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ABSTRACT:  In this paper, we explore the impacts of utilizing intelligent reflecting surfaces (IRS) in 
a power-splitting based simultaneous wireless information and power transfer (PS-SWIPT) system and 
compare its performance with the traditional decode and forward relaying system. To analyze a more 
practical system, it is also assumed that the receiving nodes are subject to decoding cost, and they are 
only informed about the imperfect channel state information (CSI). First, we drive the achievable data 
rate of single IRS-assisted cooperative communications, and to maximize the achievable rate, optimal 
phase shits for each elements of the IRS node is derived, and finally the optimal power splitting ratio 
at the destination is obtained. The system model is extended to consider two and multiple IRS-assisted 
system. The respective achievable rates are derived and optimized accordingly. To evaluate the benefits 
of using the IRS, we have also derived the achievable rate for a two-hop decode and forward relaying 
scheme, wherein both the relay and the destination not only did they equip with pre-dedicated  power but 
also they can harvest energy from the received signals to provide the required power for the decoding. For 
this case, optimal power splitting factor at both the relay and the destination are optimized. Finally, the 
numerical results are presented to examine and compare the performance of the two considered systems. 
It is shown that by increasing the size of the reflecting surface, IRS-based cooperative transmission 
outperforms the conventional relaying scheme.
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1. Introduction
Next wireless communication systems must be designed 

in a way to support various use cases; Enhanced broadband 
communications, massive machine type communications, and 
ultra-reliable and low latency communications. To support 
such different services, various key enabling technologies such 
as massive multiple-input and multiple-output (mMIMO), 
full-duplex radio, cooperative transmissions, device-to-
device communications, small-cell and millimeter wave 
techniques are developed to provide reliable communications 
and increase the area throughput up to 1000-fold [1]. On 
the other hand, to control the development costs of the 
network and devices, using low-cost devices along with green 
communications techniques has gained research interests to 
have a cost-efficient communications network [1-4]. 

One of the novel promising and cost-efficient scheme 
beyond the mMIMO system, to improve spectral- and energy-
efficiency, is to utilize the intelligent reflecting surfaces (IRS) to 
constructively control the channel environment [2-5]. The IRS 
includes number of low-cost passive reconfigurable reflective 
metamaterial elements which can reflect the incident radio 
frequency signals toward a desired user or make a null toward 
a spatial direction. Recently, the IRS has gained many research 
interests due to its different applications, e.g. providing non-

line of sight communications when the direct link is blocked, 
the coverage extension of the network, enhancing the secrecy 
rate, enabling more efficient wireless power transfer to the 
energy harvesting node, and spatial modulation [2-6], and 
interestingly these benefits are because of controlling phase 
of each elements while consuming low power at IRS [5, 7, 8]. 

It is worth noting that in the conventional digital 
communication systems introduced by Claude E. Shannon 
[9], it is assumed that the channel is random and to utilize the 
capacity of the channel, one needs to adapt the transmission 
and reception schemes. While in IRS system not only one can 
optimize the transceiver algorithms, but also can dynamically 
reconfigure the channel environment to improve information 
transfer. Thus, the principle of IRS open doors to revisit the 
fundamental modeling and analyzing of the communication 
systems from theoretical to practical points of view [10]. In 
[11], energy efficiency of a multi user IRS-assisted downlink 
transmission of a mMIMO base station is analyzed which 
outperforms that of the conventional multi-antenna amplify-
and-forward (AF) relaying. Effects of hardware impairments 
on the capacity degradation of the RIS-based communication 
systems is analyzed in [12]. Energy- and spectral-efficiency 
of a single-user communication systems is compared for the 
decode-and-forward (DF) relaying scheme and the RIS-based 
transmission [13]. It is shown that the large IRS-based scheme 
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outperforms the DF-relaying one. Instead of assuming 
continuous phase shits at each element of RIS, beamforming 
optimization of a multi-user downlink data transmission in 
presence of discrete phase shifters is analyzed in [14].

