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Abstract—Hybrid relaying networks (HRNs) combining both
a relay and an intelligent reflective surface (IRS) can lead to
enhanced rate performance compared to non-hybrid relaying
schemes, where only either an IRS or a relay is utilized. However,
utilizing both the relay and the IRS simultaneously results in
higher power consumption for the HRNs compared to their
counterpart. In this work, we study the required transmit power
levels and the energy efficiency (EE) of HRNs utilizing both a
half-duplex decode-and-forward (HD-DF) relay and an IRS, and
compare their performance with non-hybrid relaying schemes.
The impact of the required channel estimation overheads is
considered when the reflective beamforming design (RBD) at
the IRS is carried out under both instantaneous and statistical
channel state information models. Also, the investigation is
performed for both slow- and fast-changing environments. In
terms of the transmit power requirements, our results show
that HRNs can lead to higher power savings if the number of
reflective elements at the IRS is not very large. However, non-
hybrid relaying schemes are shown to be more energy-efficient,
unless the targeted rate is high and the IRS is distant from both
transmitter and receiver but within a close proximity to the relay.

Index Terms—Intelligent reflective surface, cooperative relay-
ing, energy efficiency, statistical channel information.

I. INTRODUCTION

Sustainability is a core component in modern wireless

communications, and for the upcoming sixth generation (6G)

systems, an energy efficiency (EE) of up to 1 Terabit/Joule is

anticipated [1]. Such ultra-high EE is quite challenging with

very large active antenna arrays using a large number (i.e. in

the order of hundreds) of power-demanding radio-frequency

(RF) chains for their operation.

On the other hand, intelligent reflective surfaces (IRSs) are

envisioned to be an attractive solution for energy-efficient

communications. IRSs are nearly-passive planar surfaces ca-

pable of tweaking the wireless environment by means of smart

reflections of impinging signals [2]. Each surface consists of a

large number of small unit cells (UCs), which can be digitally

configured to introduce phase and/or amplitude manipulations

on impinging electromagnetic waves. The UCs at the IRS are

nearly passive components, and they do not require power-

hungry RF chains to provide signal reflections.

In principle, the IRS is similar to a multi-antenna amplify-

and-forward relay with two main differences. The first one is

that IRSs can provide almost instant signal reflections without

introducing large delays as it is the case with active relaying,

and the second main difference is that IRSs are nearly passive

devices that cannot provide active power amplifications, and

are therefore highly energy-efficient. For a detailed comparison

between relays and IRSs, we refer the reader to the works in

[3], [4] and the references therein.

Recently, few works have demonstrated that hybrid relaying

networks (HRNs) amalgamating both relays and IRSs can

bring about large improvements in terms of achievable rates

and/or total transmit powers [5]–[8]. In particular, the idea of

HRNs was first reported in [5], where it was demonstrated that

a cooperative network comprising both an IRS and a single-

antenna half-duplex (HD) decode-and-forward (DF) relay can

achieve a large rate improvement compared to utilizing only

an IRS (i.e. without a relay), given that the number of UCs

and/or the transmit power are/is limited. Furthermore, the work

in [9] investigated the location and deployment strategy of

IRSs in HRNs. Finally, the work in [10] investigated the

number of relays and transmission strategy for maximum rate

performance in double-IRS assisted networks, where the signal

is subject to reflections from two spatially separated IRSs.

In this work, we investigate the performance of hybrid and

non-hybrid relaying schemes in terms of required transmit

powers and EE performance. Unlike previous works on HRNs

[5]–[10], the required overhead to estimate the channel state

information (CSI) is taken into account when the reflective

beamforming design (RBD) at the IRS is carried out based

on instantaneous CSI (iCSI) as well as statistical CSI (sCSI)

models, and for both low- and high-mobility scenarios. For the

EE, the power consumption model corresponding to both iCSI-

and sCSI-based RBD is formulated, and the EE is evaluated

for a wide range of targeted rate thresholds.

The rest of this paper is organized as follows. In Section II,

we present the system model of different relaying schemes.

The achievable rates and IRS optimization are tackled in Sec-

tion III. Transmit powers and EE performance are investigated

in Section IV. Numerical evaluations and discussions appear

in Section V. Concluding remarks are given in Section VI.

