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Abstract: Cyber-physical systems (CPSs) are deeply intertwining and integrating the physical 

processes with cyber components. In these intelligent systems, a process is monitored and 

controlled by cyber systems and different types of sensitive information is exchanged in a real-

time manner. Nowadays, the security of these systems has been considered increasingly. 

Connecting physical devices to the cyber network makes the critical infrastructures more 

vulnerable to the adversarial activities. The primary target of attacks against CPSs is often 

disrupting physical processes under control. Since, improving the security of CPSs has gained 

considerable importance nowadays. This paper presents a method for modeling the security of 

CPSs using stochastic Petri nets (SPNs). The proposed method models the system control loop 

associated with anomaly detection systems (ADSs) in normal behavior and under security 

attacks. By using this model, we can investigate the consequences of the integrity and denial 

of service attacks against CPSs and perform probabilistic and temporal analysis of the system 

under security attacks. By solving the proposed model, the security of CPSs is estimated in 

terms of metrics, such as mean-time-to-failure and availability. Finally, the security of a 

chemical plant is investigated as an illustrative example to represent the effectiveness of the 

proposed modeling method.  
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Stochastic Petri Nets (SPNs).  

 

                                                                                                                                               
 Citation: : H. Sepehrzadeh and M. Pooyan, “Security Evaluation of Cyber-Physical Systems by Modeling Attacks 
Against Control Loops,” Journal of Communication Engineering, vol. 11, no. 1, pp. 12-18, Jan.-Jun. 2024. 

 http://dx.doi.org/10.32598/Immunoregulation.6.2.1 

jc
e.

sh
a

h
e

d
.a

c.
ir

Receiver Design in Relaying Systems  
based on the Level of CSI at Relay

Ali Asghar Haghighi* [Corresponding Author] Electrical and Computer Engineering Group; 
Golpayegan College of Engineering; Isfahan University of Technology; 
Golpayegan, Iran  Email: a.haghighi@iut.ac.ir

Received: 19 Feb. 2022 Revised: 06 Apr. 2022 Accepted: 10 May 2022

Abstract: Receiver structure either coherent or non-coherent in a relay channel with amplify 

and forward (AF) and decode and forward (DF) relaying schemes is studied and a new receiver 

is proposed for both relaying schemes. In the network with multiple relays the performance of 

the receiver at the destination node is categorized based on the available source-relay (S-R) 

channel state information (CSI) including no, partial, and full CSI. Next, an adaptive receiver 

is proposed where full CSI of the S-R channel is exploited in the receiver of the destination 

node. It is shown that the proposed receiver outperforms other designed receivers in the sense 

of bit error rate (BER) criterion.

Index Terms: Receiver Structure, Relay Systems, Wireless Communications. 
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I.  INTRODUCTION 

Cooperative relaying has been studied in the last decade to provide spatial diversity in wireless 

communications. This technique allows a collection of radios to effectively create a virtual antenna 

array for combating multipath fading and path-loss phenomena in wireless channels. Initial 

studies in cooperative relaying focus on an information theoretic perspective [1], [2]. However, 

majority of work address the performance improvement and implementation of cooperative 

relaying in wireless networks such as cellular or sensor networks [2]-[4]. In [4] DF with 

re-encoding ability in the relay is proposed to improve the system spectral efficiency. The optimum 

receiver has been designed to improve BER in [3]-[5]. In [7] an approach has been presented to 

approximate symbol error rate (SER) and outage probability in high SNR regimes. These studies 

about relaying system and transceiver design have been extending during last decade which can 

be categorized in different perspectives as follows. 1) relaying schemes such as AF, DF, coded 

DF, coded cooperation, etc., ([3], [7]); 2) relaying protocols such as half duplex (HD) [5], [6], 

full duplex (FD) [8]-[11], automatic repeat request (ARQ) based relaying [12], [13] and two way 

relaying [14], [15]: while in HD the relay receives and transmits in separated time intervals, in 

FD relay receives and transmits simultaneously [11]; 3) multi antenna relays and multi input 

multi output (MIMO) relay channels [11] where massive MIMO [16], mm wave transceivers 

[17], reconfigurable intelligent surfaces (RIS) [18], [19], [20], [21] are considered as hot topics 

in this area; 4) relaying with energy harvesting (EH) nodes [8], [9], [22]-[24]; 5) relaying with 

multiple nodes [25] either as single or multi-hop [13], [17] systems; and 6) special applications 

such as sensor networks [26], under water communications [27], non-terrestrial applications such 

as unmanned aerial vehicle (UAV) and high altitude platforms (HAPs) [28], [25], [29]. 

