjp Py + Tpppclk’Elk}Zkzlgll_cQOEHSOk" As a result, E{|UId7kk«|2} is

computed as

2 2

L L
E {|UId,kk’ |2} =EX |VPa > Vw8l | ¢ =paEQ > iwgh&h + vk /ToPo8ikCirEry 2y
=1 =1
L 2 L 5
= paE S | Viwgh&i| ¢+ paE {Z ’\/mk/\/Tpppglji;cuc/Eﬁ;Z?k/ }
=1 =1
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2
L T ¢ —15% 2

+pall Z‘mmglkclk/l;lk/zlk/ .
=1

Bl
Let us denote by 7i, T3, and 73 the three terms in (BITT), from left to right, respectively. To compute

L
= paVar (Z V 771k/§ﬁ;§fy> + pd

=1

L
E {Z NG }

=1

these terms, we use E {g;,.} = ., E {élk,} = py, and
& 2 H A 2
5 2 24 -1 H ~HHH A 2
c {glk’} = 7p0Cu Ep, (Z |1 e CZE)Elk' Cr = Ci,
k=1
based on the definition of g;;,. Furthermore, we note that in 7; and 72, g;;, and g;;, are correlated due
to the second term in (BL3]), which can be rewritten as
SES US SAjSA ShS Clom lom 7US SAjSA
Z Zamnﬂkmn im hlmn = Z Z Qmn ﬁhkmn lmhlmnv
m=1n=1 m=1n=1 km
based on (4). By a similar analysis in the previous subsection, we can show that this term is very small
. 2 . ~SA US
compared to the overall coefficients of g;;. and g;;,. Specifically, we have Blsnéhlmn ~ 0, % ~1or
,gn% mgnsl ~ 0 when HR-RISs are deployed in the vicinity of either UEs or APs, respectively. Therefore, the
correlation between g;;, and §lk, can be neglected. A similar observation can be made for the correlation
~ . ~SA .
between g;;, and z;;s in 73 because of the common term Bf’ﬁhzmn (as seen in (d) and (16)). Therefore,

T1, T2, and T3 can be approximated as

L Na L
Ti~pa Yy mr Y, Var (guadive) = pa y_ mwtrace (Cix o Cuiy + Cuepiygo it + Currprygopsiy) . (BH2)
=1 =1 =1
. 2
7— ~ T % _ T _ 2 13
2~ pa | DNk Bikkie | = pa i (@) | )
=1

L

L
o . |2 . 1,y .
Ts ~ pa Z ik Tp PplE { ‘gljl;clk'El_k}Zlk/ } = pd Z ik Tp Pp O trace (leclk’Elk}(Clk’Elk’l)H) :
=1 =1

(Bl14)
In (BI13), viw () is defined as i () 2 [vipe (), ..., vie (@)]F with v (o) 2 pi gy, From
(B[12)—(B[14)), we obtain E {|UId7kkl |2} as T1 + T2 + T3. The expression can be shorten by the fact that
trace (A + B) = trace (A) + trace (B). Specifically, by letting

Cirrr = Cui, o Cryo + Corpay il + Copo el + Tpppag,lleélk’El_k}(élk/El_k})Ha (BL15)
we can write [E {|UId7kk/\2} in a more compact form as
2 L 2
+pay_mtrace (Ci) = pa Vi (@)™ + pa | Dige (@) ||

=1
[Bl16)

E{| UL} = pa [vhi (@),
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where Dy () = diag {dfkk,(a), e ,d%kk,(a)}, with
digr (o) £ trace (Clkk’) = ufi/Czkuzk/ + H{léélk'ﬂlk + trace (Tigk) -

Here, Ty = Cyj, © Clk/ + TpPpUg,lleélk:'El_k} (é‘lk/El_k})H.The results in (B[9) and (B[16) yields

K K K
_ 2 _
E{[BUa} + Y E{Uliaw*} & pa 3 (@i + pa Y. D (@) >, @D
k' £k k'#£k k=1

By substituting the results in (B[2) and (BL17) into (30), we obtain (31]), which completes the proof.