Notations: Matrices and vectors are represented by boldface

uppercase and lowercase letters, respectively. The conjugate,

transpose, and Hermitian transpose of a vector v are denoted

by v∗, vT , and vH , respectively. The (i, j)th entry of V is

denoted by [V ]i,j , while the nth entry of v is [v]n. The N ×
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N identity matrix is IN , while 0N and 1N are vectors of

length N with entries of all 0’s and 1’s, respectively. The

absolute, expected, and trace operators are expressed as | · |,
E{·}, and tr(·), respectively. Moreover, ∠(v) denotes the phase

of a complex number v. Finally, V = diag{v} is a diagonal

matrix whose diagonal are the elements of v.

II. SYSTEM MODEL

We consider a network where a source node (S), aims to

transmit data to a destination node (D), with the help of either

an HD-DF relay (R), an IRS (I), or both (see Fig. 1). The

source, destination, and relay are each equipped with a single

isotropic radiating element, while the IRS has M reflective

UCs. A two-dimensional (2D) square array is adopted for the

IRS such that M = M2
d with Md being the number of UCs per

dimension. Spatial correlation at the IRS is taken into account

through the correlation matrix R, whose (n, k)th entry is [11]:

[R]n,k = sinc

(

2 ‖un − uk‖
λ

)

, ∀{n, k} ∈ M, (1)

where ‖un − uk‖ is the distance between the nth and kth

UCs at the IRS, λ is the carrier wavelength, and M =
{1, 2, . . . ,M} is a set containing the indices of all UCs.

Moreover, direct links exist between all nodes except be-

tween the source and destination due to blockage, which

justifies the deployment of the relay and/or IRS. Block fading

is adopted such that the response of channels remains constant

within the duration of transmitting one data frame, but changes

independently from one frame to another.

In the following, we formulate the expressions of received

signals and the corresponding signal-to-noise ratios (SNRs)

for the relay-assisted, IRS-assisted, and HRN cases.

A. Relay-Assisted Scenario

In this case, only the relay is utilized to facilitate the

communication, which takes place over two phases.

1) First-hop: During this phase, S transmits a block of data

to R,1 and the received signal at the latter is given as

y1R =
√
P1hSR s+ w1, (2)

where the subscripts in y1R indicate that this is the first phase

of the transmission for the relay-assisted scenario, P1 is the

transmit power in Watts during the first phase, s is the infor-

mation symbol satisfying E{|s|2} = 1, and w1 ∼ NC(0, σ
2)

is the additive white Gaussian noise (AWGN) at the relay.

In addition, hSR ∈ C is the channel coefficient between the

source and the relay expressed as hSR =
√
ρSRgSR with ρSR

being the channel variance, while gSR ∼ NC(0, 1) accounts for

the Rayleigh distributed small-scale flat-fading component.

The instantaneous received SNR at the relay is thus given as:

γ1R =
P1

σ2
|hSR|2 . (3)

1The indices of different data frames and information symbols are dropped
for the sake of simplicity, and without having any impact on the analysis or
the results presented in this work.

Source

Relay
Destination

IRS

Fig. 1. The considered system in a scattering environment.

2) Second-hop: Here, R re-transmits the signal to D af-

ter performing decoding and re-encoding on s. Assuming a

successful decoding at R, the received signal at D during

the second transmission phase for the relay-assisted scenario,

denoted as y2R, is given as:

y2R =
√
P2hRD s+ w2. (4)

where P2 is the transmit power from R, hRD =
√
ρRDgRD

represents the channel response with ρRD being the variance,

while gRD ∼ NC(0, 1) accounts for the Rayleigh distributed

flat-fading component, and w2 ∼ NC(0, σ
2) is the AWGN

at D. Therefore, the instantaneous received SNR at D is:

γ2R =
P2

σ2
|hRD|2 . (5)

We next shift our attention to the IRS-assisted case.