On the other hand, to increase energy efficiency of the 
system, energy harvesting (EH) and wireless power transfer 
has attracted research interests. In a simultaneous wireless 
information and power (SWIPT)-enabled system, each EH 
node can adaptively manage its received signal for both EH 
and or information decoding (ID) [15]. For cooperative 
communication systems with SWIPT capabilities many 
researches have conducted from different perspective; 
Optimal power splitting (PS)-SWIPT schemes for a two-way 
DF, and full-duplex DF relaying strategies are analyzed in [16] 
and [17], respectively. Two-way massive multi-antenna relay 
channel wherein users are capable of harvesting energy via 
power splitting for data transmission is studied in [18]. For 
an AF SWIPT relaying over Nakagami-  channels bit error 
rate of the system is derived in [19]. In [20], SWIPT two-
way AF relay network is considered to maximize the secrecy 
sum-rate subject to attaining minimum energy requirement 
at the EH node. Besides, in contrary to the conventional 
communication system, at the low-power EH nodes, power 
consumption for ID, named as decoding cost, may become 
non-negligible. For internet of things (IoT) with SWIPT-
enabled nodes, the energy efficiency subject to constant circuit 
power consumption is investigated in [21, 22]. Moreover, 
optimal power management for EH wireless networks with 
decoding cost are studied in [23-25], wherein the decoding 
cost function is assumed to be an increasing convex function 
of the data rate which simplifies the optimization problems. 
Finally, for point-to-point and relay channels with SWIPT-
enabled nodes and perfect channel state information, the 
optimal data rate with general non-decreasing decoding cost 
function analytically is derived in [26].

To the best of our knowledge, the performance of 
the state-of-the-art IRS and SWIPT-enabled cooperative 
communication systems has not been studied in the literature. 
In this paper, it is assumed that imperfect CSI is available, and 
the nodes wherein information is decoded are subject to 
decoding cost. Moreover, the performance of the IRS-enabled 
system is compared with that of the classical decode-and-
forward relaying scheme. The main contribution of this paper 
are as follows

· Deriving achievable rate of a SWIPT-enabled IRS system 
with decoding cost and imperfect CSI.

· Achievable rate analysis of the SWIPT-enabled DF relay 
with decoding cost and imperfect CSI.

· Presenting closed-form expressions for optimal end-to-
end data rate of the two systems by adjusting power splitting 
ratios.

· Extending the results for multiple-IRS scenario.
· Presenting numerical results to evaluate and compare 

the performance of the proposed systems.
The organization of the paper is as follows. Section 2 

presents the IRS- and relay-based system models. Achievable 
rates and performance analysis are derived and analyzed in 

Section 3. Numerical results are discussed in Section 4, and 
the paper is concluded in Section 5.

2. System Model
To investigate the advantages of IRS-enabled wireless 

system over other conventional cooperative techniques, this 
paper considers decode-and-forward relaying as a baseline. 
Hence, we consider single-antenna source and destination 
nodes where the line-of-sight (LOS) path has been blocked; 
however, they can communicate via an assisting IRS/relay 
node which has a LOS path with the source and destination. 
The system model is depicted in Fig. 1. Moreover, the channel 
between each pair of nodes is assumed to be a Rayleigh flat-
fading one.

2-1- IRS-assisted transmission
Assume an IRS with N reflecting elements to cooperate in 

transferring information from the source to the destination. 
The channels between source-IRS and IRS-destination are 
respectively denoted by sr sr srβ=g h and rd rd rdβ=g h which 
are 1N × vectors, wherein srβ and rdβ represent the path-losses 
while srh and rdh indicate the small-scale fading which are 
distributed according to a circularly symmetric complex 
Gaussian (CSCG) zero-mean and unit-variance random 

 

(a) IRS-assisted cooperative SWIPT system 

 

(b) Relay-assisted cooperative SWIPT system 

Fig. 1. Cooperative SWIPT systems. (a) IRS-assisted, (b) Relay-assisted. 
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Fig. 1. Cooperative SWIPT systems. (a) IRS-assisted, (b) Relay-
assisted.
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variables. The reflection properties of the IRS is denoted by 
the following diagonal matrix
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where 
1 N,...,θ θ  are phase-shift variables that one can 

optimize them to improve the performance of the system and 
( ]0 1,α ∈  is a fixed amplitude reflection coefficient [8]. Thus, 

the received signal at the destination is given by
 

H
sr rd dy p s nΘ= × +g g  (2)

where p is the transmit power, ( )0 1s ~ CN ,  is the 
information symbol and ( )0d dn ~ CN ,N  is the receiver 
noise. It is worth noting that for this scenario, the IRS only 
cooperatively reflects the received signal by adjusting phase-
shift variables, and the destination performs decoding which 
is subject to the decoding cost at the destination. To charge the 
battery of the destination to support the consumed power due 
to the decoding cost, the destination employs power splitting 
technique to harvest energy for the information decoding. 
Therefore, the splitted received signal for energy harvesting, 