APPENDIX C
PROOF OF THEOREM [3]
Similar to the proof of Theorem we compute |DSu7k|2, E {|BUu’k\2}, E {|UIu’kk/ |2}, and E {]2u7k|2}
to show the closed-form of SE, ; in (47). First, leveraging the derivation in (B[1), we obtain DSux =

vV pug Zlel wipE {g{iﬁzk} = v/puVk Zle wiguk (), and thus,

2

L
2
IDSuil? = pudi | > wiun(@)| = pudy |up(c) wi |, @n
1=1
where wy, £ Wik, ...,wrk]!. To derive E {|BUu7k|2}, we rewrite

L
BUuk = vpulk > wi (&g — E{eliéu}) .
=1

and similar to (B[6), we obtain

L
E {|BUu,k]2} ~ puli ;E {‘Wlk (glc&u — E {&ik&un}) }2}

L
. HA 2 p 2
= ot o (2 el ) + 5 {Jettenl} - (soce (€0) + hunl?))
=1

L
= pudy Y wirdir(@) = pudy [Drr()w|. @2
=1

Similar to (B[11)), we express E {]U1u7kk/|2} as

L
E{\UIuvkk,ﬁ} = /pup Var (Zwlk,ggglk,> + v/ pul
=1

2

L
E {z w,,«gﬁgm}
=1

- Hp 1= P
+ v/ i E Z ‘\/Tpppwlk’glkclk’Elk/Zlk’ . ©3)
=1
Let us denote by J1, Jo2, and [J3 the three terms in (Cl3), from left to right, respectively. Similar to
Appendix [B] 71, J2, and J3 are computed as

L Na L
T~ puae Y oD Var (guadive) = put Y lwin|? trace (Cui © Cir + Curptyyo i + Cui et
=1 =1 =1
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L L
2 2 9

Jo & Puﬁkf’z wzk/ufiuzkl’ = puli| Y Wik Vikw (Ot)‘ = putli i (wi |

=1 1=1

L 2
Ts = puli Y TpppE {)wzwgﬁcmEﬁg}sz/ }

1=1

L

= puﬁk’ Z |wlk,]2 Tpppagyltrace ((Clk/ + I"’lk’/‘d%) Clk/El_]g} (Clk/El_k,l)H> .

1=1

As a result, E {]Ulmkk/ 2} can be written in the following compact form
2
E {!UIu,kk' 2} ~ pudi Vi (@)wie|” + pudi D (@)wpe || - <4

The results in (C[2) and (C[4) yields

K K K
2
E {|BUu,k|2} +) E {|U1u,kk/!2} ~pu Y Ok i (@wr|” + pu > Ok 1Dk (@wr|*. @5)
ki Ak K7k k=1

To complete the proof, we compute the term E {|§u7k]2} in as follows:

L L
2 ~
E {liu,k|2} = ZE { ’wzkéﬁizu,z } ~ Zw?,ﬂail (tl“ace <C1k> + ||Hlk||2) )
=1 I=1

where the approximation is made because the correlation between z,; and g, is negligible, based on

a similar observation as in Appendix Furthermore, by recalling that w; () = trace (C’lk> + |l gzl

and denoting Xy () £ diag {aum/ulk(a), cel, amL\/uLk(a)}, we obtain

L
E {2} = D whol (@) = [Zp(ewrl”. @o)
=1
Finally, by substituting the results in (CLI)), (C[3), and (Cl6) into (@#6), we obtain @7).

REFERENCES

[1] H. Q. Ngo, A. Ashikhmin, H. Yang, E. G. Larsson, and T. L. Marzetta, “Cell-free massive MIMO versus small cells,”
IEEE Trans. Wireless Commun., vol. 16, no. 3, pp. 1834-1850, 2017.

[2] H. Q. Ngo, L.-N. Tran, T. Q. Duong, M. Matthaiou, and E. G. Larsson, “On the total energy efficiency of cell-free massive
MIMO,” vol. 2, no. 1, pp. 25-39, 2017.

[3] Q. Wu and R. Zhang, “Towards smart and reconfigurable environment: Intelligent reflecting surface aided wireless network,”
IEEE Commun. Mag., vol. 58, no. 1, pp. 106-112, Nov. 2019.

