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ABSTRACT Reconfigurable intelligent surface (RIS) is a promising solution to enhance the energy
and spectral efficiency of future wireless networks. The system with single RIS might not be able to
provide sufficient line-of-sight (LoS) links for outdoor-indoor communication, which often limits the signal
transmission distance and coverage range. This paper first proposes a novel hybrid double-RIS and full-
duplex (FD) decode-and-forward (DF) relay aided system to eliminate the impact of building occlusion and
penetration loss in outdoor-indoor communication. Expressions of the upper bound for the ergodic spectral
efficiency (ESE) are derived and match the simulation results well. To maximize the ESE, two algorithms
are proposed for passive beamforming of the RIS: optimal phase shifts (OPS) and generalized cross-entropy
(GCE) algorithm. Results show that the OPS can provide a power gain of the square of the RIS elements’
number. The proposed GCE-based discrete phase shifts algorithm can achieve a good performance on the
energy efficiency. An optimal power allocation (OPA) scheme between the source and relay is also proposed
to maximize the spectral efficiency. Numerical results demonstrate the performance advantage of the OPA
over the equal power allocation (EPA).

INDEX TERMS Reconfigurable intelligent surface, decode-and-forward relay, ergodic spectral efficiency,
passive beamforming, outdoor-to-indoor communication.

I. INTRODUCTION

With the rapid development of the Internet of Things (IoT)
and the wireless communication, mobile data traffic has
witnessed an unprecedented growth. By smartly reconfig-
uring the wireless propagation environment to enhance the

beamforming, the signal reflected by the RIS can add con-
structively to enhance the power of the desired signal at the
receiver, or destructively cancel the undesired signal to avoid
interference and enhance security/privacy [3].

Research on the RIS has received significant attention

communication performance with low cost, reconfigurable
intelligent surface (RIS) has been proposed as one of the
key technologies for the sixth-generation (6G) wireless net-
works. The use of RIS could establish a foundation for
new wireless networks to realize the Internet-of-Everything
(IoE) era. In general, a RIS is composed of a large num-
ber of low-cost passive elements [1], [2]. Each element can
reflect the incident signal by inducing an amplitude and/or
phase change to achieve the fine-grained three-dimensional
(3D) passive beamforming. By properly adjusting the passive
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in both academia and industry. For example, many works
focusing on the performance of RIS-aided systems has been
published in [3], [4], [5], [6], [7], [8], and [9]. In particular,
for a single-RIS-assisted system, the authors in [3] and [4]
investigated the optimization of continuous and discrete pas-
sive beamforming, respectively. For the multi-RIS-assisted
systems, the authors in [6], [7], and [8] investigated a system
in which two RISs are deployed in parallel to assist data
transmission. In [9], the authors investigated a cooperative
double-RIS-aided wireless communication system, in which
two RISs cooperated in serial to eliminate channel blockage.
To address the severe signal blockage and achieve larger
coverage, the authors proposed a new multi-hop models
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FIGURE 1. The proposed hybrid double-RIS and FD DF-relay aided system.

by introducing multiple passive and controllable RISs [10].
Benefited from its features, the RIS can be fabricated in
very compact size with light weight and installed in building
facades, ceilings, walls, laptops, clothes, etc. However, the
methodology developed for multi-hop RIS-assisted systems
is still a challenge due to different reflecting mechanisms
and channel models with the active relays. Moreover, the
large-scale fading attenuation of a multi-hop RIS-assisted
systems is proportional to the product of the multi-hop dis-
tances [11], [12]. Hence, the path loss is likely to increase
with the number of hops. The amplitude loss caused by RIS
reflection is also a problem to be addressed. The current
researches often assume no amplitude loss, but the impact
of imperfect reflection in multi-hop RIS assisted systems
will be very serious which cannot be neglected. Therefore,
arranging multiple cascaded RISs may make the overall
reflection loss and path loss too large to enable reliable com-
munication. The authors recently compared a RIS-aided sys-
tem with the amplify-and-forward (AF) /decode-and-forward
(DF) relays systems and found that it requires hundreds of
elements for the RIS-aided system to outperform the relay
systems [13], [14]. However, conventional relays are lacking
the ability of focusing the signal, which limits the ability
for wireless coverage and increases the interference to unin-
tended receivers. Further, the MIMO relays are costly and
bulky with high power consumption.

To address the high power consumption of multi-hop
relays and high performance loss of multi-hop RISs
systems, combining relay and RIS seems like a more prac-
tical solution. Following this direction, the authors pro-
posed a novel relay-aided RIS architecture which illustrates
that relay-aided RIS with a DF relay achieves higher gain
compared to the relay-aided RIS with a AF relay [15].
In principle, RIS is quite similar to the AF relay. The main
difference is that RIS does not use any active transmit mod-
ule (e.g., radio-frequency chains, power amplifier) but only
reflects the received signal as a passive array. The results
also demonstrated that the RIS with hundreds of reflecting
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elements can replace a multi-antenna AF relay [3]. Then
the authors proposed a hybrid RIS and half-duplex (HD)-DF
relay network and a RIS-assisted full-duplex (FD) relay net-
work successively [16], [17]. The authors in [18] introduced
two hybrid transmission schemes that combine a passive
RIS with a DF relay in a synergistic manner: (i) joint RIS
and relay transmission scheme, and (ii) integrated RIS and
relay transmission scheme. Many works have verified that
the closer the RIS is to the transmitter or receiver, the better
the system performance is. In addition, the RISs in all of the
above systems need to be deployed jointly with the relay,
which is detrimental for flexible deployment of the RISs
while enabling reliable performance. Thus, more efficient and
reliable system models jointly aided by relay and RISs are
required.