EHy , and information decoding, IDy , are as follows

 
1EH ID py y,    y y nρ ρ= = − +   (3)

where [ ]0 1,ρ ∈  is the power splitting ratio and ( )0p pn ~ CN ,N  
denotes the processing noise at the destination. The decoding 
cost function at the destination is modeled by an exponential 
function of the decodable rate, i.e. ( ) ( )2 1RRϕ ξ= −  [23].

2-2- Relay-assisted transmission
In this scenario, we consider a fading two-hop DF 

relay channel where the relay and the destination employ 
adaptive power splitting to partly harvest energy from their 
received signals. The relay uses this energy for decoding 
and retransmitting of the information. Also, the destination 
harvests some portion of the received signal for decoding the 
information. Therefore, the relay and the destination have 
to select optimal splitting ratios such that the end-to-end 
achievable rate is maximized. The received signals at the relay 
and the destination are respectively given by

r sr ry g p s n= × +    (4)

 
d rd r r dy g p s n= × +  (5)

where ( )0r rn ~ CN ,N  and ( )0d dn ~ CN ,N  denote the 
receiver noise at the relay and the destination, respectively. 
Moreover, ( )0 1rs ~ CN ,  and rp represent the information 
symbol retransmitted by the relay and the corresponding 
transmit power, respectively. Similar to equation (3) the 
splitted signals for EH and ID at the relay and the destination 
are given by

 
1

i iEH i i ID i i p ,iy y ,    y y nρ ρ= = − +   (6)

where { }i r ,d∈ represents the relay and the destination. 
Therefore, [ ]0 1r d, ,ρ ρ ∈  indicate the power splitting ratio and  

( ) ( )0 0p ,r p ,r p ,d p ,dn ~ CN ,N ,n ~ CN ,N  account for the processing 
noise at the relay and the destination. Finally, the decoding 
cost functions at the relay and the destination are defined as 

( ) ( )2 1R
i iRϕ ξ= − . 

 3- Performance Analysis with Imperfect CSI
In this section, performance of the considered systems in 

terms of the achievable rate are analyzed and optimized to 
improve the performance of the systems.

3-1- IRS-assisted transmission
Here, we first explore the results for a single-IRS case, then 

we extend the results for the two-ISR scenario and multiple-
IRS cooperative system.

3-1-1 Single-IRS scenario
In this section, the achievable data rate of the system is 

derived, and then optimal power-splitting ratio is obtained.

Achievable data rate
Based on equations (1-3) the harvested power at the 

destination is given by
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 where [ ]0 1,η ∈  denotes the energy conversion efficiency 
Furthermore, for computing the achievable rate with imperfect 
CSI one can assume that sr sr srˆ= +g g e  and rd rd rdˆ= +g g e , where 

( )( ) ( )( )0 0sr sr sr N N rd rd rd N Nˆ ˆ~ CN , N , ~ CN , Nβ β× ×− −g I g I  and it 
is assumed that they are the minimum mean square error 
estimations of sr rd,g g  and ( ) ( )0 0sr sr N N rd rd N N~ CN ,N , ~ CN ,N× ×e I e I  
represent the corresponding estimation errors which are 
independent of the estimated channels. Thus, the received 
signal for information decoding in (3) can be rewritten as 
follows
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Theorem 1. The achievable rate of the IRS-assisted system 
with imperfect CSI is given by
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Proof: For the received signal in equation (8), the data rate can 
be written in the form of the first line of equation in (9). Moreover, 
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 Note that in the above equation we have used the following 
result,
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Also, one can evaluate the other two terms in a similar way. 
       

