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Abstract—In this letter, we introduce two hybrid transmission
schemes combining a passive reconfigurable intelligent sur-
face (RIS) with decode-and-forward relaying in a synergistic
manner. The proposed schemes offer a flexible as well as cost-
and power-efficient solution for coverage extension in future
generation wireless networks. We present closed-form expressions
for the end-to-end signal-to-noise ratio of both schemes and
a sequential optimization algorithm for the power allocation
and the RIS phase configurations. Our computer simulations
and theoretical analysis demonstrate that the RIS and relaying
technologies enhance the achievable rate and error performance
remarkably when working complementary to each other, rather
than being considered as competing technologies.

Index Terms— 6G, relaying, reconfigurable intelligent surface.

I. INTRODUCTION

N order to fulfill the stringent requirements of the upcom-

ing Internet-of-Everything (IoE) era, reconfigurable intel-
ligent surfaces (RISs) have been regarded as one of the
key technologies, owing to their capability to reconfig-
ure the propagation environment with software-controlled
reflection [1]-[3].

RIS-empowered wireless transmission has recently drawn
substantial attention from both academia and industry [4]-[6].
There are many research efforts examining the differences
between RIS and relaying technologies. Although RISs and
relaying are similar technologies to enhance the system per-
formance, the received signal is actively processed at the relay,
while the RIS only reflects the incident signal without any
active transmit module [7]. In [8], half-duplex (HD) decode-
and-forward (DF) relaying and RIS-assisted transmission are
compared in terms of energy efficiency, and it has been shown
that the performance of a relay is achievable when hundreds
of reflectors are used at the RIS. Moreover, a full-duplex (FD)
relay-assisted system comprising two horn antennas and two
RISs very close to the relay has been proposed in [9], and
improvements in achievable rate are achieved even with a low
number of reflective elements. However, the consideration of
two horn antennas for the FD relay will cause high hardware
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cost, rendering end-to-end channel estimation difficult in the
case of large numbers of transmission nodes and terminals.
In [10], the authors proposed a hybrid transmission scenario
combining a DF relay with an RIS and showed that using a
single relay for low signal-to-noise ratio (SNR) values outper-
forms an RIS with massive number of reflectors, while for high
SNRs, RIS-assisted transmissions are preferable. Recently
in [11], RIS and FD relay are combined to provide reliable
transmission and a semi-definite relaxation-based approach is
proposed to cope with a non-convex optimization problem.

As pointed out in the previous discussion, most of the
studies related to relaying and RISs consider the one of these
technologies as an alternative solution to the other. Against this
background, in this study, we aim to find the best transmission
scenarios where these two exciting technologies work in
harmony with each other. Our main motivation is to design
hybrid RIS- and relay-aided systems with low operational
complexity, while keeping the advantages of RIS and relaying
technologies. To this end, two different cost efficient scheme
are proposed for coverage extension by avoiding multi-hop
relaying, and the best positioning for the RIS and the relay
are investigated by considering that the direct communication
link between the end terminals is blocked.

II. SYSTEM AND CHANNEL MODELS

In this section, we introduce the proposed hybrid RIS
and relay-assisted schemes as well as provide their working
principles. Two novel hybrid transmission concepts are pro-
posed by considering that an RIS and a DF relay are placed
between the source (S) and the destination (D). It is assumed
that the relay operates in HD mode, the RIS consists of NV
reflecting elements and the intelligent phase adjustment of
the RIS is performed under perfect channel state information.
Furthermore, all wireless channels are assumed to exhibit
Rician fading with a factor of K.

A. Joint RIS and Relay Transmission Scheme

The system model of the joint RIS and relay transmission
scheme is illustrated in Fig. 1. As seen from Fig. 1, S and D
are equipped with a single antenna and the channels between
the S-D link and the S-relay link are not available due to the
blockage. Since the signals at the millimeter and THz fre-
quencies are highly vulnerable to the blockage, the reliability
of transmission at high distances can be compromised. In this
scenario, the coverage area of the communication is extended

Notation: Boldface lowercase and capital letters, respectively, represent
vectors and matrices. The transpose of A is represented by AT and C is
the complex number set. E[.] and |.| denote the expected and absolute values.
CN (i, 0?) denotes a complex Gaussian distributed random variable with
mean and o2 variance.
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Fig. 1. The system model of the joint RIS and DF relay transmission scheme
where the RIS and the relay are placed close to the S and D, respectively.

by placing an RIS in a position close to S, while it is aimed
to reach the signal via the DF relay placed close to D.