To effectively assist an outdoor source to communicate
with an indoor destination, we propose a novel hybrid
double-RIS and FD DF-relay aided system as illustrated in
Fig. 1, the RISs are near the source and the destination
respectively. The reasons to adopt the double-RIS and FD
DF-relay are as follows. First, compared with the muti-hop
relays or muti-hop RISs systems, hybrid the DF relay and
RISs architecture can reduce the cost while reducing the
reflection loss. Second, an FD relay equipped with omnidi-
rectional antennas can assist the RIS to reflect and avoid blind
areas. Third, due to the characteristics of DF relay, improving
the performance of a single hop with single RIS may be
ineffective.

The main technical contributions of this paper are summa-
rized as follows:

« We propose a novel hybrid double-RIS and FD DF-relay
aided system to assist in the communication between an
outdoor source and an indoor destination.

« To obtain the power scaling law, we derive the upper
bounds of the ergodic spectral efficiency (ESE) in differ-
ent channel environments, which demonstrate the effect
of the RISs and the relay intuitively.

« To improve the energy and spectral efficiency, two opti-
mization methods for passive beamforming are pro-
posed for the RISs: optimal phase shifts (OPS) and
generalized cross-entropy (GCE) algorithms, which per-
form good on ESE and EEE, respectively. Moreover,
the optimal power allocation (OPA) scheme between the
source and relay is performed to further enhance the
performance of the network.

e Our results demonstrate that the proposed hybrid
double-RIS and FD relay system significantly outper-
forms the system using HD relay or only RISs.

The remainder of this paper is organized as follows.
Section II describes the system and channel models. We ana-
lyze the performance difference of HD and FD relays in
Section III. Section IV addresses optimization of passive
beamforming and power allocation. Section V provides simu-
lation results to demonstrate the effectiveness of the proposed
system and method of optimization. Finally, conclusions are
given in Section VI.
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Notations: Scalars are denoted by italic letters. Boldface
upper and lower case symbols represent matrices and vec-
tors, respectively. Hermitian transpose and matrix inversion
operators are represented by () and (-)~!, respectively.
CA*B denotes the space of A x B complex-valued matrices.
We use CA (., 0%) to denote a circularly symmetric complex
Gaussian distribution (CSCG) with mean p and variance o2,
and ~ stands for “distributed as”. {-} represents a collection
of elements. | - || represents the Euclidean norm. | - | denotes
the absolute value of a complex number.

Il. SYSTEM AND CHANNEL MODELS

A. SYSTEM MODEL

As illustrated in Fig. 1, we consider a communication sys-
tem which comprises a source (S), a FD DF relay (R),
a destination (D), and two RISs (A and B). We assume a
multi-antenna S with Ng antennas and a single-antenna D,
which are far apart from each other and there is no direct
link between them [6], [10]. RIS A and RIS B are deployed
to assist communication, which have Np elements and
Np elements, respectively. Furthermore, we adopt a DF relay
in which the transmitter and receiver have Nr and single
antennas respectively. We define Hgp € CNaxNs hap €
ClxNA’ HRB e (CNBXNR, hBD e (CIXNB, hSR c (CIXNS’
and hgp € CP*Mr as the channel matrices (or vectors)
between S — A, A — R, R — B, B — D,
S — R, and R — D, respectively. At time instant ¢,
S transmits the signal xg(#) to R, and R transmits the sig-
nal xgr(¢) to D. hgg is the channel between the transmitter
and receiver of the relay, which represents the loop inter-
ference. Due to the large path loss and penetration loss,
the power of signals transmitted from A to D and that are
reflected by the RIS more than once is very small and can be
ignored [3], [16].

Assuming the reflection coefficient of the RISs at A
and B is p [3], we define the diagonal matrices @, =
diag pei‘p(q’l), ...,pef‘p(q'N‘I) ,q € {A, B} as the interac-
tion matrices of the RISs, where ¢ (q,n) € [0,2r) is the
phase shift of the nth reflecting element.

In the first hop, S transmits xg(#) to both A and R, and A
reflects the incident signal towards R. Therefore, the received
signal at R can be represented as

YR(1) = v/Pifs (har©aHsa + hsr) xs(1) + ngr + ng, (1)

where P is the transmitted powers in the first hop, respec-
tively, ng ~ CN (O, O’nz) is the additive white Gaussian noise
(AWGN) component at R, fs is the Ng x 1 precoder used
by S that satisfies I[fcll2 = 1, ngy is the self-interference
of R.

With the maximum ratio transmission (MRT), the precoder
at S is given by

_ (har®pHsp + hsp)”
lhaAr©aHsA + hsr|l

fs 2
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and the received signal-to-noise ratio (SNR) at R can be
represented as

P1|lhaAr®aHsa + hgr 1
R = . 2 :
Vi + 05,

3

where y;; represents the residual interference power due to
imperfect loop interference cancellation [17], which largely
depends on the distance between the transmit and receive
antenna of the relay or/and the capability of the loop inter-
ference cancellation technique [19], [20].

In the second hop, R transmits xgr (#) to both B and D, and B
reflects the incident signal towards D. Therefore, the received
signal at R is given by

yp(t) = /P2 (hgpOpHgg + hgrp) frxr (1) + np.  (4)

where P, is the transmitted powers in the second hop,
np ~ CN (O, UI%) is the AWGN component at D, and
fr is the precoder used at R that satisfies |[fR||2 = 1
xr() = xs(t — 1), with 7 being the processing delay.
We assume that the processing delay T > 1 which guarantees
the receive and transmit signals at the relay terminal are
uncorrelated. This is a common assumption for FD systems
(e.g., see [19], [20], and [21]).
Adopting the MRT, the precoder at R is given by

_ (hgp®gHgg + hgp)”

fr= . (5)
hgp©pHrp + hrp |l
The received SNR at D can be represented as
P2|lhgp®gHgg + hgp |2
- L , (©)

On

Taking both hops into account, the ESE of the system can
be expressed as

R = E {min {log, (1 + yr) , log; (1 + )} }

P ||lhar®@AH hgr |2
— & L min Jlog, [ 1+ 1haAR @7 SA2+ SRl 7
Vi + 0,

P |lhgp©®pHgp + hgp |12
log, (1+ 2lhpp@p 2RB rD |l )” )

On

B. CHANNEL MODEL

In this subsection, we describe the composite channel model
in detail. All links are assumed to experience both small
and large-scale fading. Because the channels involved in this
system include outdoor, indoor, and outdoor-to-indoor, the
large-scale fading of various channels should also be modeled
according to the corresponding channel environments.

