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Abstract—Reconfigurable intelligent surfaces (RISs) play an
important role in extending the connectivity and improving the
data rate of future wireless communication systems. However,
the conventional (passive) RISs have their limitations and, thus,
a hybrid-relay RIS (HR-RIS) architecture is proposed to reap
the benefits of relaying systems with high power consumption
but higher throughput, and passive RIS systems with cascaded
fading effects but low complexity. In this paper, we investigate the
performance of HR-RISs in a massive multiple-input multiple-
output (M-MIMO) system with zero-forcing (ZF) processing,
where channel state information (CSI) is unavailable. We first
model the uplink/downlink channels and derive the linear min-
imum mean square error (LMMSE) estimate of the effective
channels. We, then, derive a closed-form expression for the signal
to interference and noise ratio (SINR) and spectral efficiency
(SE). Finally, we provide some useful engineering insights with
our asymptotic analysis and numerical results.

I. INTRODUCTION

M-MIMO is one of the key technologies in fifth-generation
(5G) cellular networks, due to its ability to provide high
spectral and energy efficiencies with simple linear processing
[1]1, [2]. However, the performance of M-MIMO is still limited
by some users (UEs) with weak channels to the base station
(BS) due to the long distance or/and heavy blockage. This
phenomenon undermines the practical coverage of M-MIMO
systems. To this end, new technologies have been proposed
to extend the connectivity and improve the network coverage,
and one particular technology which has attracted significant
attention is RISs. A RIS consists of an array of reconfigurable,
passive, and low cost reflective elements. These elements form
a metasurface which can be controlled either locally or at net-
work level in order to customize the propagation of the radio
waves, and further to improve the network coverage through
low-energy, low-complexity sensing, and basic operations [3],
[4]. RISs have the ability to increase the spectral and energy
efficiency [5], [6] and even provide better position accuracy
[7] at the same time. Capitalizing on these benefits, RISs are
considered to be one of the most promising technologies for
the sixth generation (6G) communication systems [2].

Despite the advantages of RISs, the RIS-aided systems
suffer from the cascaded fading effect and they can only offer
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passive gain. Such gains are generally limited compared to
those provided by conventional relays. As a result, a hybrid-
RIS-aided M-MIMO architecture was recently proposed in
[8]. In HR-RIS-aided systems, a few active elements will be
deployed along with passive ones. Compared to the conven-
tional relay systems, they offer lower power consumption.
Compared to conventional passive RIS-aided systems, HR-
RIS-aided systems offer better performance. Therefore, these
architectures have attracted increasing interest recently [8]—
[11]. In [8], the authors considered a HR-RIS-aided single-
input-single-output (SISO) system with compressed sensing
and deep learning techniques. The work of [9] proposed
fixed and dynamic HR-RIS architectures and showed that
both architectures yield significant improvement in the SE
and energy efficiency (EE), compared to conventional passive
RIS-aided systems. In [10], the authors proposed an alternat-
ing optimization method to optimize the SE in a downlink
HR-RIS-aided MIMO system, whereas, [12] investigated the
performance of HR-RISs in a covert communication system,
in which the transmit power and relay/reflection coefficients
were jointly optimized to maximize the covert rate, and it
was shown that the HR-RIS can significantly improve the
covert rate compared to passive RIS. Similarly to HR-RISs,
active RISs [13]-[15] have been investigated recently. The
major difference between HR-RIS and active RIS comes from
the portion of active elements. More precisely, a HR-RIS
deploys only one or several active elements along with passive
elements. These active elements are activated by low-powered
RF chain and power amplifiers (PAs). On the other hand, active
RISs have no passive elements. Importantly, the authors in [15]
have confirmed that even with a few active elements, the HR-
RISs can improve the SE noticeably.