Transceiver design in the aforementioned works is the main challenge. In particular, using 

different equalizers with zero forcing (ZF) or minimum mean square error (MMSE) criteria and 

different receiver e.g., maximum likelihood (ML) and successive interference canceller (SIC) 

receivers in a rich fading environment are considered in [14], [29]. Also, classical challenges in 

MIMO and MIMO-orthogonal-frequency-multiplexing (OFDM) transceivers such as outdated 

CSI [30], peak to average power ratio (PAPR) reduction [31], etc., are addressed in relay 

transceiver design too. 

Combinations of the approaches in the aforementioned work to improve the system spectral 

efficiency and/or energy efficiency are used in the recent studies. For instance, as a new trend of 

research, the relay is equipped by multiple passive antenna arrays as a reconfigurable intelligent 

surface (RIS) [18]; each antenna in the RIS shifts the incident signal phase to make co-phase 

signals those strengthen the received signal power at the final receiver [32]. A receiver design and 
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a symbol error rate (SER) analysis of the RIS system is made in [19]. The RIS system is extended 

to exploit active antenna arrays in e.g., [20] and [21]. The active RISs can be implemented in 

UAVs to cover a terrestrial area [28]. RIS with EH capability [8], [9], [22], [23], Nakagami-m 

fading channel modeling [10], [22], FD active relaying [8]-[10], and multiple antennas in relays 

[9] are as the recent work in this trend. 

These growing researches show the importance of relaying in wireless communication systems. 

In majority of the aforementioned studies, 1) the focus is on the transceiver for only one of the 

relaying schemes, i.e., AF or DF, 2) rich fading environment is considered, 3) coherent receivers 

are designed, and 4) global perfect CSI is assumed to be available in all system transceivers. In 

particular, these two latter design assumptions, i.e., 2 and 3, are to design coherent receiver and 

different beamforming strategies. However, the CSI acquisition may be cumbersome e.g., in fast 

fading channels. Also, the perfect CSI estimation induces redundant processing and consumes 

system resources. These considerations are challenging in particular for applications with cheap 

energy efficient single antenna nodes in e.g., sensor networks. In the seminal work [33] bases of 

an optimum receiver for a multi-relay system with M-ary signal is presented which is a non-linear 

and complicated structure. This structure is reduced to a simpler form based on a piecewise-linear 

approximation of the optimum receiver which performs rather close to the optimum receiver. 

However, the performances of coherent and non-coherent receivers are not compared. Besides, 

the S-R link CSI is not exploited in the destination node to improve the SER performance.

The mentioned shortcomings of the abovementioned studies motivate the author to compare 

both relaying schemes, i.e., AF and DF and to consider the non-coherent receiver structure in a 

relaying system along with the coherent receiver structure. It is worth mentioning that even with 

the CSI availability at the receivers, using non-coherent receiver structure is still justified for the 

sake of complexity and low-power hardware implementation affairs.

In this paper, a relay system with multiple relays in both coherent and non-coherent receiver 

structures and both AF and DF relaying schemes is studied. We use the piecewise approximation 

in [33] in the receiver design and categorize and compare the BER performance in the destination 

node based on the available level of the CSI from S-R channel. We categorize this level of the 

S-R CSI to no, partial, and full information. Also, an adaptive receiver based on full CSI of the 

S-R channel in the destination node is proposed. It is shown that proposed receiver offers better 

performance than those previously designed receivers so far in the literature. Contributions of this 

paper are as follows:

�	Both coherent and non-coherent receivers and both AF and DF relaying schemes are 

considered and compared in the considered system
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�	The level of S-R CSI availability in the receiver of the destination node is categorized to no, 

partial and full CSI; then, a receiver based on the full S-R CSI availability in the destination 

node is proposed

�	The clipping level defined in [33] for the partial CSI of the S-R channel is defined for the 

full CSI of the S-R channel; then, a simple approximation of this clipping level is proposed 

which is useful for the BER analysis

The remainder of this paper is organized as follows: Section II introduces the system and 

channel model. Section III presents the receiver structure in AF and DF relaying schemes on 

coherent and non-coherent structures. In Section IV impact of S-R link on the system performance 

is analyzed and the proposed receiver is presented. Finally, simulation results and conclusion are 

provided in Sections V and VI, respectively.