In this paper, we adopt the close-in free space reference
distance model with frequency-dependent path loss exponent
to model the large-scale fading of different links. Specifically,
the large-scale fading of the outdoor/indoor links can be
expressed as

n(f,d) = —20lg <ﬂ> — 10 (1 +p <f _fo)) lg (d),
‘ ! ®)
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where f is the carrier frequency in GHz, d is the distance
between two nodes, c is the speed of light, fy is a fixed refer-
ence frequency, « is the path loss exponent, and § is a system
parameter. We adopt the “Outdoor UMi-Street Canyon” and
the “Indoor Office” environments reported in [22].

The large-scale fading model of the outdoor-to-indoor link
needs to consider penetration loss, which can be expressed as

n =nb+ Nt + Yin, 9

where 7y, is the basic outdoor path loss, 7, is the building
penetration loss through the external wall, and 7y, is the inside
loss dependent on the depth into the building. Furthermore,
these loss factors can be expressed as

b = 1B (fv dout + din)
e = 14 + 15(1 — cos (¢))? (10)
Nin = O-Sdina

where ng (f, d) is the basic path loss given by (8), ¢ is the
angle of incidence, do,; and dj, represent the LoS transmis-
sion path length of the link from the transmitter to the wall and
the indoor transmission distance of the signal, respectively.

In high frequency band communications, the channels are
perhaps dominated by the LoS paths. The results in [23] also
indicate that the Rician distribution can yield higher channel
capacity compared to the Rayleigh assumption when the
number of transmit antennas is small. To match the practical
implementation, we model the channels between S — A,
A — R, R — B, B — D as Rician fading according to [10],
which can be written as

/il Vi, (11)

where K; denotes the Rician factor, i € {SA, AR, RB, BD},
H; and H; contain the LoS and NLoS components, respec-
tively, n; and 7; represent the large-scale fading effects of
the corresponding LoS and NLoS paths, respectively. The
elements of I:Ii are i.i.d. complex Gaussian random variables,
each of which has zero mean and unit variance. On the
other hand, the LoS components remain unchanged within
the channel coherence time, which can be expressed by the
responses of the uniform linear array (ULA) as

K+1 K+1

In the above expression, the normalized array response
vector of an N-element ULA is

a(N,Q):[ 27 asm@ ' e}27‘r a(N— l)st:I’ (13)

where A is the wavelength of the carrier, 6 is the angle of
departure (AoD) or angle of arrival (AoA) of a signal, and
d, is the inter-element spacing. Here we make a common
assumption that d, = %

To take into account the practical scenario that the LoS
paths between S — R and R — D may be blocked, we model
these two propagatlon environments as Rayleigh fadmg
h; = n]hj, j € {SR,RD}. Here, the elements of h are
also i.i.d. complex Gaussian random variables with zero mean
and unit variance.

Ill. PERFORMANCE ANALYSIS
A. UPPER BOUND OF ESE
In this subsection, we theoretically analyze the ESE of the
proposed hybrid double-RIS and FD DF-relay aided system
and then evaluate the effects of different propagation environ-
ments. The analysis is also helpful for designing the phase
shifts and optimizing power allocation in Section IV.

First, using the Jensen’s inequality E (log(l 4+ y)) <
log (1 + E (y)), we consider the upper bound of R as

Rup =logy (1 + min{E (yr), E (yp)}) - (14)

Next, we analyze the expected value of yr and decompose
har®aHga as (15), shown at the bottom of the page, where
the first term z; is constant. ﬁAR, ﬁSA, and hgr have zero
means and are independent with each other, so E(z;) = 0
holds fori = 2, 3, 4.

Therefore, we have

E (re) = E (Inar©aHsa + bsr )
Wi + 0,
P
= —— (E(Inar@aHsal?) + (Elnsel?) )
Vi + 0,

Vi + 07 (Kar +1) (Ksa + 1)
+ E (Ihse]?)) (16)

For the channel between the S and the R, it holds that

P (umu2 +E (2212 + 2312 + lzall?)

H; = a” (Npi. 0a0.i) @ (Vi OaoD.i) - (12) E (”hSR”2> = IsRNs. (n
1 _ _ . _
har©@aHsp = VEARKsAv/TARTIsADAROaHsa + v/Ksay/Tiarisahar @ aHsa

VKar + 1) (Ksa + 1)

21 22

+ VKarv7iarTIsAhAR©OaHsa + v/Tarsahar O aHsa (15)
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For the other terms in (15), it can be verified that
E (Il22]12) = Ksafiariisap*NsNa,
E <||Z3||2) = KaRARTISAP NsNa,
E (llz4]12) = iiariisan*NsNa. (18)

Thus, by substituting (17) and (18) into (16), we obtain the
expected value of the received SNR at R as follows:

Py </C1 |har®aHsA ||2 + K2p?NsNa + ﬁSRNS)

E(r) = ———
(19)
where
= KARKSATARTSA ’
(Kar + 1) (Ksa + 1)
Ky = KsanarTISA + KARTIARTISA + IARTISA 20)

(KAR + 1) (Ksa + 1)

