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Abstract—TIn this work, we investigate the decode-and-forward
(DF) relay-aided double reconfigurable intelligent surface (RIS)-
assisted networks, where the signal is subject to reflections from
two RISs before reaching the destination. Different relay-aided
network architectures are considered for maximum achievable
rate under a total power constraint. Phase optimization for the
double-RIS channels is tackled via the alternating optimiza-
tion and majorization-minimization (MM) schemes. Moreover,
closed-form solutions are obtained for each case. Numerical
results indicate that the deployment of two relays, one near
each RIS, achieves higher rates at low and medium signal-to-
noise ratios (SNRs) compared to placing a single relay between
the two RISs; while at high SNRs, the latter approach achieves
higher rates only if the inter-relay interference for the former
case is considerably high.

Index Terms—Reconfigurable Intelligent surface, decode-and-
forward, multihop relaying.

I. INTRODUCTION

Conventional active relaying, such as decode-and-forward
(DF), is a well known technology that is used to extend
the coverage, and/or to enhance the quality-of-service (QoS)
between a pair of transceiving nodes [1]. Ideally, the locations
and/or number of relays should be optimized based on a
certain cost function, such as to maximize the rate or to
minimize the transmit power while satisfying a given QoS
constraint [2], [3].

In contrast, the reconfigurable intelligent surface (RIS)
technology is a new concept in wireless communications,
where a large number of low-cost, nearly-passive reflecting
elements are utilized to direct the impinging signal toward
a desired destination, such that the multiple signal paths are
constructively combined at the receiver [4]. One of the most
attractive aspects about RISs is that they do not require power-
demanding active radio-frequency chains. Another benefit
compared to traditional active relaying is that RISs work on-
the-fly, i.e. they do not introduce additional delays due to
internal signal processing. Thanks to their low-cost and low
power-consumption, it is highly anticipated that RISs will
have a key role in future wireless networks [5]-[7].

However, due to the large degradation of the signal power
with distance, which is caused by the absence of active
amplification at the RIS and the double path-loss, few studies
have shown that considerably large surfaces are required

to outperform a conventional single-antenna relay [8], [9].
Motivated by this fact, many researchers started adopting
classical relays, such as DF or amplify-and-forward (AF), to
enhance the performance of RIS-assisted networks [10]-[17].
However, in all these works, only a single relay was utilized to
enhance the RIS-assisted transmission. Moreover, even though
the work in [17] considers three RISs, only one of them was
deployed near the single relay, whereas the other two were
located within short distances of the source and destination.

However, in many real-world scenarios, the signal might
go through multiple hops before reaching the destination.
Therefore, we aim to find the optimal way of combining relays
with RISs when there is more than a single RIS between
the two transceiving nodes. In particular, we consider the
double-RIS reflection case where the signal is subject to
reflections from two RISs before reaching the destination,
and we propose three different half-duplex (HD) relay-aided
network architectures, and compare their effective rates under
a total power constraint. The findings of this work can help
understand how to perform optimal route optimization, relay
placement, and RIS-relay pairing for future multihop RIS-
relay assisted networks.

Notations: Matrices and vectors are denoted by boldface
uppercase and lowercase letters, respectively. =7, z*, and || ||
are the transpose, conjugate, and Euclidean norm of a vector
x, respectively, and [x]; is the ith element of . |z| and Z(z)
are the absolute value and the phase of a complex number
x, respectively. E{a} is the expected value of a, while Iy
is the N x N identity matrix. diag{x} is a diagonal matrix
whose diagonal contains the elements of x, while diag{ X}
is a vector whose elements are the diagonal of X. Finally,
R{x} denotes the real part of a complex number z.

II. SYSTEM MODEL AND PHASE OPTIMIZATION

We consider a time division duplex scenario where there is
a single-antenna source (S) aiming to transmit a signal to a
single-antenna destination (D) with the help of two RISs (I3
and Iy). Due to large distances, obstacles and path-loss, we
assume that .S has a direct link with only 7, and similarly D
has a direct link with only I5.