II.  SYSTEM MODEL

As illustrated in Fig. 1, in a cooperative relaying system the source node, denoted by S, broadcasts 

the signal 0x  to the relay nodes, denoted by 1...,,1, −= MrRr , and the destination node in the 

first time interval. The signals received by the r th relay node and the destination node are denoted 

by ry  and 0y , respectively. The relay nodes retransmit the signals to the destination node in 

their assigned separated time intervals, i.e. 1−M  orthogonal sub channels. We note that channel 

coding and/or space-time coding can be used in relay nodes to improve spectral efficiency [34]. 

However, to ensure a power constraint at relay nodes with potential coding application in mind, 

for the sake of simplification and concentration on the receiver structure, the un-coded protocol 

is considered in this paper. The fading coefficient between source and r th, 1...,,1 −= Mr  relay 

is denoted by r,0∂ . Also, M,0∂  and Mr ,∂  denote the fading coefficient in source-destination and  

rR -destination links, respectively.

All relays can either amplify and forward (AF) or decode and forward (DF) the received signal 

to the destination node. In the AF relaying scheme the received signal at r th, 1...,,1 −= Mr  relay 

is amplified by the factor of 

r

r
r NE

E

r
+

≤
∂ 0
2

,0
σ

α
	

(1)

where 0E  is the average sample energy of the source node, rE  is the average sample energy 

of r th relay, rN  is noise variance and 2
,0 r∂σ  is variance of the link fading coefficient between the 

source node and the r th relay.

In DF relaying scheme, relays decode and retransmit the received signal. The destination 
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node receives the signals )1...,,1,0,:( 00 −==′′ Mryyyr , from M  orthogonal relay channels and 

delivers these signals to appropriate matched filters. A base-band-equivalent discrete-time model, 

as the same as the one considered in [35] is assumed here too. Throughout the paper only binary 

frequency shift keying (BFSK) is considered due to simplicity of exposition [33].

As shown in Fig. 2, for BFSK signaling the outputs from the matched filters in the direct link, 

i.e., 0=r , are as follows 
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2
1
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Also, the outputs from the matched filters at r th, 1...,,1 −= Mr  relay can be modeled as 

follows; for the AF relaying scheme:
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(3)

and for the DF relaying scheme:
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+∂
−

=′
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	 (4)

In Eq.s (2), (3) and (4): 0x  is the symbol from the source; rx  is the symbol from r th relay that 

takes values 1± , rE , 1...,,1,0 −= Mr  is the average sample energy in source and relays; rα  is the 

amplification factor in the AF relaying scheme; 10rn , 20rn  are zero mean additive white complex 

Gaussian noise (AWCGN) with the variance rN  at r th relay for AF relaying scheme, and 1rn , 2rn  

are zero mean AWCGN in the destination node with the variance 0N . In the considered system, 

the fading coefficient between two nodes i and j, i.e., ji,∂ , is modeled as zero mean, circularly 

symmetric, complex Gaussian random variable with the variance 2
, ji∂

σ . For the sake of simplicity it 

is assumed that MrNNr ...,,1,0 == where MN  is defined as the noise variance in the destination 

node. The average SNR between ith and jth nodes is defined as follows

0
2 /

,
NEiij ji∂

= σγ ,	 (5)

where iE  is the average sample energy in Node i.