B. IRS-Assisted Scenario

In this scenario, only the IRS assists the communication

between S and D. A single-phase transmission is sufficient,

and the received signal at D is:

yIRS =
√
P (hT

IDΘhSI) s+ w, (6)

where P is the transmit power from the source for the IRS-

assisted case, hID ∈ CM×1 and hSI ∈ CM×1 are the channel

coefficients between I → D and S → I. For x ∈ {ID, SI},

we have hx =
√
ρxR

1

2 gx with ρx being the channel variance

between {S,D} and each UC at the IRS, R is the correlation

matrix given in (1), and gx ∼ NC(0M , IM ) is a vector with

independent and identically distributed (i.i.d) Rayleigh fading

components. Also, w ∼ NC(0, σ
2) is the AWGN at D, while

Θ ∈ CM×M controls the response of each UC at the IRS for

the IRS-assisted transmission, and it can be expressed as:

Θ = diag
{[

µ1e
[θ]

1 , µ2e
[θ]

2 , · · · , µMe[θ]M
]}

, (7)

where µm ∈ [0, 1] and [θ]m ∈ [0, 2π] are the reflection

amplitude and phase of mth (m ∈ M) UC at the IRS.

The instantaneous received SNR at the destination for IRS-

assisted transmission is given as:

γIRS =
P

σ2

∣

∣

∣
h

T
IDΘhSI

∣

∣

∣

2

. (8)

Next, we introduce the system model for the HRN.



C. HRN scenario

In this case, both the HD relay and IRS contribute to the

communication between the source and destination [5], and

the data transmission requires two phases.
1) First-hop: During this phase, the source transmits its

signal to the relay through the direct link and the link via the
IRS. The received signal at the relay is given as:

y1H =
√
P1

(

hSR + h
T
IRΘ1hSI

)

s+ w1, (9)

where the subscripts in y1H reflects the first phase of the HRN

scenario, hIR ∈ CM×1 is a vector containing the channel

coefficients between I → R given as hIR =
√
ρIRR

1

2 gIR

with ρIR being the channel variance, and gIR ∼ NC(0M , IM )
is the Rayleigh distributed flat-fading channel vector with

i.i.d entries. The diagonal matrix Θ1 ∈ CM×M controls

the response of each UC at the IRS during the first phase,

such that [Θ1]m,m = µ1,me[θ1]m , where µ1,m ∈ [0, 1] and

[θ1]m ∈ [0, 2π] are the reflection amplitude and phase of mth

(m ∈ M) UC at the IRS.

The instantaneous received SNR at the relay is given as:

γ1H =
P1

σ2

∣

∣

∣hSR + h
T
IRΘ1hSI

∣

∣

∣

2

. (10)

2) Second-hop: During this phase, the relay broadcasts the
signal to the destination through the direct link and reflections
from the IRS. The received signal at the destination is:

y2H =
√
P2

(

hRD + h
T
IDΘ2hRI

)

s+ w2, (11)

where hRI =
√
ρRIR

1

2 gRI ∈ CM×1 is a vector containing

the channel coefficients between R → I with ρRI being the

channel variance, and gRI ∼ NC(0M , IM ) is the Rayleigh

distributed flat-fading channel vector with i.i.d entries. Also,

Θ2 ∈ CM×M is the IRS reflection matrix during the second

transmission phase, such that [Θ2]m,m = µ2,me[θ2]m , where

µ2,m ∈ [0, 1] and [θ2]m ∈ [0, 2π] are the reflection amplitude

and phase of mth (m ∈ M) UC at the IRS during the second

transmission phase.

The instantaneous received SNR at the destination is:

γ2H =
P2

σ2

∣

∣

∣hRD + h
T
IDΘ2hRI

∣

∣

∣

2

. (12)

In the next section, we formulate the achievable rate expres-

sions under both iCSI- and sCSI-based RBD of the IRS.

III. ACHIEVABLE RATES AND RBD

In this section, we formulate the achievable rate expressions

for the three different relaying schemes. We take into account

the amount of training required to estimate the channels under

both iCSI- and sCSI-based RBD.

We denote the length of the coherence interval (in samples)

by τc, while L ≥ 1 denotes the number of samples (i.e., pilot

signals) utilized to estimate the channel response of a single

link.2 A frame-based transmission is assumed, where the frame

2Here, we focus on the impact of required training for channel estimation on
the rate and hence, the EE performance, while a perfect estimation accuracy
with L pilot signals is assumed throughout this work. Nonetheless, the impact
of estimation errors on HRNs was investigated in our previous work in [5].

length is aligned with the coherence interval. Furthermore,

each frame contains τp = LT pilot symbols with T being

the number of channel links to be estimated, followed by

τ = τc − τp − τg data symbols.3

A. Relay-Assisted Scenario

In this case, and since {S,R,D} are each equipped with

a single antenna, only L samples are required to estimate

the channel per hop. During the first transmission phase, S
transmits L pilots to R at the start of each coherence interval,

and the latter utilizes the received samples to estimate the

channel between its antenna and the source (i.e. estimates hSR)

and recover the original signal. Similarly, in the second phase,

R transmits L pilots to D for the latter to estimate hRD and

perform the decoding operation.