In the first time-slot, the received signal at the relay and D
are respectively given by

yr = V/ Pigg ®1hsrs + ng, (1)
yh = \/Pihi,® hegs + n) (2)

where gg € CN*!, hqg € CV*X!, and hgp € CN*!
are the fading channel coefficients between the RIS-relay,
S-RIS, and RIS-D links, P; is the transmission power of S,
®, = diag{e/®1, ... e*1 |, with ¢! being the phase shift
introduced by ith element of the RIS in the first time slot,
s is the transmitted signal from S with unit-average-power
(E[|s]?] = 1), ng and nj) are the additive white Gaussian
noise (AWGN) terms at the relay and D, which are distributed
according to CA/(0, Np).

Assuming that the DF relay has a perfect decoding capa-
bility, the received signal at D in the second time slot can be
expressed as follows:

yb! = /Pl ®ohsgs + v/ Psgrps + ni! 3)

where grp € C is the fading channel coefficient between
the relay-D link, P» and Ps are respectively the transmission
power of S and the relay in the second time slot, ®o =
diag {ej¢%, el } with ¢ being the phase shift of ith
element of the RIS in the second time slot and ni! is the
AWGN term distributed according to CN(0, Np). In (3),
the first term is denotes the RIS-based signal, while the sec-
ond term represents the signal transmitted by the relay after
perfectly decoded as s.

By considering intelligent phase shifting capability of the
RIS, the maximized received SNR at D in the first time slot
is expressed by

N 2

hrp.illhsri

Pi[hgp @1 hsg 121' ol sk P A?
Ny B No N
where A has the Gaussian distribution for N > 1 due to
central limit theorem (CLT) with the following mean and

variance [6]:
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where Pfl is the path loss for the S-D link and L, (x) =

fTT, d‘f;, (e~*a™) is the Laguerre polynomials of degree n. Since
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1 is a non-central chi-square distributed random variable with
one degree of freedom, its moment generating function (MGF)
is calculated by

R —1/2
sN PP [16(K +1)2 —w2L;*/2(—K)} P

8(K +1)2Ny

M, (S): 1
sP[ N?w2Li o (~K) Py
16(K + 1)2Ny
sNP[™ |16(K +1)*~72L} ,
8(K +1)2Ng

X exp
. (-K)| Py

(6)

By considering the similar phase adjustment in the first time
slot and assuming P> = Ps due to simplicity, the maximized
received SNR at the D in the second time slot is obtained as

N Py |9RD + th‘I’thR|2

Yo = ma

P, Ny
N 2
Py ‘|9RD| + > i |hrp,il|hsrii] P,B? ;
= N =Ny @)

Here, due to the Lyapunov variant of the CLT [12], B is a
Gaussian distributed random variable for N > 1 with the
following mean and variance respectively

- Ny Plm

=PP | ———L)y(-K)+ ————1?,(-K
0_2 _PD_PLD’/TL?/Q(_K)_‘_NPRI_NPII/%lﬂ—QLLll/Q(_K)
B oL (K +1) L 16(K +1)2

(8)
where PP is the path loss for the relay-D link. Similar to
71, 2 follows the non-central chi-square distribution with one
degree of freedom and its MGF is calculated by

250’2 P2 —1/2 SMQ PQ/NQ
M, (s) = (1- 2B _SHpTa/No )
72 (S> ( N() ) CXP (1 — 280’%P2/N0>

©)

B. Integrated RIS and Relay Transmission Scheme

In this hybrid scheme, we propose a transmission scheme
where the RIS and the relay are integrated in the same device
and positioned in between S and D as shown in Fig. 2.
In contrast to the joint RIS and relaying scenario, we assume
that S’s signal reaches the RIS-relay device, which is both
reflected and DF relayed to D. We again assume here that
the distance between S and D is considerably large, hence,
the S-D direct communication link is blocked.