III.  RECEIVER STRUCTURE

As a conventional criterion for the optimum receiver design, maximum likelihood (ML) criterion 

is used and coherent and non-coherent receivers are introduced. To maximize the received SNR,  
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where 0E  is the average sample energy of the source node, rE  is the average sample energy of r th 

relay, rN  is noise variance and 2
,0 r  is variance of the link fading coefficient between the source 
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Fig. 1. Cooperative relaying system with 1M  relays. Relays retransmit the received signal to the destination node. 
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Fig. 2. Demodulator structure in the destination node. The provided statistics at the destination node are used  

to make a decision for the received bit. 
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In Eq.s (2), (3) and (4): 0x  is the symbol from the source; rx  is the symbol from r th relay that 

takes values 1 , rE , 1...,,1,0  Mr  is the average sample energy in source and relays; r  is the 

amplification factor in the AF relaying scheme; 10rn , 20rn  are zero mean additive white complex 

Gaussian noise (AWCGN) with the variance rN  at r th relay for AF relaying scheme, and 1rn , 2rn  

are zero mean AWCGN in the destination node with the variance 0N . In the considered system, the 

fading coefficient between two nodes i  and j , i.e., ji , , is modeled as zero mean, circularly 
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where iE  is the average sample energy in Node i .  

I. RECEIVER STRUCTURE 

As a conventional criterion for the optimum receiver design, maximum likelihood (ML) criterion is 

used and coherent and non-coherent receivers are introduced. To maximize the received SNR, a 

maximum ratio combining (MRC) is used in the destination node. 

Fig. 2.  Demodulator structure in the destination node. The provided statistics at the destination node are used 
to make a decision for the received bit

a maximum ratio combining (MRC) is used in the destination node.

 A. AF relaying scheme

Considering the model presented in Section II, the log likelihood ratio (LLR) in the coherent 

structure is as follows:
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B. DF relaying scheme 

If r  denotes the decision error at r th relay, the final LLR for the DF relaying scheme is given by 
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 

piecewise linear (PL) manner as follows [33]: 
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where rC  is a clipping level defined by 

	 (6)

where rrMrMrg ,0,, ∂∂= α  and MrrMrMr NNN +∂= 22

,, α  and 1...,,1 −= Mr . In the non-

coherent case it is impossible to obtain the ML detector without resorting to numeric integration 

[35]; however by definition of effective parameters as: 
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r yy   is identical to Eq.s (6) and (7) for coherent and non-coherent cases, respectively; 
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 
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where rC  is a clipping level defined by 

, and ( )2
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 
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where rC  is a clipping level defined by 

	 (7)
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B. DF relaying scheme

If rε  denotes the decision error at r th relay, the final LLR for the DF relaying scheme is given 

by [35]:
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 

piecewise linear (PL) manner as follows [33]: 
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where rC  is a clipping level defined by 

	 (8)
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 

piecewise linear (PL) manner as follows [33]: 
















rr

rr

rr

r

r

r

rPLrr

Ct
Ct
Ct

C
t

C
tftf











       
,

,
,

)()( , 

 

(10) 

where rC  is a clipping level defined by 
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respectively; however, MrMrg ,, ∂=  and 0, NN Mr = , 1...,,1 −= Mr . For both AF and DF relaying 

schemes, In the direct link Eq.s (6) and (7) can be still used for coherent and non-coherent cases, 
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function in the ML receiver, shown in Fig. 2, for AF and DF relaying schemes is obtained as:
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To reduce the receiver complexity in the DF relaying scheme, (9) can be approximated in a 

piecewise linear (PL) manner as follows [33]: 
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where rC  is a clipping level defined by 
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where rCε  is a clipping level defined by
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The approximation in (10), which is used frequently in this paper, can facilitate the BER 

analysis. Also, Eq. (10) says that the diversity combiner resulting from this PL approximation 

includes the impact of the decision uncertainty at the relay by the clipping level defined in (11). 

Low decision error in each relay leads to increase the clipping level and vice versa. In other 

words, the clipping level limits the received information from relay based on uncertainty in the 

decision at the relay.

IV.  IMPACT OF S-R LINK CSI ON THE SYSTEM PERFORMANCE

The level of the S-R link CSI availability in the destination node affects the BER performance 

significantly. By the S-R link CSI we mean the CSI between the source and relay(s). According to 

Eq.s (6) and (7), in AF relaying scheme it is straightforward to see that we have full information 

of the S-R link CSI in the coherent structure and partial information of the S-R link CSI, as a 

statistical average of the S-R channel gain, in the receiver of the destination node. However, in 
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the DF relaying scheme a nonlinear function, defined in (9), appears in the receiver structure 

which is precisely approximated in (11). The clipping level value in (11) depends on the available 

information from the S-R link CSI and type of either coherent or non-coherent receiver structures 

in the relay which is considered in the following.