Most of previous works make the idealistic assumption of
perfect CSI, which is unrealistic in practice. Moreover, they
either consider only one passive RIS/HR-RIS in the system or
in SISO/MIMO scenarios. Furthermore, there is no precoding
scheme utilized at the BS. In this paper, we bridge this gap by
considering a HR-RIS-aided M-MIMO system, where several
HR-RISs are deployed to assist the BS which equipped with a
large number of antennas to communicate with single-antenna
UEs. Our main contributions are as follows:

o We first model the uplink training and downlink payload
data transmission of a HR-RIS-aided M-MIMO system



considering time-division duplex (TDD) operation. The
linear minimum-mean-square-error (LMMSE) estimates
of the effective channels are derived.

o We derive an approximating closed-form expression for
the SE with ZF precoder used at the BS. Our closed-form
result is very tight and enables us to obtain important
insights into our considered system.

« We pursue an asymptotic analysis for a large number of
antennas at the BS, number of HR-RISs and the number
of elements.

Notation: Boldface upper and lower case letters denote ma-
trices and column vectors, respectively. The subscript ()H and
(-)T stand for Hermitian and transpose operation, respectively,
whereas, diag {a,...,ay} represents a diagonal matrix with
diagonal entries aq,...,an, and tr{-} is the trace operation.
Furthermore, the notation E {-} denotes the expectation oper-
ator, while C {-} denotes the covariance operator. Finally, the
symbols |-| and || - || indicate the absolute and norm value,
respectively.

II. SYSTEM MODEL

We consider a BS equipped with M antennas serving K
single-antenna UEs, with the help of L HR-RISs, where the
l-th RIS has total N elements (including N4 active elements
and N — Ny passive ones) to reflect the signal from the BS to
the UEs. Denote by hq x, and hJR, HRB, the direct channel
from the k-th UE to the BS, the channel from the k-th UE
to [-th RIS, and the channel from the [-th RIS to the BS,
respectively. Then, the direct channel hy j, the n-th element
of h/F (denoted by hUE), and the n-th column vector of HRE
(denoted by hEZB ) are, respectively, modeled as

hay = v/Barhar, (D
i = £/ BRF i, 2)
by =/ BfPh P, (3)
where (4., B and SR represent the corresponding large-
scale fading coefficients. We assume that the elements of hq ,
hYR hRB are i.i.d. CA/(0,1). In this paper, we consider TDD
operation, i.e., the downlink includes two phases for each
coherence interval: uplink training and downlink payload data
transmission phases.

A. Uplink Training Phase

In the uplink training phase, all K UEs send pilot sequences
simultaneously to the BS, and the BS estimates the channels
to all UEs.

Let 7. be the length of the coherence interval (in samples),
and let 7, be the length of uplink training duration, where 7, <
7. Let s, € C™*1, where ||sg||?> = 1, be the pilot sequence
sent by the k-th UE. We assume that all the pilot sequences
sent by all K UEs are mutually orthogonal. In addition, let p,
be the power of each UE to transmit the pilot signal. Then, the
signal received at the BS can be expressed as the superposition

of the signal from the UEs to the BS through HR-RISs, and
direct links from the UEs to the BS as

L K

U RB= UR_H

Yis = /TpPu E E H " Eavr, by, sy
=1 k=1

K
+ /TpPu Z hq sy

k=1

L
+ Z HBE, (Zay + Zs1y) + Zgs, 4
=1
where the symbols in (4) are defined as follows:
e ZaLL, i8S the processing matrix for the [-th RIS, which
can be represented as

N}, )

where o, = |an|e??t, 6, represents the phase shift
and |ay| = 1 if n & A;, where A; denotes the index set
of the active elements in the /-th HR-RIS.

. EAJ = diag {¢17l7 ey ¢N,l}’ where

¢n,l = {

e Za, Zgy,, and Zpg represent the noise, self-interference
(SI) associated with the active elements of the [-th RIS,
and the noise at the BS, respectively. We assume that
Z a1, Zs1,, and Zps are mutually independent, and their

elements are distributed as CA/ (O, UIQU), CN (0, Ugl,l)
and CN (0, 03g), respectively.
By defining the effective channel from the k-th UE to the
BS as

Earn,; = diag {oy, ..

| |e?t ) if o€ A,

0, otherwise.