In the first time-slot of the integrated RIS and relay trans-
mission scheme, the received signal at the relay and D are
respectively given by

YR = V P1gsrs + nR, (10)
yp = V Pihgp®ihsgs + np, (11)

where gsg € C, hsg € CV*! and hgp € CV*! are the fading
channel coefficients between the S-relay, S-RIS and RIS-D
links, P; is the transmission power of S, s is the transmitted
signal from S with the unit-average-power, ng and nl are the
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Fig. 2. The system model of the integrated RIS and DF relay transmission
scheme.

AWGN at the relay and D, which are distributed according to
CN (0, Np).

The received signal transmitted through the perfect DF relay
in the second time slot is obtained as

yb' = V/Pagros +np, (12)
where grp is the fading channel coefficients between the
relay-D link, P»is the transmission power of relay in the sec-
ond time slot, and nf/ is the AWGN as n ~ CN(0, Ny).

Similar to the joint RIS and relay case, the received SNR in
the first time slot is expressed as in (4). Therefore, MGF of v;
is obtained as in (6) for integrated RIS and relay transmission.
Furthermore, the received SNR at the D in the second time
slot is given by 7o = P | gRD|2 /Ny where 72 has non-central
chi-square distribution with two degrees of freedom and its
MGEF is expressed as

—1/2
PP
n(8) ( 2(K + 1)N0)

2sP, PP K
.3
P (2(1{ TNy — P2P5> 13

III. PERFORMANCE ANALYSIS AND
SEQUENTIAL OPTIMIZATION

In this section, theoretical average symbol error probabil-
ity (SEP) and achievable rate expressions of the joint and inte-
grated RIS and relay schemes are evaluated under the ideal DF
relay assumption. Further, a sequential optimization algorithm
is proposed to maximize the achievable rate of these hybrid
schemes under non-ideal relay assumption. By considering the
maximum likelihood detection rule, the received signals can
be combined by using the maximal ratio combining (MRC)
technique for both schemes, and the total SNR at D can
be obtained as vy = 1 + 2. Therefore, the MGF of the
total SNR is calculated by M, (s) = M, (s)M,,(s). Thus,
the average (SEP) of the proposed schemes for M -phase
shift keying (PSK) signaling (as a representative example) is
obtained as [13]

2

1 M-Dm/M
P = _/ M’m (_ 3
T Jo sin®n

For binary PSK (BPSK) case, (14) can be easily modified
for M = 2. Further, under the perfect DF relay assumption,
the achievable rate for both transmission scheme is calculated
by RHybrid = 10g2 (1 + 'Ytol)~

On the other hand, we analyze the achievable rate perfor-
mance of our hybrid RIS and relay transmission schemes,
and propose the sequential phase and power optimization

sin(Tr/M)> dr. (14)
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algorithm in order to maximize the achievable rate under the
non-ideal DF relay assumption. The decoding performance of
the transmitted symbol degrades as the distance between the S
and the relay increases. In this case, the transmit power may
be adjusted to ensure that the maximized performance metrics
are obtained. Under the non-ideal DF relay, the achievable rate
is calculated by

Riyyoria = 1/210gy (1+min {~;, 10t }), i € {1,2} (15)

where 7! and +?2 is the received SNR at the relay for joint
(# = 1) and integrated (: = 2) RIS and relay case. In order
to obtain a maximized rate for the hybrid RIS and relay
configuration in the joint RIS and relay transmission, the cor-
responding power optimization problem is formulated as

P1|gg;@1hSR|2 P2A2 i P2B2
No " No No

Rﬁybﬂd = max min <
1
st. Py=(Po—P1)/2, P < Py (16)

Here, we assumed that P, = P to have a convex optimization
problem. Thus, the power constraint in (16) is set by consider-
ing P, = P, + 2P». The corresponding optimization problem
for integrated RIS and relay case at D in the second time slot
is expressed as

. [ Pilgsr|> P.A? Py |gRD|2
R%berid = H}Dalx min ( No ' Ng + No
s.t. PQZPlOt_Pla

P < Pt (17)

Since S does not transmit in both time slots for the integrated
RIS and relay scheme, the power constraint in (17) is set
by considering P, = P; + P». Here, the total power should
be allocated between first and second time slots, in order to
enhance system performance. To this end, sequential phase
and power optimization algorithm is proposed to sequentially
optimize the phase responses of the RIS elements and transmit
powers in order to obtain the maximized rate. In this algorithm,
the inputs are selected according to corresponding concept.
First, ®; and ®4 are optimized to maximize the received SNR
in both time slots. Then, using this phase matrices, end-to-end
channel expressions are obtained to modify SNR expressions.
In the last step, the optimal value of P; is calculated by using
the CVX tool [14] to maximize the rate and iteratively search
for this optimal value until the objective function converges.
Here, the complexity of Algorithm 1 depends on the number
of iterations. The overall steps of the sequential algorithm to
solve (16) and (17) are summarized in Algorithm 1.