[4] P. Xu, G. Chen, Z. Yang, and M. Di Renzo, “Reconfigurable intelligent surfaces assisted communications with discrete
phase shifts: How many quantization levels are required to achieve full diversity?” IEEE Wireless Commun. Lett., 2020.

[5S] M. Di Renzo, K. Ntontin, J. Song, F. H. Danufane, X. Qian, F. Lazarakis, J. De Rosny, D.-T. Phan-Huy, O. Simeone,

R. Zhang et al., “Reconfigurable intelligent surfaces vs. relaying: Differences, similarities, and performance comparison,”

vol. 1, pp. 798-807, 2020.

N. T. Nguyen, Q.-D. Vu, K. Lee, and M. Juntti, “Spectral efficiency optimization for hybrid relay-reflecting intelligent

surface,” 2021, pp. 1-6.

[7] ——, “Hybrid relay-reflecting intelligent surface-assisted wireless communications,” IEEE Trans. Veh. Technol., 2022.

[8] N. T. Nguyen, J. He, V.-D. Nguyen, H. Wymeersch, D. W. K. Ng, R. Schober, S. Chatzinotas, and M. Juntti, “Hybrid

relay-reflecting intelligent surface-aided wireless communications: Opportunities, challenges, and future perspectives,”

arXiv, 2021. [Online]. Available: https://arxiv.org/abs/2104.02039

Q. Wu and R. Zhang, “Beamforming optimization for wireless network aided by intelligent reflecting surface with discrete

phase shifts,” IEEE Trans. Commun., pp. 1-1, 2019.

[10] E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M. Alouini, and R. Zhang, “Wireless communications through

reconfigurable intelligent surfaces,” IEEE Access, vol. 7, pp. 116 753-116773, 2019.
[11] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, “Reconfigurable intelligent surfaces for energy
efficiency in wireless communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8, pp. 4157-4170, 2019.

[6

—_

[9

—

June 15, 2022 DRAFT


https://arxiv.org/abs/2104.02039

[12]
(13]

(14]

(15]
(16]
(17]
(18]
[19]
[20]
(21]

(22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

June

31

J. He, H. Wymeersch, L. Kong, O. Silvén, and M. Juntti, “Large intelligent surface for positioning in millimeter wave
MIMO systems,” 2020, pp. 1-5.

N. T. Nguyen, L. V. Nguyen, T. Huynh-The, D. H. Nguyen, A. L. Swindlehurst, and M. Juntti, “Machine learning-based
reconfigurable intelligent surface-aided MIMO systems,” 2021, pp. 101-105.

A. Shojaeifard, K.-K. Wong, K.-F. Tong, Z. Chu, A. Mourad, A. Haghighat, I. Hemadeh, N. T. Nguyen, V. Tapio, and
M. Juntti, “MIMO evolution beyond 5G through reconfigurable intelligent surfaces and fluid antenna systems,” Proceedings
of the IEEE, pp. 1-22, 2022.

Y. Yang, B. Zheng, S. Zhang, and R. Zhang, “Intelligent reflecting surface meets OFDM: Protocol design and rate
maximization,” IEEE Trans. Commun., 2020.

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless network via joint active and passive beamforming,”
IEEE Trans. Wireless Commun., vol. 18, no. 11, pp. 5394-5409, 2019.

P. Wang, J. Fang, X. Yuan, Z. Chen, and H. Li, “Intelligent reflecting surface-assisted millimeter wave communications:
Joint active and passive precoding design,” IEEE Trans. Veh. Technol., 2020.

X. Yu, D. Xu, and R. Schober, “MISO wireless communication systems via intelligent reflecting surfaces,” 2019, pp.
735-740.

Y. Yang, S. Zhang, and R. Zhang, “IRS-enhanced OFDM: Power allocation and passive array optimization,” 2019, pp.
1-6.

J. Yuan, Y.-C. Liang, J. Joung, G. Feng, and E. G. Larsson, “Intelligent reflecting surface-assisted cognitive radio system,”
IEEE Trans. Commun., 2020.