A. No CSI from S-R link

In this case, the receiver of the destination node acts as a simple combiner and assumes S-R 

channel to be perfect. Consequently, the nonlinear function reduces to a simple linear function 
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Substituting (12) into (11) yields 
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For the non-coherent receiver the decision error is given as [36] 
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C. Full CSI from S-R link (proposed receiver)

In this case, the instantaneous S-R channel gain(s) is available in the destination node. This leads 

the clipping level to be adapted to the instantaneous received SNR in each relay i.e., r,0γ . Since 
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By the similar argument made in (19)-(21) the following approximation is obtained. 
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Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  

. Using the following approximation for the 

Q-function [37] as

)5616.0exp( 24015.0)( 2xxQ −≈ ,	 (20)

into (18) and considering 
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By the similar argument made in (19)-(21) the following approximation is obtained. 
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Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  
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By the similar argument made in (19)-(21) the following approximation is obtained. 
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Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  
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By the similar argument made in (19)-(21) the following approximation is obtained. 
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Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  

.
For the non-coherent receiver structure the decision error probability in a relay for BFSK 
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By the similar argument made in (19)-(21) the following approximation is obtained.
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By the similar argument made in (19)-(21) the following approximation is obtained. 












th

th

rC



    ,

2
1)2ln(

   ,
, 

 

(23) 

Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  
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Meeting the continuity constraint obtains
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By the similar argument made in (19)-(21) the following approximation is obtained. 
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Meeting the continuity constraint obtains th . 

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures and  

.

In Fig. 3 the exact form of the clipping levels for coherent and non-coherent receiver structures 

and their corresponding proposed approximations in (16) and (17) are plotted. The close behavior 

of the approximated clipping levels with the exact ones is evident in this figure. 

V.  SIMULATION RESULTS

In order to compare the coherent and non-coherent receivers for AF and DF relaying schemes, 

simulation results are provided in Figs. 4–6 showing the average BER of un-coded BFSK 

transmissions for the different relay locations as (0.5, 0), (0.9, 0) and (0.1, 0), respectively. The 

simulation assumptions are based on what considered in [33]. The coordinates of the network 

elements are normalized by the distance between source and destination transceivers ( dsd , ). The 

fading variances 2
,Mr∂

σ  obey the general path-loss model in the form of 4
,

2
,

−
∂ ∝ jid

ji
σ , where jid ,  

is the distance between Node i  and Node j . The total network energy per transmitted bit is 

also normalized to be 1. For single-hop transmission i.e., 10 =E , equal energies are assigned to 

the transmitters i.e., 2110 == EE . Without loss of generality, the source, destination and relay 

nodes are assumed to be located at (0, 0), (1, 0), and )0,(l , 10 << l , respectively. The three 

selected coordinates of the relay are as follows: close to the source ( 1.0=l ), middle of the S-R 

distance ( 5.0=l ) and far from the source ( 9.0=l ).

As illustrated in Fig.s 4-6, slops of curves in the case of the presence of the relay are larger 

than those of the absence of the relay due to diversity gain offered in cooperative relaying. It is 

seen that there is ~6dB difference in coherent and non-coherent cases. Fig.s 4 and 5 show that in 