IV. NUMERICAL RESULTS

In this section, we illustrate the error and achievable rate
performances of the proposed hybrid schemes via numerical
simulations by considering path loss as well as channel fading.
Rician factor is assumed as K = 10 dB for all simulations,
and path loss is modeled using the 3GPP Urban Micro
(UMi) [15] and 5G UMi-Street Canyon [16] path loss models
for 2.4 GHz and 28 GHz, respectively. Here, we consider a
two-dimensional (2D) coordinate system for the positioning of
the terminals, which are located in the xy-plane.

Figs. 3(a) and (b) demonstrate the theoretical and simulated
average bit error rate (BER) performances of the proposed
hybrid schemes with respect to SNR, which is defined as
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Algorithm 1 Sequential Phase and Power Optimization

1: if Joint RIS and relay transmission scheme then.

2: Input: N07Pt7hSR7hRD7gR7gRDv

3: Set P, = (Pt 7P1)/2.

4:  Optimize ®1 and P2 by yielding the largest value of
(4) and (7), respectively.

Obtain A, B by using input channels, ®1 and ®».

6:  Find optimal solution to P; and P, via CVX yielding
the largest value of (16)

return Py, &1, $,.

. else (Integrated RIS and relay transmission scheme)

: Imput: No, Pi, hsg, hrp, gsr, grp.

10: Set P, = P, — Py.

11:  Optimize ®; by yielding the largest value of (13).

12:  Obtain A by using input channels and ®1.

13:  Find optimal solution to P; and P> via CVX yielding

the largest value of (17)
14:  return P, P,

wn
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Fig. 3. BER performance of the (a) joint, and (b) integrated RIS and relay
transmission schemes for increasing N values.

Pt/ Ny, for BPSK signaling and P, = P» =5 W at 2.4 GHz
under increasing N. In this comparison, a single RIS-assisted
transmission scheme is considered as a benchmark system.
As clearly seen from Figs. 3(a) and (b), the theoretical and
simulation results are in perfect agreement for both scenarios.
In Fig. 3(a), the simulations are conducted for the joint RIS
and relay case when coordinates of the S, D, RIS, and the
relay in the zy-plane are given as (5,0), (5,10), (0,15), and
(10, 35), respectively. Meanwhile, 2D coordinates of the S, D,
and the RIS/relay are respectively given as (40,0), (40,75),
and (0,35) for the integrated RIS and relay transmission
in Fig. 3(b). For both scenarios, increasing N provides a
significant improvement in BER over a single RIS-assisted
transmission, and doubling N leads to about 5 dB gain in SNR
for joint RIS and relay case, while it brings approximately
3 dB gain for integrated RIS and relay case. Since the effect
of the relay in transmission diminishes for large /N values,
the BER performances of the single-RIS and hybrid schemes
get closer to each other. It demonstrates that joint RIS and
relay transmission scheme appears to be more efficient than the
integrated RIS and relay scheme in terms of BER performance.
Furthermore, the overhead of channel estimation will increase
due to the link between RIS and relay in the joint RIS and
relay transmission scheme while the integrated RIS and relay
scheme leads to a similar overhead of channel estimation as the
existing RIS-assisted transmission scenarios in the literature.
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Fig. 4. Achievable rate of the joint RIS and relay scheme when (a) ideal
and (b) non-ideal relaying are considered for a varying distance in the y-axis
between the RIS and the DF relay.

In Figs. 4(a) and (b), the effect of varying RIS and relay
positions in the y-axis on the achievable rate performance
of the joint RIS and relay transmission scheme is investi-
gated under perfect and imperfect DF relay assumption for
Pr=5W, P, =25W, Ny = —130 dBm and N = 2048
at 28 GHz. Here, the S, D, RIS, and the relay are located
at (10,0), (10,60), (0,yRS) and (25, yR®) in the zy-plane,
respectively. As seen from Fig. 4(a), the best achievable rate
performance is obtained when the RIS is close to S and the
relay is close to D, while the proximity of the ideal relay to D
is a more dominant factor in this scheme. On the other hand,
as seen in Fig. 4(b), since the RIS plays a more effective role in
transmission when the relay does not have perfect decoding
capability, the best achievable rate performance is obtained
when the RIS is close to the S and the relay close to the RIS.
In other words, the existence of a reliable channel between
the RIS-relay will play a key role in achievable rate under the
non-ideal relay.