Y. Han, W. Tang, S. Jin, C.-K. Wen, and X. Ma, “Large intelligent surface-assisted wireless communication exploiting
statistical CSL,” IEEE Trans. Veh. Technol., vol. 68, no. 8, pp. 8238-8242, 2019.

B. Di, H. Zhang, L. Li, L. Song, Y. Li, and Z. Han, “Practical hybrid beamforming with finite-resolution phase shifters
for reconfigurable intelligent surface based multi-user communications,” IEEE Trans. Veh. Technol., vol. 69, no. 4, pp.
4565-4570, 2020.

S. Zhang and R. Zhang, “Capacity characterization for intelligent reflecting surface aided MIMO communication,” /EEE
J. Sel. Areas Commun., vol. 38, no. 8, pp. 1823-1838, 2020.

K. Ying, Z. Gao, S. Lyu, Y. Wu, H. Wang, and M.-S. Alouini, “GMD-based hybrid beamforming for large reconfigurable
intelligent surface assisted millimeter-wave massive MIMO,” IEEE Access, vol. 8, pp. 19530-19 539, 2020.

Y. Zhang, C. Zhong, Z. Zhang, and W. Lu, “Sum rate optimization for two way communications with intelligent reflecting
surface,” IEEE Commun. Lett., vol. 24, no. 5, pp. 1090-1094, 2020

N. S. Perovié, L.-N. Tran, M. Di Renzo, and M. F. Flanagan, “Achievable rate optimization for MIMO systems with
reconfigurable intelligent surfaces,” IEEE Trans. Wireless Commun., 2021.

J. Xiong, L. You, Y. Huang, D. W. K. Ng, W. Wang, and X. Gao, “Reconfigurable intelligent surfaces assisted MIMO-MAC
with partial CSI,” 2020, pp. 1-6.

0. Ozdogan, E. Bjornson, and E. G. Larsson, “Using intelligent reflecting surfaces for rank improvement in MIMO
communications,” 2020, pp. 9160-9164.

J. He, M. Leinonen, H. Wymeersch, and M. Juntti, “Channel estimation for RIS-aided mmWave MIMO systems,” 2020,
pp. 1-6.

J. He, N. T. Nguyen, R. Schroeder, V. Tapio, J. Kokkoniemi, and M. Juntti, “Channel estimation and hybrid architectures
for RIS-assisted communications,” Joint EuCNC & 6G Summit, 2021.

L. You, J. Xiong, Y. Huang, D. W. K. Ng, C. Pan, W. Wang, and X. Gao, “Reconfigurable intelligent surfaces-assisted
multiuser MIMO uplink transmission with partial CSI,” IEEE Trans. Wireless Commun., 2021.

C. Hu, L. Dai, S. Han, and X. Wang, “Two-timescale channel estimation for reconfigurable intelligent surface aided wireless
communications,” IEEE Trans. Commun., 2021.

G. C. Alexandropoulos and E. Vlachos, “A hardware architecture for reconfigurable intelligent surfaces with minimal active
elements for explicit channel estimation,” 2020, pp. 9175-9179.

J. He, H. Wymeersch, and M. Juntti, “Channel estimation for RIS-aided mmWave MIMO systems via atomic norm
minimization,” IEEE Trans. Wireless Commun., vol. 20, no. 9, pp. 5786-5797, 2021.

H. Zhang, B. Di, L. Song, and Z. Han, “Reconfigurable intelligent surfaces assisted communications with limited phase
shifts: How many phase shifts are enough?” IEEE Trans. Veh. Technol., vol. 69, no. 4, pp. 4498-4502, 2020.

H. Guo, Y.-C. Liang, J. Chen, and E. G. Larsson, “Weighted Sum-Rate Maximization for Intelligent Reflecting Surface
Enhanced Wireless Networks,” 2019, pp. 1-6.

J. V. Alegria and F. Rusek, “Achievable rate with correlated hardware impairments in large intelligent surfaces,” in IEEE
Int. Workshop Computational Advances in Multi-Sensor Adaptive Process. (CAMSAP), 2019, pp. 559-563.