(6)

L

U a RBm UR

h; =hg; + E H; " EarL, by
=1

L N
=hai+ Y Y auhiithi?, (7)
=1 n=1

equation (4) can be rewritten as

K L
Yis =vpu »_hyisf + > HIPEL, (Zay + Zs1)
k=1 =1
+ Zps. (8)
To estimate h}/, Y is first projected onto sy to obtain
Vi = Ypssi = vTppaby + 2, ©

where Z;, = Zle HBEA 1 (Za, + Zs1y) + ZBS) Sk
Then, given Y&, the LMMSE estimate of the effective channel
hg is h}cJ expressed as (11), shown at the top of the next page.
By denoting

L N
Ci = BapIu+ Y Y law* 81280 v, (12)

=1 n=1



hW =E }Jr(C{hg,S’k}(c{S’k}fl ( 5’ (10)
= /TP | Baeln + Z Z vt * B B I
I=1n=1
-1
L N L
< | mopu | Baxdn + YD NomiPBEB I | + [ 0T+ > Y e ?B1P (aéu +agl) In yr. (1)
=1 n=1 =1 neA

and
L
Cz,k, = 0'123811\/[ + Z Z ‘OLZPBZRB (Ugl,l + O’i,l) IM7
=1 neA,;
(13)
we can rewrite the effective channel estimate (11) as
- -1 .
hy = /5paCr (ppuCh + Co) 71 (14)

We define HY = [hY,... hY], which collects all the
effective channel vectors from all & UEs and HY corresponds
to its LMMSE estimate.

Finally, the channel estimaNtion error vecAtor associated with
the k-th UE is denoted by hy = hy/ — h}/, and the corre-

sponding channel estimation matrix is HY = [h}l, e ﬁ%}
From the LMMSE estimation property, h}g is uncorrelated
with hY. Since E {Bg} = 0, we can have the covariance
matrix C {flg} =C; — Ck where Ck =C {flg}
B. Downlink Payload Data Transmission

In this phase, the BS intends to send signals to all K UEs.
Let W be the precoding matrix, and q = [q1, ..., qx]” be the
symbol vector, where g, with E {|qk|}2 = 1, is the symbol
intended for the k-th UE. The downlink signals propagate on

the direct channels and are also reflected through the HR-RISs.
Thus, the signal received at the k-th UE can be expressed as

L
T T
re = VP Wa+ S G E (28, +28,) + o,
=1
(15)

where P, is the transmit power, z¥ ,, z&}, and nyg rep-
resent the noise caused by the active elements, residual SI
and the noise at the k-th UE, respectively, whose elements

have the distribution of CN (0,0}35), CN (O,JSDLQl) and

CN (0, ot k) , respectively.

In this paper, the ZF precoder is considered. With ZF, the
precoding matrix is given

W =H'H"H*)"'P, (16)
where H = fl?,,fl%}, and P = diag{\/nﬁ,...,‘/m{}

is the power control matrix chosen to satisfy the power
constraint E {|[Wq||*} <1 at the BS.

III. PERFORMANCE ANALYSIS

In this section, we first derive closed-form expression for
the SE. Then, based on the closed-form results, we provide
some insights into the system performance when the number
of base station antennas and the number of RIS elements are
very large.