Similarly, we can obtain the expected value of the received
SNR at D as

P </C3 |hep©pHgE ||2 + K4p*NrNg + ﬁRDNR)

E(yp)=

o? ’
(21)
where
s = KpKRrB7BDIRB ’
(Kep + 1) (Krp + 1)
Ky = Kpp7BD7RB + KRBBDRB + 7BDTRB 22)

(Kep + 1) (Krp + 1)
Finally, the upper bound of the ESE can be computed as

. Piyi Py })
Rup = lo 1 4+ min , . 23
up 22 < { Vi + Un2 Uy% ( )

where the newly-introduced parameters y; and y» are given
by

Y1 = K1 |har©®aHsa ||2 + K2p*NsNa + iiseNs, (24)
2 = K3 | hgp©pHrg ||2 + K4p*>NrNg + fiRpNg.  (25)

B. EFFECTS OF RICIAN-K FACRORS AND PHASE SHIFTS

In order to understand the influence of the channel conditions
and the passive beamforming of the RISs on the performance,
we investigate different channel Rician-K factors in this sub-
section. We consider the following cases.

Case 1: If KspKar = 0, i.e., at least one of the channels
between S and A and between A and R is Rayleigh fading
caused by the blockage in the LoS path, the expected value
of the received SNR at R is

E(r) = (ﬁARﬁSAPzNSNA + ﬁSRNs) . (26)

Wi + U,%
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Similarly, if KgpKrp = 0, i.e., at least one of the channels
between B and D and between R and B is Rayleigh fading,
the expected value of the received SNR at D is

P

2 (. - _
E(yp) = p) (77BD77RBP2NRNB + nRDNR) . 27
n

Then the ESE of the system is upper bounded by

Py (fiarfisap*NsNa + 7isrNs)
Vi + U,%

’

Rup = log, (1 + min {

P, (iip7iRBP*NRNB + fIRDNR) }) (28)

2
Oy

We observe that in Case 1, Ryp is independent of ©® 4 and
O3g. This phenomenon is caused by the spatial isotropy of
the assisting channel, which is insensitive to the beamforming
operations performed at RIS A and RIS B.

Case 2: If K; — o0, i € {SA, AR, RB, BD}, then the
upper bound of the ESE can be obtained as (29). In this case,
only LoS components exist, and the assisting channels remain
unchanged. Thus, the ESE of the system is sensitive to passive
beamforming design at RIS A and RIS B.

Py (HBAR@AﬁSA ||2 + ﬁSRNS)

1 4+ min 5
Vi +0)

Rup = log,

)

P (HBBDGBI:IRB ||2 + ﬁRDNR>

2
On

(29)

C. COMPARISION BETWEEN HD AND FD MODES
In this subsection, we investigate the impact of using HD
and FD relays on the performance of the proposed system
under antenna preserved - same number of transmit / receive
antennas. First, it requires two orthogonal time slots for trans-
mission in the HD mode: S to R and R to D [24]. Second,
the HD mode does not induce loop interference. Therefore,
the spectral efficiency of the system in the HD mode can be
obtained directly from (3) and (6) by neglecting the loop inter-
ference effect. Third, with the HD mode, S and R transmit
only half of the time as compared to the FD mode. As such
there is a pre-log factor of 1/2 in the expression of spectral
efficiency. Furthermore, to ensure that the transmitted powers
spent in a coherence interval for both modes are same, the
transmitted powers of S and R used in the HD mode are twice
of that used in the FD mode.

Then, with the HD mode, the received signal of the first
hop can be given as

HD _ 2P |haAr @ Hsa + her ||

30
VR 0',,% ( )
The received signal of the second hop is
up _ 2P2|lhgp®gHgg + hrp || 31
b = 2 . ( )
Ul’l
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Therefore, the ESE of the system with the HD relay is given
as follows:

1
RHD = E {EIOgZ (1 + min {yl?D, ygD})}

1 . 2P1y1 2Pyy»
< —1 1+ , . 32
=3 0g, < mm{ an anz (32)

Moreover, the HD and FD modes are also slightly different
in terms of energy efficiency. To define the EEE metric,
we first provide the description of the power consump-
tion models. The total power consumption is composed of
the transmit power of S and R, the hardware static power
consumed in S, R, D, and the RISs [25], [26]. With the
above explanation of the power consumption, the total power
consumption of the HD mode can be expressed as

PID — g (Py +Py) + P + PR 4+ 2PP
+ (Na + Np) P, (b) + (Ns + NR) Pa.  (33)

where 8, = v~! with 0 < v < 1 being the efficiency of
the transmit power amplifier at S and R. PS, PR, and PP
are the hardware static power consumption at S, R, and D,
respectively. P, (b) denotes the power consumption of each
phase shifter having b-bit resolution at an identical reflecting
element. P denotes dissipated power of each active antenna.
The FD mode needs to consume a certain amount of
energy for self-interference cancellation (SIC), defined here
as Psic [27]. Psic is modeled as a linear function over the
transmission power P, which can be determined by

Psic = BsBaP2 + Peo. (34)

where f; is the isolation factor and BsP> denotes a part of the
relay transmission power, which is used for self-interference
signal reconstruction. P, is the sum of analogy cancellation
power consumption and digital cancellation power consump-
tion except for power amplifier power consumption. Then we
can obtain the total power consumption of the FD mode, i.e.,

PED = B, (P, + P3) + PS + PR + PP + Pgic
+ (Na + Np) P, (b) + (Ns + Nr) Pa.  (35)

According to the characterizations of the ESE and the
power consumption models, the EEE of FD and HD modes
canbe defined as nf,> = WR /P and ni® = WRHP /PHD,
respectively, where W is the transmission bandwidth.