Y. Zhang, B. Di, H. Zhang, J. Lin, Y. Li, and L. Song, “Reconfigurable intelligent surface aided cell-free MIMO
communications,” IEEE Wireless Commun. Lett., 2020.

Y. Zhang et al., “Beyond cell-free MIMO: Energy efficient reconfigurable intelligent surface aided cell-free MIMO
communications,” IEEE Trans. Cognitive Commun. Network., 2021.

S. Huang, Y. Ye, M. Xiao, H. V. Poor, and M. Skoglund, “Decentralized beamforming design for intelligent reflecting
surface-enhanced cell-free networks,” IEEE Wireless Commun. Lett., 2020.

T. Van Chien, H. Q. Ngo, S. Chatzinotas, M. Di Renzo, and B. Ottersten, “Reconfigurable intelligent surface-assisted
cell-free massive MIMO systems over spatially-correlated channels,” IEEE Trans. Wireless Commun., pp. 1-1, 2021.

15, 2022 DRAFT



[42]
[43]
[44]

[45]

[46]
[47]
(48]
[49]
[50]
(51]
(52]
(53]

[54]

[55]
(561
[57]
(58]
(591
(60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

[68]

32

T. Zhou, K. Xu, X. Xia, W. Xie, and X. Yang, “Achievable rate maximization for aerial intelligent reflecting surface-aided
cell-free massive MIMO system,” in IEEE 6th Int. Conf. Computer Commun. (ICCC), 2020, pp. 623-628.

E. Bjornson, O. Ozdogan, and E. G. Larsson, “Intelligent reflecting surface vs. decode-and-forward: How large surfaces
are needed to beat relaying?” IEEE Wireless Commun. Lett., pp. 1-1, 2019.

N. T. Nguyen, V.-D. Nguyen, Q. Wu, A. Tolli, S. Chatzinotas, and M. Juntti, “Hybrid active-passive reconfigurable intelligent
surface-assisted multi-user MISO systems,” 2022.

K.-H. Ngo, N. T. Nguyen, T. Q. Dinh, T.-M. Hoang, and M. Juntti, “Low-latency and secure computation offloading
assisted by hybrid relay-reflecting intelligent surface,” in Int. Conf. Advanced Technol. Commun. (ATC). 1EEE, 2021, pp.
306-311.

R. Long, Y.-C. Liang, Y. Pei, and E. G. Larsson, “Active reconfigurable intelligent surface aided wireless communications,”
IEEE Trans. Wireless Commun., 2021.

Z. Zhang, L. Dai, X. Chen, C. Liu, F. Yang, R. Schober, and H. V. Poor, “Active RIS vs. passive RIS: Which will prevail
in 6G?” arXiv preprint arXiv:2103.15154, 2021.

M. H. Khoshafa, T. M. Ngatched, M. H. Ahmed, and A. R. Ndjiongue, “Active reconfigurable intelligent surfaces-aided
wireless communication system,” IEEE Commun. Lett., 2021.

C. You and R. Zhang, “Wireless communication aided by intelligent reflecting surface: Active or passive?” arXiv preprint
arXiv:2106.10963, 2021.

K. Liu, Z. Zhang, L. Dai, S. Xu, and F. Yang, “Active reconfigurable intelligent surface: Fully-connected or sub-connected?”
IEEE Commun. Lett., 2021.

N. Landsberg and E. Socher, “A low-power 28-nm CMOS FD-SOI reflection amplifier for an active F-band reflectarray,”
IEEE Trans. Microw. Theory Techn., vol. 65, no. 10, pp. 3910-3921, May 2017.

A. Taha, M. Alrabeiah, and A. Alkhateeb, “Deep learning for large intelligent surfaces in millimeter wave and massive
MIMO systems,” 2019, pp. 1-6.

W. Tang, X. Chen, M. Z. Chen, J. Y. Dai, Y. Han, S. Jin, Q. Cheng, G. Y. Li, and T. J. Cui, “On channel reciprocity in
reconfigurable intelligent surface assisted wireless networks,” IEEE Wireless Commun., vol. 28, no. 6, pp. 94-101, 2021.
S. Atapattu, R. Fan, P. Dharmawansa, G. Wang, J. Evans, and T. A. Tsiftsis, “Reconfigurable intelligent surface assisted
two—way communications: Performance analysis and optimization,” IEEE Trans. Commun., vol. 68, no. 10, pp. 65526567,
2020.