A. Spectral Efficiency
The received signal at the k-th UE (15) can be rewritten as

Tk :\/}Td(}}U +hy)"Wq
+ Zh

By substituting (16) into (17), we obtain

Eal ZAz+Zsu)+nUEk 17

r, = /Pahy H*(HTH*)"'Pq + by H*(H"H")"'Pq

URT = D D
+ E hy™ Ea(za, +2s1,) + nuek
=1

= /Paneq, +hY H*(HTH*)"'Pq

L
URT = D D
+ E hy ™ Eau(za, +251) + nuek
=1

=/ Panrqr + BETﬂ*(ﬂTﬁ*)‘qu + MALL ks

where nary,  is the effective noise at the k-th UE defined
as NALL kK = Zlel hEETEAJ(ZgJ + ZSDI,l) + NUE,k- In (18),
the first term is the desired signal, the second and third terms
represent the channel estimation error and noise. Since the
last two terms are uncorrelated with the desired signal, we
can obtain the following SE of the k-th UE:

(18)

SEj, = (1 — 7_0) log, (1 + SINRy,) , (19)
where SINRy, is given as
SINR), = ____La . (20)
Pl { By B (HTH) 1 Pal2} + 03y,
where

TALL K *UUEk+Z Z v |* 8 (USIlJrUAl)

=1 neA,



The only undetermined term in (20) is

E{ by B (70 'Pql*}

~ i {p?uz {(ﬂTﬂ*)—lﬂTﬁ}g*ﬁgTﬂ*(ﬁTﬂ*>—l}}
(21)

Since the effective channels are cascaded by the direct and
indirect channels between the BS and UEs, their channel
estimates and channel estimation errors have complicated
forms. Thus, it is very difficult (if not impossible) to obtain
an exact closed-form result of (21). To render this problem
more tractable, we propose to use a tight approximation. More
precisely, by using the fact that the number of RISs elements is
large, and by the central limit theorem, the effective channel
hy given in (7) can be considered approximately Gaussian
distributed, i.e. h[kJ ~ CN (0,Cyg). Thus, the channel es-
timate can be also approximately Gaussian distributed, i.e.,
flg ~CN (O, Ck) In addition, since flg = hg — flg, we can
then express the covariance matrix of flg as

CrL=C;, —Cs

L N
Bak 305 lon26FP50 | Ty

=1 n=1
—H~H
— ppuCLE, 7 Gy,

(22)

where E; = C{y}. By using the above approximation, we
can obtain the approximating closed-form expression for the
spectral efficiency as in the following theorem.

Theorem 1: The spectral efficiency of the k-th UE can be
approximated as

SE,, ~ (1 Tp) x
Te

Pany,

logy | 1+ Ve , (23)
PaBr Yo G, T OALLK
where By, is denoted as
L N
Br = Bax+ > laul*BPB0"
=1 n=1
2
L N
—7opu | Bak + DD lamPBPB"
=1 n=1
L N
X | TpPu Bd,k + Z Z |anl|2BlRBﬁ}glR +
=1 n=1
-1
L
tohs+ > Y lawl8™ (B +oki) | . @

=1 neA,;

while Bk/ is defined as
2

L N
By =mppu | Bak + Z Z | |* 81 B

=1 n=1

L N
B
X | TpPu Bd,k’+§ E |anl‘261R BlglR +
=1 n=1

-1

L
+ops + Z Z B (Ugl,l + 01%,1)
=1 neA;
(25
Proof: See Appendix. ]

B. Asymptotic Analysis

In this section, we consider two scenarios: 1) M — oo
and 2) NL — oo. In addition, we consider full power
control 7, = (M=F)Br \which satisfies the power constraint
at the BS: E {||Wq||?} < 1. For simplicity, we consider a
simplified case where the large-scale fading coefficients of
each transmission link are set to the same, i.e. 84,1 = B4, Yk,
BRE = BRB v, and SR = YR, VI and k, whereas |a,,|? is
set as |ay|? = 1,vn € A, VI and |y |? = |af?,Vn € A and
l. With this assumption, the SINR in (23) can be simplified as

Py(M—K)B
SINRi = 5z o — f — (26)
where B, B, and 0%y, are denoted as
B = mppups’, 27)

B=pu <U]235 + LN|a|?gUR (agI + ai)> , (29
and

JiLL = LNA\a|2BUR (O’%I + 012\) X
<Tppuﬂa]233 + LNA‘QPBUR (051 + U%)) 5 (29)

where yt = B4+ (L (N — Na + Nalaf?) ) BREBUR,
1) When M — oo: From (26), we obtain

N}gnOOSINRk = 00. (30)

We can see that when M goes to infinity, the effect of noise
and self-interference of the active elements disappears, and
hence, the SINR can increase without bound.