To enhance the performance of the double-RIS channel,
we deploy a single-antenna HD-DF relay(s) between the two



ends. In particular, we investigate three different relay-aided
scenarios. The first one corresponds to the case of a single
relay (R) present between [; and I, and the communication
takes place over two time-slots. In the second scenario, we
assume that there are two relays R; and R,, placed near Iy
and I, respectively, and only a single node in the network can
transmit at any given time-instant. In the last scenario, we aim
to enhance the second scenario by allowing the second relay
R to transmit to D while S transmits its data to ;. Note that
throughout this work, we assume perfect channel estimation
for all links.! We also assume centralized processing for the
different double-RIS communication schemes. Fig. 1 shows
the different relay-aided double-RIS network configurations,
where we compare with the no-relay scenario as a benchmark
scheme. We next start formulating the received signals and
corresponding achievable rates for each scenario.

A. Transmission through only the RISs

In this scenario, we assume that the transmission is realized
through the two RISs only. Therefore, the received signal at
the destination can be written as

yg)(n) =./p (th{Z'G@hIls) zs(n) +wp(n), (1
where the superscript in yg) indicates that this is a single-hop
transmission, n is the time index, p is the total transmit power
at any given time-instant n, h;,s € C™ and h;,p € C™ are
the channels between S — I;, and I — D, respectively,2
and M is the number of reflecting elements at each RIS.
G € CMXM js the channel between the two RISs; while
© = diag{0} € CM*M and ® = diag{p} € CM*M are
the reflection matrices for /; and Is, respectively. x is the
information symbol transmitted from S with E{|z|*} = 1,
and wp ~ CN(0,0?) is the additive white Gaussian noise
(AWGN) at the destination. Therefore, the received signal-to-
noise ratio (SNR) at the destination is given as

2
1 = p|pLo®GORss| @
where p = p/a?. The achievable rate in this case is
RM = log, (1 +y§§)). 3)

Clearly, the achievable rate depends on both ® and ©.
However, to optimize the achievable rate, we first need to
reformulate the cascaded channel as follows:

2

hl,p®GOh;, s

_ ‘¢Tdiag{h12D}G diag{hhs}er
= ‘¢>TF9‘2. @)

Now we can present the following optimization problem

.. T 2
maximize p ‘(j) FO’ (5)
subject to
[[Blm| =1, |[@lm|=1, Vme M, (5a)

INote that the authors in [18], [19] have proposed channel estimation
schemes for the double-RIS channels with satisfactory estimation accuracy.

2The different narrowband fading channels adopted in this work will be
explained in detail in Section IIIL.
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Fig. 1. The considered relay-aided network architectures: (a) Communication
through two RISs only, (b) Communication through two RISs and a single
relay, and (c) Communication through two RISs and two relays.

where M = {1,2,..., M} is the set of all reflecting elements
at each RIS. The optimization problem in (5) is non-convex,
due to the unit-modulus constraint and the coupled optimiza-
tion variables. Therefore, we adopt an alternating approach

where we fix ¢ to solve for 6, and vice-versa.
1) Optimizing 0 for a given ¢: Let rT = ¢ F € C1*¥M,
now we can formulate the following optimization problem
.. T 2
maximize p "r 0) (6)
subject to  |[0]m| =1, Vm € M. (6a)

The solution to the above optimization problem can be given
in a closed-form as follows:

10" = exp (3£ (rlm) ) )

2) Optimizing ¢ for a given 0: Similar to the previous
approach, and after defining v = FO € CM, we can write
‘¢TF0] = |¢Tv’. Therefore, the solution to ¢ is

("] = exp (3£ ([v}n)) ®)

We alternate the optimization process between ¢ and 6 until
the increment in the achievable rate between two successive
iterations falls below a certain threshold, or we reach a
maximum number of optimization iterations.

B. Communication through RISs and a single relay
In this case, we assume that there is one HD-DF relay (R),
placed in the middle between I; and [. 5,2 and the transmission

3The choice of placing the single relay between I and I comes intuitively
to balance the SNRs of first and second hops.



is carried out through two time-slots.