IV. PASSIVE BEAMFORMING DESIGN AND
OPTIMIZATION OF POWER ALLOCATION

In this paper, we focus on maximizing the ESE by jointly
optimizing the passive beamforming. By formula derivation
in section III, we turn to maximizing the upper bound Ryp
to achieve the same purpose. When the transmitted powers,
Rician-K factors, and the number of antennas/elements are
fixed, the corresponding optimization problem can be formu-
lated as

. Piyi Payn })
P(a) max Ry, =1o 1 + min ,
@ gnig, T g2< {Vri +o2’ of
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st. 0<g@(A,n) <2m,Vn=1,---,Njp
0<¢@®B,n <27,Vn=1,---,Np. (36)

Maximizing the upper bound Ry is equivalent to maxi-
mizing the minimum of y; and ;. According to (24) and (25),
1 and y» depend on ‘BARGAI:ISA Hz and HBBDGBI:IRB } 2,
respectively. However, they are independent of each other.
The problem of maximizing the minimum can be converted to
maximizing them simultaneously to design the passive beam-
forming, i.e., @5 and Op can be designed by maximizing
||BAR®Aﬁ5A ||2 and ||ﬁBD®BﬁRB 2, respectively.

In this section, we first propose two methods for optimizing
©®, and Og, which are suitable for continuous and discrete
phase shifts, respectively. Then we design an OPA scheme to
further enhance the performance.

A. DESIGN OF CONTINUOUS PHASE SHIFTS - OPS
In the case of continuous phase shifts, the range of phase shift
is (0, 2wr]. Therefore, we can obtain the OPS solutions by
solving the following two subproblems
= =2
P (b1) max |har©aHsa |
A
st. 0 <@ (A,n) <2a,Vn=1,---,Na. (37)
= ~ 2
P (b2) n(})ax HhBDgBHRB ”

ot 0<@@B,n) <27,¥n=1,--- ,Ng. (38)

First, for the optimal @4 ops = rr(})ax HBARG)AI:ISA Hz,
A

we introduce a new variable g5 as
= a(Na, Oar) Opal (N, 0
ea = a(Na, 0ar) Oaa” (Na, Oa0A sA

Na
— ZpejZndTa(n—1)(sinGAR—sinGAQA,SA)+j<p(A,n)’ (39)
n=1

where O4R is the AoD of the channel from A to R and 004 sA
is the AoA of the channel from S to A.
Then the optimal value of @A can be converted to

2 .
Oa0prs = max leal*||a (Ns, @aop,sa) | ", where 8aop,sa is
A

the AoD of the channel from S to A and || a (NS, QAoD’SA) || 2
Ns is a constant. Hence, the optimal phase shifts can also
be obtained by maximizing leal?, of which the maximum
is pzNi. For the case of random phase shift used on each
element of A, i.e., ¢ (A,n) is randomly distributed in (0, 27].
It does not affect the distribution of (sin ar — sin Haa sA)-
So |eal? = p2Na when the RIS A adopt the random phases.
€A can reach the maximum value only if the phases of A
are adjusted to make the signal be received coherently. The
optimum solution for the n-th reflecting element of A is

d.
PP (A, n) = 27'[7al (n—1) (sin Oa0A.SA — Sin GAR) . (40)

Then the expected value of the received SNR in the first
hop with the OPS solution can be expressed as

Py (K1p>N3Ns + K2p*NaNs + 7isrNs)
Wi + Un2

E (yrops) =

(41)
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}2

For the optimal ®g, ops = rrel)ax ||BBD®BI:IRB , wWe intro-
B

duce a new variable ¢ as

es = a(Ng, 08p) Opa’” (Ng. fa0n. rB)

Ng
_ Zpe/'Zndf(nfl)(sinengsineAOA, RB)+H0 B (40
n=1

Similarly, we can obtain that leg|> = pNg when the RIS
B adopts the random phases.

Then, the optimum solution for the n-th reflecting element
atBis

d,
(,DOPt (B, n) = 27‘[7‘l (n - 1) (sin QAOA, RB — sin QBD) . (43)

We have |eg|? = p2N§ and the expected value of the
received SNR in the second hop with the OPS can be
expressed as

P (K3p*NENR + K4p>NgNg + fiRoNR)
o? ’
(44)
Finally, the ESE of the system with the OPS is upper
bounded by (45), as shown at the bottom of the page.

Meanwhile, we can obtain an upper bound on the ESE with
the random phases as (46), shown at the bottom of the page.

E (yp.ops) =

B. DESIGN OF DISCRETE PHASE SHIFTS - GCE

Tuning the phase shift of each element of the RISs con-
tinuously is costly to implement in practice. The reason is
that manufacturing such high-precision elements requires
expensive hardware if the number of elements is very large.
In this subsection, we consider a practical configuration in
which the RISs are controlled by a finite number of discrete
adjustable phase shifts. If the number of quantization bits
is b, the phase shifts can only take values in the set F =
{0, 22—7; e, 22—7,]’ (2b — 1)} The discrete phase shifts can be

optimized by solving the following two subproblems

P (Cl) max ”l_lAR@AI:ISA ”2
[CJN

st. p(A,n) e F,Vvan=1,--- [Np, 47)
- _ 2
P (c2) max |hep©sHgs |
B

st. pB,n) e F,Vvn=1,--- ,Ng. (48)

In the existing literature [28], [29], a common way of dis-
crete beamforming is to round the relaxed continuous solution
in (40) and (43) to the closest point in the discrete set, referred
to as the Closest Point Projection (CPP) algorithm. However,
the algorithm is heuristic and the performance cannot be
guaranteed theoretically.

Then we propose a GCE algorithm for optimizing @ and
Op to maximize ||BAR®AﬁSA ||2 and HBBDQBITIRB ”2 The
GCE algorithm can be considered as a revised version of
the CE algorithm developed from machine learning [30]. The
pseudo-code of the proposed GCE algorithm is summarized
in Algorithm 1 and explained further below.