Therefore, the achievable rate for the relay-assisted network

with an HD-DF relay is given as:

RR = ηR min
{

log2 (1 + γ1R) , log2 (1 + γ2R)
}

, (13)

where ηR = τc−L
2τc

and the division over two is the result of

the HD transmission.

B. IRS-Assisted Scenario

In this case, the RBD at the IRS can be carried out based

on either iCSI or sCSI models. In the following, we tackle

each case separately.

1) iCSI-based RBD: When the phase shifts at the IRS

are reconfigured at each coherence interval, each of the M
sub-links of the cascaded channel needs to be estimated (i.e.

[hID]1[hSI]1, · · · , [hID]M [hSI]M ). As such, at the start of each

coherence interval, LM pilots need to be transmitted from S
to D through the IRS to estimate all M channel links at D,

which will then inform the IRS control unit of the optimized

phase-shift values through a dedicated control channel.4

In such a case, the optimal phase-shift of mth UC is [θ̄
⋆
]m =

−∠ ([hID]m[hSI]m) [5], where the bar notation is used to

indicate that the RBD is carried out based on iCSI. Assuming

that all UCs have the same reflection amplitude of µ, the

maximum received SNR is:

γ̄IRS =
P

σ2

(

µ
∑

m∈M

∣

∣

∣[hID]m[hSI]m

∣

∣

∣

)2

. (14)

2) sCSI-based RBD: To reduce the amount of training, one

can optimize the response of all UCs based on the statistical

CSI model, which is independent of the instantaneous chan-

nels’ realizations and varies very slowly in practice [13]. In

this case, the RBD is carried out to maximize the ergodic

SNR E {γIRS} given in (8). Assuming that each UC has a

3The parameter τg reflects a time gap between pilot and data symbols,
which is required only for networks utilizing the IRS. During this period, the
receiving node performs the RBD of the IRS, based on the estimated channels,
and feedback the optimized phase-shifts to the IRS controller.

4Note that it is possible to reduce the amount of training even under iCSI-
based RBD by equipping the IRS with estimation capabilites as in [12].
In addition, strong spatial correlation or channel sparsity can also result in
reduced pilot signaling. However, here we focus on a general scenario that
does not rely on any channel conditions and/or IRS capabilities.



reflection amplitude of µ, an optimal configuration of the IRS

can be obtained by setting Θ̂
⋆
= µIM (see Appendix A for

details), where the hat notation indicates that an sCSI model

is adopted for the RBD. Then, the overall cascaded channel

(hT
IDΘ̂

⋆
hSI = µhT

IDhSI) can be treated as a single link, and

hence, only L pilot samples are required for channel estimation

(CE) at the start of each coherence interval.

Accordingly, the received SNR under sCSI-based RBD is:

γ̂IRS =
P

σ2

∣

∣

∣
µhT

IDhSI

∣

∣

∣

2

. (15)

It follows that the achievable rate for the IRS-assisted

scenario can be expressed as:

RIRS = η̃IRS log2

(

1 + γ̃IRS

)

, (16)

where γ̃IRS ∈ {γ̄IRS, γ̂IRS} and η̃IRS ∈ {η̄IRS, η̂IRS}, depend-

ing on whether the RBD is carried out based on iCSI or sCSI.

Regarding the parameter η̃IRS, we have η̄IRS =
τc−LM−τg

τc
,

while η̂IRS = τc−L
τc

.

C. HRN Scenario

For the HRN, one can also adopt either the iCSI or the sCSI

based RBD. In each case, the CE is performed at R and D,

during the first and the second hops, respectively.

1) iCSI-based RBD: In this case, and for each of the two

transmission phases, the M links through the IRS as well as

the direct link need to be estimated. Therefore, LM +L pilot

samples are required at the start of each coherence interval.