1) First-Hop: In the first time-slot, S transmits its data to
R through the direct link and the reflected signal from I;.
Therefore, the received signal at R is given as

uD (1) = /b (hsr + ki, 1Ot s ) z(n) + wr(n),  ©)
where the superscript in yg) indicates that there are two hops
in this case, h;,rp € CM is the channel vector between I
and R, hgr € C is the channel between S and R, and wg ~
CN(0,0?) is the AWGN at R. To maximize the received SNR
at R,* the phase-shifts of ® should be selected as follows

[©Jmm = exp (§(£(hsr) = Z(Ihr &lmlhris]m) ) ), (10)

Vm € M. Then, the received SNR at R with optimal phase-
shifts can be expressed as

’Y}(-?) :p<|hSR|+ Z ’[hflR}m[hlls]mDZ- an
meM

2) Second-Hop: During the second time-slot, the relay re-
transmits the signal, with power p, to the destination through
the direct link and I5. Assuming successful decoding of x4
at the relay, the received signal at D can be given as

yg>(n+1) = \/ﬁ(hRD+h};D‘I>hIZR>xs(n)—|—wD(n+ 1), (12)

where hgp € C and hr,r € CM are the channels between
R — D and R — I, respectively, and wp ~ CN(0,02) is
the AWGN at D. Assuming perfect phase-shifts at I for ®,
the received SNR at D is

’Y(DZ) = p(|hRD| + Z ‘[hlzD]m[hlzR}mDQ, (13)
meM

and the corresponding achievable rate is
1 .
R® = ~log, (14 min{y{7, 75}), (14)
and the (%) pre-log factor is due to the two-hop transmission.

C. Communication through RISs and two relays

In this case, we assume that there are two HD-DF relays,
R; and R, to assist the communication between S and D. In
particular, we assume that R; is placed in close proximity to
I, while R, is placed near I5. Furthermore, the transmission
takes place over three time-slots, since we assume that only
one node can transmit at any given time-instant.

1) First-Hop: In the first-hop, S transmits its signal to R,
through the direct link and I;. Therefore, the received signal
at Ry is

y5? () = Vb (hsn, + ki, r, Ohiys )wa(n) +wa, (n), (19)
where the superscript in ygl’g) indicates that there are three
hops and S transmits a new block of data every three
transmission time-slots, hr, g, € CM is the channel vector

4Note that there exists another path from S — Iy — Iz — R, however,
this path is neglected here as the received signal through S — I — R will
be dominant due to shorter travel distance and less reflections.

between I; and Ry, and wg, ~ CN(0,0?) is the AWGN
at R;. Assuming perfect phase-optimization for ® at I, the
received SNR at R is

2
182 = p(lhsm |+ X [bnmlulbnsla) . (6
meM

2) Second-Hop: During the second-hop, R; re-transmits
the signal, assuming successful decoding, to Ro through the
direct link, direct reflection links from both I; and I5, as well
as double-reflection link. Therefore, and assuming perfect
decoding of =5 at R, the received signal at Ry can be given
as shown in (17) at the top of the next page, where we have
h[le S (CM, h[2R1 S (CM, h]sz S CM and thRz e C
are the channels between Iy — Ry, Io — Ry, Is — Ry and
Ry, — Ry, respectively. ¥, € CM*M and ¥, ¢ CM*M gre
the reflection matrices for I; and I, respectively, during the
second-hop, and wg, ~ CN(0,0?) is the AWGN at Ro.

Let Q = diag{h12R2}Gdiag{hI1R1} € CMXM’ un =
diag{h11R2}hI1R1 € CM: urp, = diag{hI2R2}h12R1 € (C]W’
¥, = diag{¥,} € CM, and v, = diag{P®>} € CM. Then,
the received SNR at R, can be written as follows:

(3,3) 2

1 = plhrirs + s +wun +9IQy. | a®)

Clearly the SNR depends on both 1), and 1),, therefore, we
can formulate the following optimization problem

2
maximize p‘thRg + T ur + s ur, + z/:?cwl\ (19)
1 2

subject to

|pilm| =1, YmeM, ie{l,2}, (19a)

the above optimization problem is also non-convex. Accord-
ingly, we adopt an alternating optimization scheme where
we fix one of the optimization variables and solve for
the other one. In particular, and for a given 1),, we have

(33) _ 7 ? T _ (uf + 7
Y = p|zTy +¢| , where 2T = (u] + 1, Q), and

¢ = (Y3 ur, +hp, g, ). Therefore, it is straightforward to see
that the optimal phase-shift for the mth element of 1), is

il = exp (3(£(0) = £((21m) ) )- 20)