We first describe the optimization process for @ 4 in detail.
At the beginning, we define the probability matrix as g, €
C2"*NA_ The element Maln € [0, 1] is the probability for
o (A, I’bl) = F (I), where F (I) is the [-th element of F. Note

2

that > uaj, = 1. In addition, we introduce a variable
=1
A |5 ~ 2
En = |har©aHsa |
We initialize [,l,g)) = 21—,, X lypyy, (1 is the all-one matrix).
The superscript of p, refers to the number of iterations
of the algorithm. In Step 1, we first generate M candidate
beamforming matrices { 0 A,m}%zl based on the probability
distribution & (@A; /LX)), i.e., generate {G)A,m }fn/lzl from F
according to [LX). The distribution function & (9 A MX) can
be expressed as (49), shown at the bottom of the page, which
is different from that in [31] using a traditional CE algorithm.
Besides, Q2 (¢ (A, n) , F (1)) is the judge function that can
be written as
¢ (A, n) = F(I)

L,
Q((/)(A,n),]:(l))::o o (Aom) £ F () (50)

Py (K1p*>N;Ns 4+ K2p?NaNs + iisgNs) P2 (K3p?NiNR + K4p?NeNR + fiRDNR)

Rup,0ops = log, {1 + min {

02 ” )

Vi + U,% ’
| P1 (K1 + K2) p>NaNs + 7isrNs) P2 ((K3 + Ka) p>NgNR + fIRoNR
Rup,random = 108 {1 + mm{ ( 3 ), ( 5 ) (46)
Vi + 05 o

e D) N (= R FD)
- (G)A’ #a ) B nl;ll 151 (MAJ’”)
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by lgl (1-Q(p(A,n),F (1))

x(1=3 (1)) (49)

=1
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Algorithm 1 The Proposed GCE Algorithm

Input: Channels ﬁAR, ﬁSA, BBD, ﬁRB. The number of itera-
tions /.

Initialization: ;LX)) = 21—,, X 1obyy, and [L(O) = 1,, X 1oby ng -
fori=1,---,Ido
form=1,.--- ,Mdo

1. Generate @4, and Op with elements chosen
from F randomly based on [L ) and uB , respe-

ctively.
2. Calculate &4, and &g, With @4 4, and Op 4.
end for
M
3. Sort {£a, m} , and {€g n}, _, inadescend order

and select the flrst M. optimal values as the elites.
4. Compare {EA,m }ZI 1 and {EB m}M with the his-
torical elites in the last iteration and update the elites
by choosing the better respectively.
form=1,---,M.do
5. Calculate the weight wa ;, for @4 ,, and the
weight wp , for Op .
end for
6. Update ! + ) based on (55) and U+ 1) 4n a similar
p Ha, MB,1n
way.
end for
Output: @)OAPt and ngt.

In Step 2, with {©4, m}m \» we can calculate the corre-

sponding {SA,m}ZI:y We sort {SA,m}ZIzl in a descending
order in Step 3. Then, the elites can be obtained by choosing
the first M. = M /10 optimal values. We compare the ““cur-
rent elite samples” with the historical elites and choose the
better as the i - th iteration “global elite samples™ in Step 4.
This is also different compared with the conventional CE
algorithm. '

The next step is to update [LX+ b by minimizing the CE,
which can be written as

(i+1) 0]
= — E 1 (@ ; ) 51
% = arg mf})x nE(Oam: Ky 6y

Similar to [30], we proposed to weight each elite to
increase the probability of having elites with better objective
values. Specifically, we first define the auxiliary parameter
M.

T presenting the average value of {EA’m}m: | as

=—Z&m (52)

m=1

rewritten as

ILX+ b = arg max v Z WA, ml <®A ms M(l)) (53)

(1>
m=1

Substituting (49) into (53), we can obtain the'first deriva-
tive of the objective function with respect to ¢ (A, n) and
F (1) in (54), as shown at the bottom of the page.

Setting (54) to zero, ,u,fA 1., can be updated in Step 6 as

M. . .
ey Z O R0 A F )
+ m=
Wain = T SENCR)
> Op
m=1

Then introducing a Vanable & 2 ‘ h
the probability matrix lLB probability distribution functlon

(G)B [L(l)) and the weight {a)B,m}Z‘;]
puted in a similar way. The optimization for ®p is similar to
that for @ can be carried out in the same iteration.

The above procedure is repeated until the fractional
increase of the objective value is below a threshold egcg.
This scheme also inevitably increases the complexity. The
complexity of the GCE algorithm mainly comes from
steps 2, 5, and 6. In step 2, we need to compute {EA,m}fn/Izl

and {Sg,m}[:::l. Therefore, the complexity of this part is
O (M (Na + Np)). Instep 5, we calculate elites” weights with
the complexity O (Me). Finally, in step 6, the probability
parameter /LX:}-}!) and MX’}';) are updated with the complex-
ity O (M. (Na + Np)). In summary, after I iterations, the
total computational complexity of the proposed GCE -based
scheme is O (IM (Na + NB)). Since I and M also do not have
to be very large, we can conclude that the complexity of the
proposed GCE-based scheme is acceptable.

can also be com-

C. OPTIMAL POWER ALLOCATION - OPA

For a two-hop system with a DF relay, the maximum spec-
tral efficiency is achieved when both hops enjoy the same
received SNR. Therefore, the power allocation optimization
problem can be solved by E (yr) = E (yp). We assume that
the total transmit power of S and R is fixed, i.e., P = P1 + P>
is a constant. We can get the optimal transmit power of the
first hop by ngt =P— P(ljpt as

Py (i + o)

Then in Step 5, we calculate the weight wa m = &a.m/Ta poPt _ (56)
of the elite @4 ,,. Based on {a)Am}M (51) can be L T 2y 4, (i +02)
) s m=1’ n I n
M, ‘ .
1 o (@A, FD) 1-(e9 A, n,Fd)

— Y wy — (54)

M, m ® [0
m=1 A Ln KA in
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TABLE 1. Simulation and algorithmic parameters.