The phase-shifts are adjusted to maximize the instantaneous

SNRs at R and D, during the first and second transmission

phases, respectively. The optimal phase response of the mth

UC (m ∈ M) during the first phase is [θ̄
⋆

1]m = ∠(hSR) −
∠ ([hIR]m[hSI]m), while during the second phase of transmis-

sion we have [θ̄
⋆

2]m = ∠(hRD)−∠ ([hID]m[hRI]m). Assuming

a fixed reflection amplitude of µ at each UC, the corresponding

SNRs at R and D are expressed as follows [5]

γ̄1H =
P1

σ2

(

|hSR|+ µ
∑

m∈M

∣

∣[hIR]m [hSI]m
∣

∣

)2

, (17a)

γ̄2H =
P2

σ2

(

|hRD|+ µ
∑

m∈M

∣

∣[hID]m [hRI]m
∣

∣

)2

. (17b)

2) sCSI-based RBD: Here, the phase optimization is carried

out to maximize the ergodic SNRs, and the optimal RBD

during both transmission phases can be obtained as Θ̂i =
µIM (i ∈ {1, 2}) (see Appendix B for details). The overall

effective channel between S and R
(

hSR + µhT
IRhSI

)

is treated

as a single channel link, and the same applies for the second

transmission phase between R and D. Therefore, one only

needs L pilot samples per transmission phase to estimate the

overall channel link at the start of each coherence interval.

The corresponding SNRs under sCSI-based RBD are:

γ̂1H =
P1

σ2

∣

∣

∣
hSR + µhT

IRhSI

∣

∣

∣

2

, (18a)

γ̂2H =
P2

σ2

∣

∣

∣hRD + µhT
IDhRI

∣

∣

∣

2

. (18b)

Therefore, the achievable rate of the HRN with an HD-DF

relay can be given as:

RH = η̃H min
{

log2 (1 + γ̃1H) , log2 (1 + γ̃2H)
}

, (19)

where γ̃iH ∈ {γ̄iH, γ̂iH} (i ∈ {1, 2}) and η̃H ∈ {η̄H, η̂H}, such

that η̄H =
τc−(LM+L)−τg

2τc
and η̂H = τc−L

2τc
.

IV. TRANSMIT POWER LEVELS AND EE PERFORMANCE

Here, we study the EE performance of the different relaying

schemes. First, we obtain the minimum required transmit

powers to achieve a given data rate threshold of Rth at the

destination. Then, the EE is evaluated based on the required

power levels. In general, the EE can be defined as follows [4]:

EE =
Rth

Ptotal/B
, (20)

where B is the bandwidth and Ptotal is the total power

consumption of the considered communication network.

A. Relay-Assisted Scenario

Let us define βSR = |hSR|2 and βRD = |hRD|2. Then, under

a transmit power constraint of P = P1+P2

2 , it follows that the

maximum achievable rate, which is obtained when γ1R = γ2R
(see Eq.(13)), is R⋆

R = ηR log2

(

1 + 2PβSRβRD

(βSR+βRD)σ2

)

. There-

fore, the required transmit power for the relay-assisted scenario

to achieve a rate of Rth is:

PR =
(

2
Rth
ηR − 1

) (βSR + βRD)σ
2

2βSRβRD
, (21)

and the total power consumption for the relay-assisted case is:

PR
total =

PR

ζ
+

1

2
pS +

1

2
pD + pR, (22)

where ζ ∈ (0, 1] is the power amplifier efficiency, while

pS, pR, and pD are the hardware-dissipated power at the

source, relay, and destination, respectively. The division over

two of {pS, pD} in (22) is due to the fact that the source and

destination are only active for half of the transmission time.

B. IRS-Assisted Scenario

Let the channel gains under iCSI- and sCSI-based RBD

for the IRS case be β̄IRS =
(

µ
∑

m∈M

∣

∣

∣
[hID]m[hSI]m

∣

∣

∣

)2

and

β̂IRS =
∣

∣µhT
IDhSI

∣

∣

2
, respectively. Then, the required transmit

power to achieve a rate of Rth is:

PIRS =

(

2
Rth
η̃IRS − 1

)

σ2

β̃IRS

(23)

with β̃IRS ∈ {β̄IRS, β̂IRS}, depending on the RBD criterion.