Similarly, to optimize the phase-shifts of 15, we can fix ¢, to
2
(3.3) _ plvTap, —1—7”‘ , where v = (ur, + Q1 ), and

obtain 3’
r = (hg,Rr, +%71 ur, ). It follows that the optimal phase-shift
for the mth element of v, is

W3l = exp (3(£(r) = Z([vln) ). en

3) Third-Hop: After receiving the information, R, will
decode the message and then will retransmit it to D through
the direct link and I». Assuming successful decoding at Ro,
the received signal at the destination can be written as
uE ¥ (n+2) = Vb (hrop + T, p®hiyr, )os(n) +wp(n +2),

(22)



Y (n+1) = \/ﬁ(thRz +hi,r,Wihi R, + hi,R, Uohi g, + hITgR2‘I’2G‘I’1h11R1)$s(n) +wr, (n +1). (17)

and the corresponding received SNR at D, assuming perfect
phase-optimization at I, for ®, can be expressed as

R I
meM

2
’

(23)

and the corresponding achievable rate can be written as

: 1
RO = Slog, (1+min{r,” 5" A5 YY), @9

where the spectral efficiency is reduced by a factor of 3 since
a new block of data is transmitted every three time-slots.

D. Enhanced transmission with RISs and two-relays

The main setback for the previous scenario is the % pre-

log factor, which can be costly at high SNRs. Therefore, we
further present an enhanced transmission scheme such that
while R, is transmitting its signal to D, S transmits a new
data packet to R;. Note that for the first two time-slots (n €
{1,2}), all equations in the previous subsection hold in terms
of SNRs and phase-optimization; as for the subsequent frames
(i.e. when m > 2), the received signals and transmit powers
will change as will be thoroughly explained here.

1) Received signal at Ry: At a given odd-time instant
ne, (n, > 3), both S and Ry transmit data to R, and D,

respectively. Our focus here is on the received signal at R;.
Clearly, R; will receive an interfering signal from Ry in

addition to the desired signal from .S, as shown in (25) at

the top of the next page, where the superscript in ygf)

denotes that there are 3 hops, and S transmits a new data
packet every two time-slots, p; and p, are the transmit
powers at S and Rs, respectively, with p; + po = p to
maintain the total transmit power budget, and ® and ® are the
reflection matrices at [; and I, respectively. The 2nd term
in (25) represents the interference from Rs, which can be
canceled in different ways. For example, if a global channel
state information (CSI) is available, then R; can cancel this
interference perfectly (assuming perfect channel estimation),
since the signal transmitted from Rs, i.e. zs(n, — 2), can be
viewed as the signal that R; transmitted in the previous time-
slot. Otherwise, R, can estimate the overall effective channel
between itself and R5. This can be performed according to the
maximum-likelihood estimation by multiplying the received
signal at R, with the conjugate of the transmitted signal from
R; at time n, — 1 (which is z4(n, — 2)*), as shown in
(26). After performing interference cancellation at R, we
can rewrite the received signal in (25) as follows:

yEQS{Q) (no) = \/}Tl(hSRl + hiRl @h[ls)ms (no)
+ hezs(No — 2) + wr, (No), (27)

where he = /pa(hy — iLQ) is the residual interference
cancellation error at Ry, which is usually assumed to follow

SHere we assume that this interference signal is suppressed by one of
the two methods explained above. Note that another way of suppressing the
interference at R is through the passive beamforming at /1 and /2. However,
we will leave this approach for investigation in our future work.

normal distribution such that h, ~ CAN(0,02). Assuming
perfect phase optimization for ® at I; to maximize the
power of received signal at R; from S, we can formulate
the received signal-to-interference plus noise ratio (SINR) at
R, as follows:

2
o P(Isml + S [Brmlm il

B 02+ 02

(28)

Next we focus on the received signal at the destination.®

2) Received signal at D: While S is transmitting its data to
R, Ry transmits the decoded signal from R; in the previous
time-slot to D. The received signal at D can be expressed as

5™ (o) =vpz (s + hiyp @hisrs s (o —2)
+\/]Tl(h?2D¢'G@hlls)l’s(”0) +wp(no).  (29)

Note that z4(n,) is intended for R;, and therefore it repre-
sents interference to D. As a result, the SINR at D is