Optimization problem
The data rate maximization problem is formulated as 

follows 
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Sketch of proof: Since IRSR  in equation (9) is decreasing 
function of ρ and Rϕ

is an increasing function of ,ρ  
similar to the proof of Theorem 1 in [26] the optimum 
rate obtains from the intersection of IRSR  and Rϕ .                                                                                                                  
Remark 1. When the value of the inherent power is larger 
than ( )( )0 0 ,P ≥ Ω ϒ   the destination has enough power for 
decoding the received signal and therefore it does not need 
to harvest energy. In this case the optimum data rate is 

( )* 0tR = ϒ .
3-1-2 Two-IRS scenario
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Herein, we extend the results to the case where two distend 
and physically separated IRSs contribute to the transmission. 
For this setup the received signal at the destination is given by

( )1 1 1 2 2 2
H H
sr rd sr rdy p s n,Θ Θ= + × +g g g g   (14)

 where 
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Furthermore, maximum data rate that can be achieved by 
adjusting the power splitting ratio is obtained in the similar 
way that developed for the single-IRS scenario in Theorem 2.

Proposition 1. The achievable data rate of the multiple-
IRS-assisted system with M separate IRSs where mth IRS 
equipped with mN reflecting elements and with imperfect 
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Sketch of proof: Here, the received signal at the destination 
is in the form of 
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∑ g g  Following similar 

approach as in case of the 2-IRS scenario, one can derive the 
results.    
3-2- Relay-assisted transmission

Here, first the achievable data rate for a two-hop decode-
and-forward relay SWIPT system with decoding cost at the 
relay and the destination is derived then optimization problem 
is proposed to maximize the end-to-end data rate by adjusting 
the power splitting ratios at the relay and the destination. It is 
worth noting that the relay and the destination have inherent 
powers and they are enabled with harvesting capability to 
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gather extra power to improve the performance. 
For this system, based on the received signals at the relay 

and the destination given in (4), (5) and their corresponding 
split signals for information decoding and energy harvesting 
in (6) for imperfect channel state information one can 
rewrite the information decoding signals at the relay and the 
destination as follows
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rP  and 0
dP  denote 

inherent powers at the relay and destination, respectively.
Theorem 4.   The optimal achievable rate for the SWIPT-

enabled decode-and-forward relay with decoding cost and 
imperfect CSI is given by
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Proof: Similar to the decode-and-forward relay channel 
with perfect CSI in [26], 1f  is decreasing, while 2f  and 3f  are 
increasing in .rρ  The functions 2f  and 3f  are decreasing and 
increasing in dρ , respectively, while the both functions are 
decreasing in .tR  So, following the same steps as in Theorem 
2 in [26], the optimal solution to (24) is the intersection of 
the surfaces 1( )t rR f ρ= , 2 ( , , )t r d tR f Rρ ρ=  and 3 ( , , )t r d tR f Rρ ρ= , 
if exists, otherwise the intersection of the surfaces 1( ),t rR f ρ=  

2 ( , , )t r d tR f Rρ ρ=  and the plane 0dρ =  or the intersection of the 
surface 1( )t rR f ρ=  and the plane 0.rρ =                    

 4- Numerical Results and Discussions
In this section the performance of the considered systems is 

explored numerically. To this end, we consider a setup similar 
to that of [13] as shown in Fig. 2. It is assumed that there is 
a line-of-sight path between the source and IRS/relay as well 
as between the IRS/relay and the destination. Moreover, the 
channels gains are modeled according to 3GPP Urban Micro 
(UMi) in [13]. Therefore, the carrier frequency is 3 [GHz], 
and for line-of-sight channel with distances greater than 10 
[m] the channel gain is defined as follows

 
( ) ( )1037.5 22log ,d dβ = − −    (30)

where d  represents the distance between the two node. 
For the system bandwidth of 10B = [MHz] the noise power is 

94− [dBm], and without out loss of generality, the amplitude 
reflection coefficient is 1.α =  In addition, processing noise 
power is assumed to be 84− [dBm] which is typically larger 
than that of the channel noise. Furthermore, the channel 
estimation variance is modeled as / /sr rd e sr rdN N β=  where 

[0,1]eN ∈  in which 
0eN =

 and 1eN =  are corresponding to perfect 
channel estimation and useless channel estimation. It is worth 

Fig. 2. The simulation setup.
 