In Fig. 5, the achievable rate of the integrated RIS and
relay transmission scheme is compared to the single-RIS and
single-relay assisted transmission scheme under varying N
at 2.4 GHz. Here, the S, D, and the RIS/relay are located
at (20,0), (20,55), and (0,20), respectively. As shown,
increasing N significantly improves the effect of the RIS
in transmission both in the case of the single-RIS and the
integrated RIS and relay scheme. Moreover, for the latter
scheme, these three cases can be also considered as three
different operating modes, and the activation of the RIS
and/or relay for transmission can be dynamically determined
according to the requirements. In order to increase energy
efficiency, if the number of reflecting elements of RIS is
enough for a reliable communication, transmission can be
conducted over a single RIS, while the hybrid transmission
can be conducted by activating the relay to compensate rapid
deterioration in the channel quality.

Figs. 6(a) and (b) exhibit the achievable rate comparison of
the joint RIS and relay transmission scheme for P, = 5 W
and P, = P3; = 2.5 W, and the integrated RIS and relay
transmission scheme for P, = P» = 5 W, under changing
the RIS position through the y-axis. In order to examine the
effect of a finite-level phase adjustment, the case of discrete
phase shifts is also considered with two control bits. Here,
the S, D, and RIS are respectively located at (5,0), (5,50),
and (0,yR1S) for both schemes, while the relay is located at
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Fig. 6. Achievable rates of the joint and integrated RIS and relay transmission
schemes for (a) N = 256 at 2.4 GHz and (b) N = 2048 at 28 GHz.

(10,35) for the integrated RIS and relay case. The results
shown in Figs. 6(a) and (b) indicate that joint RIS and relay
scheme outperforms integrated RIS and relay transmission
scheme, although the advantage of the joint RIS and relay
case over the integrated RIS and relay case is reduced upon
increasing yR™S. More specifically, the best positioning for the
RIS is near of the S for the joint RIS and relay transmission,
while its proximity to D is the best option for the integrated
RIS and relay scheme. Moreover, as clearly seen from Fig. 6,
both schemes maintain their advantages in the case of discrete
phase adjustment.

In Fig. 7(a), the achievable rate of the joint RIS and relay
transmission scheme for varying RIS and relay positions is
analyzed by considering the proposed sequential optimization
algorithm under the non-ideal relay at 28 GHz. In Fig 7(b),
the P, values that maximize the rate are plotted for varying
RIS and relay locations in the y-axis. Here, Pot = 5 W and
the S, D, RIS, and the relay are respectively located at (10, 0),
(10, 40), (0,4R15) and (0, yR!®) in zy-plane. As shown from
Fig. 7(a), the achievable rate is maximized when both the RIS
and the relay are positioned close to S. If the RIS is positioned
far from S, the signal quality at the relay will be deteriorated
considerably. Since the perfect decoding assumption is not
considered, the signal quality at the relay increases as the
relay is located closer to the RIS, therefore, the required P;
decreases, and more power is assigned to the second-time slot,
as seen from Fig. 7(b). In other words, the rate is maximized
when the relay is activated and more power assigned to Ps.

V. CONCLUSION

In this letter, we have proposed two hybrid transmission
concepts to improve achievable rate and error performance

IEEE COMMUNICATIONS LETTERS, VOL. 25, NO. 5, MAY 2021
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Fig. 7. (a) Achievable rate and (b) P analysis for the joint RIS and relay
transmission with the sequential algorithm for N = 1024 at 28 GHz.

by exploiting the most important advantages of RIS and
relaying technologies. We have shown that these two excit-
ing technologies can work in a harmony with each other
under appropriate transmission scenarios. It is also demon-
strated through simulations that the relay can be considered
as an additional performance-enhancing component to the
RIS-assisted transmission scenario especially in the case of
rapid deterioration in the channel.
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