The total power consumption of the IRS case is given as:

P IRS
total =

PIRS

ζ
+ pS + pD +M

(

pst + pdyn

)

(24)

with pst and pdyn being the static and dynamic power dissi-

pation at the IRS, respectively. In particular, pst is the static

power that the IRS consumes just for being connected to an

energy source, while pdyn is the power consumed due to the

reconfiguration of UCs [14]. Note that when sCSI-based RBD

is carried out, pdyn is equal to zero since the UCs are not

reconfigured at each coherence interval.



C. HRN Scenario

We define β̄1H =
(

|hSR|+ µ
∑

m∈M

∣

∣[hIR]m [hSI]m
∣

∣

)2
and

β̄2H =
(

|hRD|+ µ
∑

mM

∣

∣[hID]m [hRI]m
∣

∣

)2
as the effective

channel gains during the first and second transmission

phases for the HRN with iCSI-based RBD. Similarly, un-

der sCSI-based RBD, we define β̂1H =
∣

∣hSR + µhT
IRhSI

∣

∣

2
and

β̂2H =
∣

∣hRD + µhT
IDhRI

∣

∣

2
. Then, to achieve optimal received

SNRs, one should optimize the transmit powers such that

γ̃1H = γ̃2H (see Eq. (19)). Therefore, under a transmit

power constraint of P = P1+P2

2 , the maximum achiev-

able rate with optimal transmit powers for the HRN is

R⋆
H = η̃H log2

(

1 + 2Pβ̃1Hβ̃2H

(β̃1H+β̃2H)σ2

)

, where β̃iH ∈ {β̄iH, β̂iH}
and i ∈ {1, 2}.

To achieve a rate of Rth, the required transmit power is:

PH =

(

2
Rth
η̃H − 1

)

(β̃1H + β̃2H)σ
2

2β̃1Hβ̃2H

, (25)

and the total power consumed in such a case is given as:

PH
total =

PH

ζ
+

1

2
pS +

1

2
pD + pR +M

(

pst + pdyn

)

. (26)

V. RESULTS AND DISCUSSIONS

We start by introducing the locations of different communi-

cation nodes. In particular, a three-dimensional network setup

was considered, with the xyz−coordinates of the source, relay,

and destination being fixed at (0, 0, 0), (100, 0, 0), and

(200, 0, 0), respectively, all in meters. Regarding the location

of the IRS,5 it was located near the relay at (100, 2, 8) meters

when dealing with an HRN, while for the IRS-assisted system,

we evaluate the performance under two different scenarios.

Scenario 1: The IRS is located between the two end nodes at

(100, 2, 8) meters similar to the HRN case, and Scenario 2:

The IRS is located near the source at (0, 2, 8) meters.

The channel variance between any two nodes i and j was

modelled as ρij [dB] = 10 log10(
dij

d0
)−α − 20, where dij is

the distance between the two nodes, d0 = 1 m is the reference

distance, and α is the path-loss exponent. In particular, a

path-loss exponent of 3 was set for all links that involve

the IRS, while a path-loss exponent of 3.7 was selected for

channel links between the relay and both the source and

destination.6 In addition, the carrier frequency is 1.9 GHz [13],

σ2 = −107 dBm, L = 1, τg = M , µ = 0.9, B = 10 MHz,

ζ = 0.5, pS = pD = pR = 100 mW [4], pdyn = 5 mW [4], and

pst = 1 mW. Finally, the IRS element spacing (i.e. the distance

between two adjacent UCs located on the same row/column

of the IRS surface) is λ/8.

5We highlight that for IRS-assisted scenarios, higher channel gains are
obtained when the IRS is closest to the source or destination as in such cases
the double path-loss is minimal. In contrast, when dealing with HRNs, the
IRS should ideally be in a close proximity to the relay [5], [6], [9], and it is
well known that under identical channel characteristics of the two sub-links,
the relay provides the highest performance enhancement when located in the
middle between the two end nodes of the network.

6The justification of different path-losses is that IRSs can be mounted on
the facades of tall buildings, and thereby experiencing a better link quality
than relays who can be cooperative users in a dense urban network.