Fig. 2. The simulation setup. 
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useless channel estimation. It is worth noting that the results are averaged over 1000 realizations of the 

channel coefficients.  

In Fig. 3 data rate of the two systems are shown versus decoding cost parameter at the destination, ,d  

and it is assumed that 0.3.eN   For smaller number of the reflecting elements relaying scheme 

outperforms the IRS-assisted transmission; however, as the number of the elements increases IRS-assisted 

scheme begins to outperform the relaying scenario. 

Figure 4 investigates the impact of the decoding cost at the relay for 0.3eN  . With the increase of r  

more power is required for decoding at the relay and therefore less power remains for retransmission 

which ultimately leads to lower data rate. Furthermore, for smaller decoding cost at the relay it can 
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noting that the results are averaged over 1000 realizations of 
the channel coefficients.

 In Fig. 3 data rate of the two systems are shown versus 
decoding cost parameter at the destination, ,dρ  and it is 
assumed that 0.3.eN =  For smaller number of the reflecting 
elements relaying scheme outperforms the IRS-assisted 
transmission; however, as the number of the elements 
increases IRS-assisted scheme begins to outperform the 
relaying scenario.

Fig. 4 investigates the impact of the decoding cost at the 
relay for 0.3eN = . With the increase of rρ  more power is 
required for decoding at the relay and therefore less power 
remains for retransmission which ultimately leads to lower 
data rate. Furthermore, for smaller decoding cost at the 
relay it can outperform the IRS-enabled scenario with small 
number of reflecting elements.

Fig.s 5 and 6 depict the data rate versus number of the 
reflecting elements.  In Fig. 5 the data rate of the IRS-assisted 
transmission is compared with that of the relay-assisted 
transmission for 0 5rP =  [dBm] and 0 10rP =  [dBm] and 

0.3eN =  . As it is shown in this Fig. by increasing the relay’s 

 

Fig. 3. Achievable data rate versus decoding cost parameter at the destination. 

  

 

 

Fig. 4. Achievable data rate versus decoding cost parameter at the relay. 

  

 

 

Fig. 5. Achievable data rate versus number of the reflecting elements. 
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destination.

Fig. 4. Achievable data rate versus decoding cost parameter at the 
relay.

Fig. 5. Achievable data rate versus number of the reflecting elements.

 

 

Fig. 6. Achievable data rate versus number of the reflecting element and different channel qualities. 

  

Fig. 6. Achievable data rate versus number of the reflecting element 
and different channel qualities.

 

Fig. 7. Achievable data rate versus channel estimation quality. 

 

Fig. 7. Achievable data rate versus channel estimation quality.
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inherent power its data rate increases and outperforms the 
IRS-assisted one; however, as the number of the reflecting 
elements grows larger than 40 the IRS-assisted transmission 
becomes advantageous. Furthermore, from Fig. 6 one can see 
that as the channel estimation quality improves the data rate 
increases.

 Finally, Fig. 7 illustrates the data rate versus variance of 
the channel estimation error. As we expect as the channel 
estimation quality reduces the data rate for both IRS- and 
relay-assisted decreases. This effect for different values of 
the reflecting elements and relay’s inherent power holds 
and depending on the number of the reflecting element 
at for different channel estimation qualities IRS-assisted 
transmission may or may not outperform the relay-assisted 
one.

5- Conclusions
In this paper, we investigated the impacts of utilizing 

state-of-the-art IRS in PS-SWIPT-enabled system where 
imperfect CSI and decoding cost was considered to study a 
more real world scenario. To understand the advantages of 
employing IRS, a decode-and-forward relaying scenario was 
also considered. For both systems the maximum achievable 
data rates were obtained in the closed-form by optimizing 
the phase-shift variables in IRS, and power splitting ratio in 
both systems. Moreover, the result of the IRS was extended 
to include multiple IRS scenario. Finally, the performance of 
the systems examined numerically which pointed out that for 
large enough number of the reflecting elements IRS-assisted 
transmission outperforms the relay-assisted scenario.
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