0. Ozdogan, E. Bjéornson, and J. Zhang, “Cell-free massive MIMO with Rician fading: Estimation schemes and spectral
efficiency,” 2018, pp. 975-979.

0. Ozdogan, E. Bjornson, and J. Zhang, “Performance of cell-free massive MIMO with Rician fading and phase shifts,”
IEEE Trans. Wireless Commun., vol. 18, no. 11, pp. 5299-5315, 2019.

Z. Wang, J. Zhang, E. Bjornson, and B. Ai, “Uplink performance of cell-free massive MIMO over spatially correlated
rician fading channels,” IEEE Commun. Lett., vol. 25, no. 4, pp. 1348-1352, 2020.

R. Malik and M. Vu, “Optimal transmission using a self-sustained relay in a full-duplex MIMO system,” IEEE J. Sel.
Areas Commun., vol. 37, no. 2, pp. 374-390, 2018.

D. Bharadia and S. Katti, “Full duplex MIMO radios,” in 11th USENIX Symp. Netw. Syst. Design Implement. (NSDI),
2014, pp. 359-372.

Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflecting surface aided wireless communications: A
tutorial,” IEEE Trans. Commun., vol. 69, no. 5, pp. 3313-3351, Jan. 2021.

J. Zheng, J. Zhang, E. Bjornson, and B. Ai, “Impact of channel aging on cell-free massive MIMO over spatially correlated
channels,” IEEE Trans. Wireless Commun., vol. 20, no. 10, pp. 6451-6466, 2021.

M. Bashar, H. Q. Ngo, K. Cumanan, A. G. Burr, P. Xiao, E. Bjornson, and E. G. Larsson, “Uplink spectral and energy
efficiency of cell-free massive MIMO with optimal uniform quantization,” /IEEE Trans. Commun., 2020.

E. Bjornson and L. Sanguinetti, “Making cell-free massive MIMO competitive with MMSE processing and centralized
implementation,” IEEE Trans. Wireless Commun., 2019.

A. H. Jafari, D. Lopez-Pérez, M. Ding, and J. Zhang, “Study on scheduling techniques for ultra dense small cell networks,”
2015, pp. 1-6.

I. Rodriguez et al., “Path loss validation for urban micro cell scenarios at 3.5 GHz compared to 1.9 GHz,” 2013, pp.
3942-3947.

S.-N. Jin, D.-W. Yue, and H. H. Nguyen, “Spectral and energy efficiency in cell-free massive MIMO systems over correlated
Rician fading,” IEEE Systems J., vol. 15, no. 2, pp. 2822-2833, 2020.

Z. Wang, J. Zhang, B. Ai, C. Yuen, and M. Debbah, “Uplink performance of cell-free massive MIMO with multi-antenna
users over jointly-correlated Rayleigh fading channels,” IEEE Trans. Wireless Commun., 2022.

T. Van Chien and H. Q. Ngo, “Massive MIMO channels,” Antennas and Propagation for 5G and Beyond, p. 301, 2020.

June 15, 2022 DRAFT



	Introduction
	Related Works
	Contributions
	Paper Structure and Notation

	HR-RIS, Channel Model and Estimation
	Deployment of HR-RISs
	Channel Model
	Uplink Channel Estimation

	Downlink and Uplink Signal Model
	Downlink Payload Transmission
	Uplink Payload Transmission

	Downlink and Uplink Performance Analysis
	Downlink Spectral Efficiency
	Closed-Form Downlink Spectral Efficiency
	Power gains of HR-RISs

	Uplink Spectral Efficiency

	Simulation Results
	Simulation Setup
	Results and Discussions

	Conclusion
	Appendix A: Proof of Theorem 1
	Appendix B: Proof of Theorem 2
	Compute |DSd,k|2
	Compute E {|BUd,k|2}
	Compute E {|UId,kk'|2}


	Appendix C: Proof of Theorem 3
	References