We next assume the transmit power at the BS as Py =
Eq/M, where Ej is fixed. From (26), we can have

E4B
KO—?\LL.

A}li)nOOSINR;C = (31)
This implies that by using a very large M, due to the array
gain, we can scale down the transmit power by 1/M without
any performance degradation. In addition, the asymptotic
SINR in this case depends mainly on the variances of the
effective channel gain and the noise at the HR-RIS side.



2) When N — oo, and L is fixed: Here, we consider the
case of N — oo, while the number of surfaces is fixed. In this
case, the asymptotic SINR is

NPyL(M—K)1,p, SR

lim RB IIJ(R 2 3
N—oo PdTppuB ﬂ +O’SI+0'A

= Q.

lim SINRj =
N —oc0
(32)

As we can see from (32), when N grows, the SINR can also
increase without bound.

3) When L — oo, and N is fixed: As for the case of
N being fixed and L going to infinity, we can deduce the
asymptotic SINR as

Py (M — K) 7ypa 575 (N + Na (Jof2 - 1))

SR = N (02 + 0%) (Pala? + 034)

L—oo

(33)

As we can see from (33), as L — oo, the SINR grows
proportionally to (M — K)/K. Although the HR-RISs bring
the interference and cascaded noise into the system, they can
offer an additional gain from the active elements. Moreover,
(33) depends on only on BRB. This implies that we should
carefully design the distances between the HR-RISs and the
BS to optimize the system performance.

IV. NUMERICAL RESULTS

In this section, we provide numerical results to verify our
analysis. We consider the following setup: all UEs and RISs
are randomly distributed over the coverage area of 1 x 1
km?2, and the BS is located at the center of the area. Let
d € {dPV,dJ}, d*¥} be the distance between the BS and
the k-th UE, between the k-th UE and the [-th HR-RIS, and
between the [-th HR-RIS and the BS, respectively. The large-
scale fading coefficients are modeled as three-slope model
[16], which can be expressed as

Bo — 35log4(d), if d > dy

8= Bo — 151og4(d1) — 201ogy(d), if do < d < dy,
50 — 15 loglo(dl) — 20 IOglo(do), lf d S do
(34)
where Sy = —132.7 dB, dy = 10 m, and d; = 50 m.

We choose 035 = 03 ,,; = 041, = —170 + 10log;, By +
NF dBm, where By = 20 MHz and NF = 9 dB. In addition,
|t is set to satisfy 327 SN | < Promax = 5 dBm
with exhaustive search, while the phases are randomly gener-
ated [9], where it can be seen as the worst case.

Firstly, we validate the tightness of our approximating
closed-form expression in Theorem 1, as well as the asymp-
totic results. In Fig. 1, we consider two cases: 1) Py = 10 dB,
pu = 0 dB, where they are normalized by the noise power, and
2) Py = Eq/M, where Eq = 20 dB. Furthermore, we choose
T = K, 7. =200, L =40, N = 20, NA = 4, K = 5. We also
set the large-scale coefficients as (4,5 = Ba, Vk, B = BRB,
Vi, and SR = BYR VI and k. In Fig. 2, we use the same setup
as in Fig. 1, except that M is fixed, and L changes. As shown

in both Fig. 1 and Fig. 2, our theoretical analysis results align
well with Monte-Carlo simulations as well as the asymptotic
results. Next, in Fig. 3, we use the same setup as in Fig. 1

o Closed-Form (23)

&‘\
s
b
®
6

N

T as

54 P;=10 dB

Z 4

3

35k

- .