Parameters Values Parameters | Values
Location of S (Om, Om) Yri 1 dBW
Location of A | (50m, 10m) v 1/1.2
Location of R | (100m, Om) Bs 0.01
Location of B | (150m, 10m) P> 39 dBm
Location of D | (200m, Om) PP 10 dBm

Ng 32 PCR 10 dBm
Ngr 32 P 20 dBm
Na 32 P,(1) 5 dBm
Np 32 P,(2) 15 dBm
f 28 GHz P, (00) 25 dBm
P 30 dBm Py 10 dBm

The ESE given in (7) for the proposed scheme with OPA
is upper bounded by

P
, Y12 . . (57)
o V1 + (Vri + 0,,) Y2

When both the OPS values and OPA are used simultane-
ously, the maximum ESE can be obtained as (58), shown at
the bottom of the page.

Rup,OPA = 10g2 (1 +

V. SIMULATION RESULTS AND DISCUSSION

In this section, we present and discuss numerical results for
the proposed system. All presented illustrations have been
averaged results over 2000 independent channel realizations,
whose parameters are summarized in Table 1. The noise
power is given by onz = WNoNy = —94 dBm, where W is the
bandwidth, Ny is the noise power spectral density, and Ny is
the noise figure. We set the Rician-K factors Ksa = Kpp =
Kar = Krg = K = 10 dB. In the Table 1, we also include
the hardware dissipation parameters for source, RIS, and the
destination, as well as for the DF relay that will be used for
performance comparisons according to [25] and [27].

We first plot the ESE curves versus P under different
models and test the tightness of the upper bounds in (23)
and (32). As shown in Fig. 2, the results of upper bounds
(with““upp’”) match well with the Monte Carlo simulation
results (with “sim”). The results also demonstrate the supe-
riority of the proposed hybrid FD DF relay and RISs system.
With the increase of P, the performance gap between the FD
relay-aided systems and the HD relay-aided system becomes
larger. We set p = 0.8 in this simulation. Although the RISs
provide good performance gain under OPS, the performance
of the system equipped with “Only RISs” is worse than that
of the proposed system because of the large path loss and
the lack of LoS paths from A to B. Moreover, the system

35

FD DF Relay+RISs upp

O  FD DF Relay+RISs sim
—7— Only RISs
HD DF Relay+RISs upp
O HD DF Relay+RISs sim
—#— Only FD DF Relay

30

20 25 30 35 40 45 50

P(dBm)

FIGURE 2. ESE versus P under different systems.

%108

——8— HD DF Relay+RISs
—7— Only RISs

—6— FD DF Relay+RISs
—%— Only FD DF Relay

EEE (bps/Joule)

5 0 s v i~k
SE (bps/Hz)

FIGURE 3. EEE versus required SE.

equipped with “Only RIS”” would be worse than the proposed
system with smaller p due to the impact of multi-hop RIS-
aided reflections, showed in Fig. 9. For the system with
“Only Relay”, it is difficult to overcome large path loss and
penetration loss because it can only obtain gain from a few
traditional antennas.

Fig. 3 demonstrates the relationship between the EEE
and the required SE for different system. First, we find out
that the EEE of the three modes (except for the system
equipped with “Only Relay”) first increase to a maximum
value, then decrease, and finally keep as constants over the
required SE. We observe that the system equipped with “Only
RISs get the best performance when 16 < SE < 26.
This benefits from the passive nature of the RIS. The pro-
posed “FD+RISs” and “HD+RISs” aided systems perform

P (K1p*NZNs + K2p?NsNa + fisrNs) (K3p?N3NR + K4p>NrNg + firoNR)

R = logy (1 +

VOLUME 10, 2022
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0 (K1p?NxNs + K2p?NsNa + iisrNs) + (vii + 072) (K3p>NgNr + K4p>NrNp + URDNR)>
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Rup.ops
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— — —2-bit GCE
—-—-—1-bit GCE o—6—
Rup random - = §
random sim

25

*

3

-40 -30 -20 -10 0 10 20

FIGURE 4. ESE versus K.

good at high SE and low required SE, respectively. Despite
the increased power consumption of the relay, our pro-
posed system can improve performance while saving energy
consumption.

Fig. 4 plots ESE curves versus the Rician K-factor. For
the OPS-based design, the upper bound Ryp ops is tightly
close to the Monte-Carlo simulation results. When the Rician
K -factor increases, the gap between the upper bound and
the Monte-Carlo simulation diminishes. This demonstrates
that the derived upper bound is applicable to both Rayleigh
and Rician channels. Fig. 4 also demonstrates the correct-
ness of the upper bounds Ryp,ops and Rup random in (45)
and (46), respectively. As discussed, these bounds are helpful
in optimizing power allocation as well as to optimally arrange
the positions of the RISs and the relay. When K is close
to 0, the ESE becomes a constant and is not affected by the
phase shifts design (as discussed in Case 1). When the Rician
K -factor grows to infinity, the ESE approaches a stable value
(as discussed in Case 2). The performance of the scheme
based on random phase shifts is much poorer than perfor-
mance of the schemes based on the proposed continuous and
discrete phase shifts designs. For the GCE-base schemes,
we set M = 80 and egcg = 1074, Although the performance
of the low resolution scheme (1-bit) is lower than that of the
high resolution schemes (2-bit and OPS), it has the advantage
of low power consumption, which will be analyzed in Fig. 5.