Fig. 2(a) illustrates the required transmit powers of different

relaying schemes to achieve a rate threshold of 3 bits/s/Hz with

τc = 104 samples, which is a typical value for low-mobility

scenarios [13]. The results show that an HRN with iCSI-based

RBD can achieve superior power savings compared to all other

schemes. As the number of UCs at the IRS increases, the

power savings of the HRN become larger compared to the

relay-assisted case, while the opposite holds when it comes

to the comparison with the IRS-assisted cases. This is in line

with the findings of [5] which stated that an IRS with a very

large number of UCs outperforms an HRN with both an HD

relay and an IRS. Moreover, for an IRS-assisted network, if the

IRS is located within a close proximity of the source, higher

power savings can be achieved. This is due to the fact that

the double path-loss of an IRS-assisted network worsen as the

location of the IRS moves toward the middle point between

the two transceiving end nodes.

Fig. 2(b) presents a comparison of the transmit powers under

a fast-changing environment with τc = 1000 samples. The size

of the IRS plays a crucial role in such scenarios if the RBD is

carried out based on the iCSI. In particular, the achievable rate

of an IRS-assisted network could suffer from a rate penalty

of η̄IRS ≈ 0.5 for M = 256, which means that about 50% of

the transmission time is allocated for the CE and RBD phase.

Such a challenge becomes even worse for the HRN with an

HD relay, as for the same number of 256 UCs, the parameter

η̄H ≈ 0.25 means that about 75% of the achievable rate is

wasted as a result of the CE with RBD phase and also the

HD operation mode. Therefore, and as shown in Fig. 2(b), the

HRN with iCSI-based RBD is the most affected when dealing

with large IRSs. On the contrary, the sCSI-based RBD cases

show improved performance as the number of UCs increases.

This is due to the fact that the amount of pilot samples required

do not increase with the number of UCs when sCSI is adopted

to carry out the IRS-phase configuration.

Finally, Fig. 2(c) demonstrates the EE performance. We

observe that when the targeted rate is low, the relay-assisted

case is by far the most efficient choice. In contrast, for high

targeted rates, the HRN is the most energy-efficient system if

the IRS was located near the relay, while an optimally placed

IRS shows higher efficiency compared to the HRN. Inter-

estingly, an IRS with sCSI-based RBD achieves the highest

EE at medium targeted rate thresholds (between 5.3 and 7.5
bits/s/Hz), which demonstrates that although the sCSI-based

RBD requires higher transmit powers compared to iCSI-based

RBD (as shown in Fig. 2(a) and Fig. 2(b)), it can be more

energy efficient due to a lower overall power consumption.

From all the above, one can identify the scenarios where

HRNs can be efficiently utilized. For example, if the transmit

power of a communication device is limited (such as a mobile

user or even an IoT device), then HRNs can help achieving

higher power savings compared to non-hybrid schemes, while

ensuring a targeted rate threshold as shown in Fig. 2(a). Also,

when both the transmitter and receiver are far away from the

IRS, then incorporating a cooperative relay device that is close

to the IRS can lead to better EE when the targeted rate is high
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Fig. 2. Performance comparison among different relaying schemes. The legend in (a) applies to all figures.

as shown in Fig. 2(c).

VI. CONCLUDING REMARKS

We thoroughly investigated the power requirements and EE

performance of hybrid and non-hybrid relaying networks under

both iCSI- and sCSI-based RBD models. We highlighted the

role of various parameters on the power and EE performance,

such as the RBD models, effects of high mobility, the number

of UCs, the targeted rate, as well as the IRS placement.
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APPENDIX A

The ergodic SNR in (8) with correlated Rayleigh fading is:
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Then, from [15, Theorem 2], the optimal solution must satisfy

Θ
⋆ = diag{exp (c1M )}, with c being any real number. For

a reflection amplitude of µ, and by letting c = 0, we obtain

Θ
⋆ = µIM as an optimal solution under sCSI-based RBD.

APPENDIX B

The ergodic SNR for HRN during the first phase is:
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where equality (a) holds due to the statistical independence of

the direct and reflected channels. Then, from [15, Theorem 2],

and for a reflection amplitude of µ, we obtain the solution

Θ
⋆
1 = µIM . The phase-shift matrix during the second trans-

mission phase can be obtained following similar steps.
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