5 3 P Eq4 Asymptotic Result (31)|
e 4= 77 *Simulation (19)
m 2

7]

o

X

8

>

<

L L L L L
10 20 30 40 50 60 70 80 90 100

M
Fig. 1: SE versus M.

Average SE per UE (bits/s/Hz)
= = 5
3

40 50 60 70 80 90 100 110 120 130 140 150
L

Fig. 2: SE versus L.

with the case of K =10, M =50, Py =10 dB to compare
the performance of HR-RIS and passive RIS-aided M-MIMO
system. The figure shows the cumulative distribution of the
SE per user. Compared to a passive RIS-aided system, a HR-
RIS-aided system offers higher gain and the improvement
is significant. More specifically, under this setup, the 95%-
likely per-user downlink spectral efficiency of the conventional
passive-aided system is about 0.15 bits/s/Hz, whereas, the HR-
RIS-aided system yields 0.48 bits/s/Hz, that showcases a 3.2
times improvement than the conventional fully passive system.
Finally, in Fig. 4, we demonstrate the impact of the number

T
Passive RIS
1" | -HRRIS

\\\

Cumulative Distribution

3.2 times improvement|

05 1 15 2 25 3
Per User Downlink Spectral Efficiency (bits/s/Hz)

Fig. 3: The cumulative distribution of the SE per user for
passive RIS and HR-RIS-aided systems.

of active elements and self-interference level of HR-RIS on
the SE performance. In particular, we set M = 40, L = 10,
N = 200, Np € [0,200], K = 10, Pg = 10 dB, and
03; = 03 = {5,30} dB. The results showcase that a HR-RIS
architecture, even with a small number of active elements, can



produce a significant improvement in the SE. However, as the
number of active elements increases, self-interference/noise at
the HR-RISs has more effect, and hence, the SE decreases. A
careful selection of the number of active elements is essential
for improving the system performance.

L L L L L L L L L
20 40 60 80 100 120 140 160 180 200
Na

Fig. 4: Average per-user downlink SE versus Nu.

V. CONCLUSION

This work considered HR-RIS aided M-MIMO systems,
in which we modeled the uplink training and downlink pay-
load data transmission under TDD operation. We derived the
LMMSE estimate of the effective channels, and the approxi-
mating closed-formed expression for the downlink SE under
ZF processing. This approximation was based on the central
limit theorem and shown to be very tight. In addition, we
analyzed the asymptotic results when the numbers of BS
antennas and RIS elements go to infinity, which helped us
to obtain important insights. The power scaling law was also
provided, i.e., we showed that when M goes to infinity,
we can reduce the transmit power proportionally to 1/M,
while maintaining a give quality of service. The analytical
derivations have been numerically verified by simulations,
showing that by deploying several active elements in the RIS,
the SE can improve significantly, compared to conventional
RIS systems where all elements are passive.

APPENDIX

With the Gaussian approximation, (21) can be expressed as
(21) = tr {P?JE {(ﬂTﬂ*)lﬂTckﬂ*(ﬂTﬂ*)l}}
— Byt {PQE {(ﬂTﬂ*)—l}}

~ By f: B { {(ﬂTﬂ*)lh/k/} :

k'=1

(35)
Since H is constructed by complex Gaussian vectors, we

can express it as
H=H,,D'/?, (36)

where ﬂw is an M x K matrix whose entries are i.i.d.
CN (0,1), and D is a diagonal matrix whose k-th diagonal

element is l”;’k. Then, we can express (35) as

By, XK: B { [(ﬂTﬂ*)_l} k’k"}

k'=1
o
_B kg tr{ Az i 1}
3 R B L
- 7
k/
-5, _ for M>K+1, (37
" (M- K) By

where the last equality follows [17, Lemma 2.10]. Thus, we
can arrive at the desired result in Theorem 1.
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