T 2
32) p2’hR2D +¢ a)

D , (30)

2
pi|Th| + o

where b = diag{hr,p}q, a = diag{h,plhnr,, ¢ =
diag{®}, and ¢ = GOh; s. Now we can formulate the
following optimization problem:

2
L pifeTy| 4ot

minimize  u(¢) = 5 (31)
¢ p2|hRryD + ¢Ta‘

subject to  |[@]m| =1, Vm € M. (31a)

This problem belongs to fractional programming [20]. As
such, we formulate the following parametric program:

¢'b ’ +0° - #(pz‘thD + ¢Ta‘2) (32)
H(j)}m} =1, VYme M.

where ¢ > 0 is an introduced parameter. Although problem
(32) is non-convex, it can be solved using the iterative
majorization-minimization (MM) method. In particular, we
can introduce the following upper-bound of (32) [21], [22]:

2 2
(&) 2 p1|67b] +0” = pu(pa|hap + 97 a| )
= ¢"X¢" — 2p2R {¢" Wiypa} — w2 hro ol + 07

< A X) 917 = 20 { 6" (1) | + B(d,1), (33)

minimize p1
¢

subject to (32a)

where X = (p1bb” — ppraa’), Amax(X) is the max-
imum eigenvalue of X, L = Apax(X)Ia, a(¢,u) =

~ %

(L= X) " + ppahy, pa), B, 1) = (¢ (L— X))o —

SNote that the received signal at Ry in the next time-slot (i.e. at time
(no + 1)) will not be affected by this enhanced transmission scheme, since
only R; will be transmitting data to R2 with a power budget of p while the

source will be silent. Therefore, we have 7;32’2) = }%’3).



v (no) =v/p1 (hsza:1 +hi R, @hhs) xs(no) + /P2 (hR1R2 +hi g, Ohr R, +hi,g, ®hiyr, + hﬂRl@Géhmz) zs(no — 2)

h1
+wr, (no).

ho
(25)

E{y%? (no)zs(no — 2)*} = v/prha E{x:(no)es(no — 2)"} +y/P2h2 E{ws(no — 2)zs(no — 2)"} + E{wn, (no)as(no —2)"} = /paha.

=0

=1 =0

(26)

up2 |hir2 D\2 +02), and ¢ is the solution to ¢ in the previous
iteration of the MM scheme. Accordingly, minimizing the
upper-bound of (32) can be simplified as:

minimize  Anax(X) 6"~ 20 {¢" (@)} (30

subject to  |[@]m| =1, Vm e M. (34a)

For a given value of i, the term Amax (X)) ||¢||® is a constant.
As such, the optimal phase for the mth element at any given
iteration of the MM scheme can be given as follows:

():, = exp (32 (1 1)) (35)

and the value of p is updated after each iteration as follows:

p1
(pz hryp + (¢*)Ta’2) ‘

However, before the MM algorithm starts, we initialize p
based on any feasible solution for ¢ in (36), and then utilize
both 1 and ¢ to find (¢, ).

Proposition: The value of u(¢) in (31) is monotonically
non-increasing with k, where k£ > 0 is the number of iterations
for the MM scheme.

Proof: see Appendix A.

For each iteration of the MM scheme, we find the corre-
sponding values of i and ¢, then we optimize the phase-shifts
based on (35). The same procedure will be repeated until
convergence or reaching a maximum number of iterations.
It follows that the achievable rate utilizing this enhanced
transmission scheme can be expressed as follows:

(¢*)Tb’2 1 o2

p= (36)

1 .
R(B2) _ 3 log, (1 + min {725172)7’)’%2),755’»2)}). 37

III. RESULTS AND DISCUSSION

We start by introducing the wireless channels adopted
in our work. All links from and to the RISs were as-
sumed to experience Rician fading with both line-of-sight
(LoS) and non-LoS (NLoS) channels. In particular, G =

K LoS 1 NLoS
K41 G + 1+ K G

G5 contains the LoS channels, vyith each link having a
deterministic absolute value of dI_l(;Q/ 2 where dy, 1, is the
distance between two RISs and & is the path-loss exponent
for LoS links. In contrast, GNS s the complex Gaussian
Rayleigh fading channel, where each link has a zero mean

and a variance of d;li, where & is the path-loss exponent

, where K is the Rician factor,
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Fig. 2. Achievable rate vs transmit SNR (dB) for different relaying schemes
with different levels of INR when M = 128.