According to the close-form expressions of the upper
bounds (23) and (45), we find that the ESE increases with
increasing Np and Np. However, because the power con-
sumption of RISs also increases due to the increase of the
phase shifters, the relationship between EEE and the number
of elements is uncertain. We assume that N = Na + Ng.
Fig. 5 plots the EEE curves for various schemes versus N with
NA =N = % For the benchmark scheme based on Genetic
Algorithm (GA) [32], we set the number of population indi-
viduals to M = 80 and the precision to egcg = 10~* same as
GCE. Although GA-based scheme have similar performance
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FIGURE 5. EEE versus N fixing Np = § and Ng = ¥.

and complexity (equal to O (IM (Na + Np))) to that of the
proposed GCE-based scheme, the number of iterations / of
GA (about 45 times) is much higher than that of the GCE
(about 6 times). Moreover, the number / of GA increase with
the number of elements and the performance of GA-based
scheme is lower than that of the proposed GCE-based scheme
in high N. The EEE of the “OPS” and “random” schemes
decreases rapidly with increasing N. Although the “OPS”
scheme shows the optimal performance in Fig. 4, its energy
efficiency is lower than that of the schemes with discrete
phase shifts (i.e., “GCE”, “GA” and “CPP”) due to the
high power consumption caused by high bits. In contrast, for
the schemes with discrete phase shifts, when quantified with
2 bits, the performance increases slightly and then decreases
slightly with N. However, they are worse than that of the
1-bit quantification, in which the EEE continuously increases
with N. Compared to the slight spectral efficiency loss, the
high energy efficiency brought by the 1-bit quantization is
attractive over high number of elements.

Fig. 6 plots the ESE curves for various schemes versus Na,
which satisfies No # Np. Increasing No means decreasing
Np while keeping N unchanged. The OPA-based schemes
are still always better than the equal power allocation (EPA)-
based schemes. The performance of all schemes first increase
as N increases, and then decrease when N exceeds the cer-
tain values. This phenomenon is related to the characteristic
of the DF relay. Under the initial conditions of the simulation,
the received SNR of the first hop is smaller than that of
the second hop. The ESE of the first hop increases as Na
increases, until it equals the ESE of the second hop (which is
decreasing). We can speculate that if the received SNR of the
first hop under the initial conditions is smaller than that of the
second hop, the overall performance of the system decreases
as Np increases. This observation also suggests that the total
number of reflecting elements should be properly allocated
between the two RISs in order to achieve the best overall
performance.
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FIGURE 7. ESE versus Xg.

Fig. 7 demonstrates the EEE versus locations of the relay
(XRr, 0). It demonstrates that the maximum of the ESE
decreases as Nr decreases though the total number of active
antennas keep unchanged. But the proposed hybrid FD DF
relay and RISs system always outperforms the system aided
only by RISs. Moreover, the optimal location of the relay
will be closer to the destination as the number of antennas
of the relay decreases. Accurate modeling is also important
for determining the optimal position of the relay. For the case
where the destination is indoor, we can place the relay near
RIS B and the destination to eliminate the influence of large-
scale fading, such as the penetration loss.

Because of the passive nature and the hardware impair-
ments of RIS, the perfect channel status information (CSI)
is usually unavailable and setting p = 1 is unjustified.
We investigate the effect of the imperfect CSI and amplitude
error on the system performance in Fig. 8. The error on each
phase caused by imperfect CSI is modeled as a zero-mean
von Mises variable whose concentration parameter k captures
the accuracy of the estimation [33]. The Fig. 8 indicates that
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FIGURE 9. ESE versus y;;.

performance gap between perfect CSI and k = 16 is less than
1bps/Hz. But when « = 2, the performance is 5 bps/Hz lower
than that of perfect CSI, which is unacceptable. In addition,
we can easily observe that the performance of the proposed
system increases with increasing p. Compared with p = 0.1,
the performance of p = 1 achieve 50% and 35% improve-
ment in the k = 2 and perfect CSI, respectively. Fig. 8 also
demonstrates the performance of the system with only RISs
suffers a lot when p is low. In particular, R = 9.88 when
p =0.1land R = 23.16 when p = 1. It concludes that the SE
is proportional to p*. The SE of our proposed system is pro-
portional to p? according to the upper bounds (23) and (45).
Thus the system with only RISs is more sensitive to the ampli-
tude error. Therefore, an efficient channel estimation scheme
(high «) and the reduction in hardware damage (high p) are
crucial for the RIS to play its role in communication. Our
proposed system can reduce the dependence on amplitude
optimization of RIS, which is still a challenging problem to be
addressed.
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Fig. 9 highlights the importance of the self-interference
cancellation accuracy to guarantee the advantages of such
hybrid schemes. The proposed system outperforms the sys-
tem with only RISs as long as the power of the residual
self-interference is less than 16 dBW. In addition, the pro-
posed hybrid system with a FD DF relay outperforms the
hybrid system with a HD DF relay when 4 is less than
40 dBW. Finally, the proposed hybrid system is always better
than that which only considers an FD DF relay to enhance link
quality. This demonstrates that the performance of an DF FD
relay can always be enhanced when combined with an RIS,
as long as the phase-shifts are properly optimized.

VI. CONCLUSION

In this paper, a hybrid double-RIS and FD DF-relay aided sys-
tem was proposed to assist an outdoor source to communicate
with an indoor destination. Simulation results demonstrated
the effectiveness of our proposed optimization schemes and
the correctness of the upper bounds. The proposed OPS-based
scheme obtain the best spectral efficiency, and the lower-cost
GCE-based scheme shows advantages in both complexity
and energy efficiency compared with the considered bench-
marks. For the power allocation, the performance of the
proposed OPA-based scheme is always better than that of the
EPA-based scheme when the total power is fixed. Moreover,
compared with the traditional systems, our proposed hybrid
system can significantly improve the performance and effec-
tively enhance communication between an outdoor source
and an indoor destination.
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