DF relaying scheme the proposed receiver, i.e., receiver with full CSI from S-R link, offers better 

performance than two other cases i.e. no and partial CSI from S-R link. In Fig. 6 the performance 

for DF relaying scheme for all cases are rather the same due to the good S-R channel. Fig. 4 shows 

that the DF relaying scheme, especially for the proposed receiver, outperforms the AF relaying 

scheme. The same result is seen in Fig. 6 where relay is close to the source. When relay is far 

from the source, in Fig. 5, AF relaying scheme outperforms the DF relaying scheme. In this case 

the error propagation possibility in the DF relaying scheme has worse impact on the performance 

than the noise amplification effect in the AF relaying scheme. In the DF relaying scheme when 

the relay is getting close to the destination node, i.e., Fig. 5, the proposed receiver outperforms 
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Fig. 3. Clipping level versus r,0:    for coherent and non-coherent receiver structures and their  
corresponding approximations. 
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Fig. 4. BER performance for AF and DF relaying schemes in coherent and non-coherent receivers. The relay  

location is in the middle of the S-R distance ( 5.0l ) 
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Fig. 5. BER performance for AF and DF relaying schemes in coherent and non-coherent receivers. The relay  

location is far from the source ( 9.0l ) 

 

 

Fig. 4.  BER performance for AF and DF relaying schemes in coherent and non-coherent receivers. 
The relay location is in the middle of the S-R distance (l=0.5)
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Fig. 5.  BER performance for AF and DF relaying schemes in coherent and non-coherent receivers. 

The relay location is far from the source (l=0.9)
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Fig. 6. BER performance for AF and DF relaying schemes in coherent and non-coherent receivers. The relay  

location is close to the source ( 1.0l ) 

 

the proposed receiver, i.e., receiver with full CSI from S-R link, offers better performance than two 

other cases i.e. no and partial CSI from S-R link. In Fig. 6 the performance for DF relaying scheme 

for all cases are rather the same due to the good S-R channel. Fig. 4 shows that the DF relaying 

scheme, especially for the proposed receiver, outperforms the AF relaying scheme. The same result is 

seen in Fig. 6 where relay is close to the source. When relay is far from the source, in Fig. 5, AF  

relaying scheme outperforms the DF relaying scheme. In this case the error propagation possibility in 

the DF relaying scheme has worse impact on the performance than the noise amplification effect in 

the AF relaying scheme. In the DF relaying scheme when the relay is getting close to the destination 

node, i.e., Fig. 5, the proposed receiver outperforms the two receivers with no and partial CSI from S-

R link. Therefore, the error propagation is acceptably controlled in the proposed receiver in 

comparison with the two other counterparts. 

IV. CONCLUSION 

In this paper both coherent and non-coherent receivers in AF and DF relaying schemes were 

studied. Also, the performance of the receiver of the destination node was categorized and compared 

based on available S-R link CSI, i.e. no, partial and full CSI, from source relay link. In particular, an 

adaptive receiver based on full available CSI from S-R link was proposed which showed better 

performance than the two receivers with no and partial CSI from S-R link. Besides, it was shown that 

when relay is getting close to the source, the DF relaying scheme outperforms the AF relaying scheme 

Fig. 6.  BER performance for AF and DF relaying schemes in coherent and non-coherent receivers.  

The relay location is close to the source (l=0.1)
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the two receivers with no and partial CSI from S-R link. Therefore, the error propagation is 

acceptably controlled in the proposed receiver in comparison with the two other counterparts.

VI.  CONCLUSION

In this paper both coherent and non-coherent receivers in AF and DF relaying schemes were 

studied. Also, the performance of the receiver of the destination node was categorized and 

compared based on available S-R link CSI, i.e. no, partial and full CSI, from source relay link. 

In particular, an adaptive receiver based on full available CSI from S-R link was proposed which 

showed better performance than the two receivers with no and partial CSI from S-R link. Besides, 

it was shown that when relay is getting close to the source, the DF relaying scheme outperforms 

the AF relaying scheme for both coherent and non-coherent cases.

REFERENCES

[1]	 A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity–Part I: system description,” IEEE Trans. 
Communications., vol. 51, no. 11, pp. 1927-1938, Nov. 2003.

[2]	 J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity in wireless networks: efficient protocols 
and outage behavior,” IEEE Trans. Information Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.

[3]	 T. Hunter and A. Nosratinia, “Cooperation Diversity through coding,” In Proc. IEEE ISIT Lausanne, Switzerland, 
Jun. 2002, pp. 220.

[4]	 J. N. Laneman and G. W. Wornell, “Energy-efficient antenna sharing and relaying for wireless networks,” In Proc. 
IEEE Wireless Communications and Networking Conf. (WCNC), Chicago, IL, vol.1, Sept. 2000, pp. 7-12.