for NLoS channels. Similarly, we have h; = ,/KL_Hh%OS +

ﬁh?LOS, where each element of h° has a fixed
a/2,

absolute value of d; “/%; while RS ~ CA(0,Iyd; %),
S {IlS, LR, IR, [1Ry, bR, I5R,, I5Ro, IQD} In con-
trast, we assume pure Rayleigh fading between nodes that do
not include any of the two RISs, such that h; ~ CN(0, d;a),
j € {SR,SRy, R1R2, RyD}. Moreover, S was located at
the origin of a 2D plane such that (zg,ys) = (0,0), while
(xr,yn) = (60,20), (z1,,y1,) = (240,20), (TR, yr,) =
(60,0), (zr,yr) = (150,0), (zRr,,Yr,) = (240,0), and
(zp,yp) = (300,0), all in meters (see Fig.1). In addition,
we set @ = 2.3, @ = 3.5, 02 = 1, K = 10 dB; while
the maximum number of iterations to optimize any phase-
shift vector was 50 (which was shown to be enough for
convergence), and the optimization convergence threshold
was set to 1073, Furthermore, for the enhanced transmission
scheme, we have p; = ps = %p. We define the interference-
to-noise ratio (INR) as p. = 02/0?, while the transmit SNR
was defined as p/o?.

As demonstrated in Fig. 2, the double-RIS communication
without including relaying suffers from a notably low rate
performance. This is due to the large loss in signal power due
to the lack of active amplification. In contrast, utilizing one or
two relays can provide a significant performance gain. To be
more specific, and regardless of the value of SNR, adopting
the enhanced two-relays transmission is always better than
the single-relay case as long as the inter-relay interference is
suffiently suppressed, i.e. p. < 10 dB. Otherwise, the choice
between a single relay and two relays depends purely on the
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Fig. 3. Achievable rate vs number of reflecting elements per RIS for different
relaying schemes when the transmit SNR = 50 dB, and p. = 0 dB.

value of SNR. At low SNRs, deploying two relays such that
no two nodes can transmit in the network at the same time,
can still achieve higher rates than the single relay case despite
the (1/3) pre-log penalty; while at high SNRs, the single relay
case leads to higher rates.

Finally, Fig. 3 shows the performance of different trans-
mission schemes for a wide range of number of reflecting
elements. Once again, our results indicate that adopting two
relays to assist the transmission is highly desirable for the
double-RIS assisted communication even when the consid-
ered RISs are sufficiently large with hundreds of reflecting
elements. For example, to achieve 3 bps/Hz, the enhanced
two-relay transmission requires 200 reflecting elements per
RIS, compared to 600 and 1000 elements for the single-
relay and no-relay cases, respectively, given that the inter-
relay interference is suppressed to the noise level.

IV. CONCLUSION AND FUTURE WORK

We investigated the DF relay-aided double-RIS reflec-
tion channels for coverage extension. Three different relay-
aided network architectures were proposed for effective rate
maximization under a total power constraint. Our results
demonstrated that deploying two relays for the double-RIS
channel achieves higher rates at low and medium SNRs; while
at high SNRs, deploying a single relay to assist the two RISs
is better only if the inter-relay interference was high. The
generalization to multihop with arbitrary numbers of RISs
and relays is subject to future investigations.
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APPENDIX A

2 2
Let us denote ps|hgr,p + ¢>Ta by fo(o), p1’¢Tb’ +

o2 by fs(¢), and the right hand side of (33) by g(¢|¢, ).
Let ¢ and ¢* be the phase-shift values of I» before and
after running a single iteration of the MM scheme, and let

[t denote the value of u that corresponds to ¢. Then, from

the left hand side of (33), we have f(¢*, i) = fo(¢*) —

a - b -~ ~ ~
if(8) 2 91,7 2 9(@d.1) = F(Bf) = (B) -
i fa({b) © 0, where (a) holds from (33), (b) holds since "
minimizes g(¢|¢, i), and (c) holds from the definition of p
in (36). Therefore, we have u(¢*) = fi(¢")/fa(¢”) < i =
1)/ fa(®) = u(®).
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