[5]	 D. Chen and J. N. Laneman, “Non coherent demodulation for cooperative diversity in wireless systems,” In proc. 
IEEE Commun. Society Globcom 2004, pp.31-35.

[6]	 A. Ribeiro, X.Cai and H.B.Giannakis, “Symbol error probabilities for cooperative links”, IEEE International 
Conf. on Communications (IEEE Cat. No.04CH37577), Paris, France, vol.6, 2004, pp. 3369-3373.

[7]	 Y. Alghorani, A. S. Chekkouri, D. A. Chekired, and S. Pierre. “Improved S-AF and S-DF relaying schemes using 
machine learning based power allocation over cascaded Rayleigh fading channels,” IEEE Trans. Intelligent 
Transportation Systems, vol. 22, no. 12, pp. 7508-7520, Dec. 2021.

[8]	 T. N. Nguyen, T. T. Duy, P. T. Tran, M. Voznak, X. Li and H. V. Poor, “Partial and Full Relay Selection Algorithms 
for AF Multi-Relay Full-Duplex Networks With Self-Energy Recycling in Non-Identically Distributed Fading 
Channels,” IEEE Trans, Vehicular Technology, vol. 71, no. 6, pp. 6173-6188, June 2022. 

[9]	 M. H. N. Shaikh, V. A. Bohara and A. Srivastava, “Performance Analysis of a Full-Duplex MIMO Decode-and-
Forward Relay System With Self-Energy Recycling,” IEEE Access, vol. 8, pp. 226248-226266, 2020

[1]	  B. C. Nguyen, L. The Dung, T. M. Hoang, X. N. Tran and T. Kim, “Impacts of Imperfect CSI and Transceiver 
Hardware Noise on the Performance of Full-Duplex DF Relay System With Multi-Antenna Terminals Over 
Nakagami-m Fading Channels,” IEEE Trans. Communications, vol. 69, no. 10, pp. 7094-7107, Oct. 2021.

[2]	 M. H. N. Shaikh, V. A. Bohara, and A. Srivastava. “Performance analysis of a full-duplex MIMO decode-and-
forward relay system with self-energy recycling,” IEEE Access, vol. 8, pp. 226248-226266, 2020.

[3]	 A. A. Haghighi, L. Szczecinski, and F. Labeu, “Truncated HARQ based multi-hop systems: Outage and related 
performance metrics,” IEEE Trans. Communications, vol. 63, no. 10, pp. 3525–3536, Oct. 2015.



Haghighi  |  Receiver Design in Relaying Systems based on the Level of CSI at Relay

jc
e.

sh
a

h
e

d
.a

c.
ir

72

Journal of 
Communication 
Engineering (JCE)

[4]	 A. A. Haghighi, “Energy efficiency in ARQ-based multi-hop systems and the tradeoff with throughput,” China 
Communications Journal, vol. 20, no. 6, pp. 60–71, 2023

[5]	 A. Hesam, A. H. Bastami, and M. Abdel-Hafez, “Performance analysis of NOMA-based transmission in two-way 
relay network,” IEEE Access, vol. 12, pp. 37051-37068, 2024.

[6]	 H. F. Hassan, S. Althunibat, M. T. Dabiri, M. Hasna, and K. Qaraqe, “Performance analysis of two-way relaying 
in mmWave-based aerial links,” IEEE Open Journal of the Communications Society, vol. 5, pp. 1047-1056, 2024.

[7]	 R. Muharar, Y. Yunida, and N. Nasaruddin, “On the performance of multi-way massive MIMO relay with linear 
processing,” IEEE Access, vol. 12, pp. 62006-62029, 2024.

[8]	 K. Belbase, C. Tellambura, and H. Jiang “Coverage, capacity, and error rate analysis of multi-hop millimeter-
Wave decode and forward relaying,” IEEE Access, vol. 7, pp. 69638-69656, 2019.

[9]	 Q. Wu and R. Zhang, “Towards smart and reconfigurable environment: Intelligent reflecting surface aided wireless 
network,” IEEE communications magazine, vol. 58, no. 1, pp. 106–112, Jan. 2020.

[10]	 J. Ye, S. Guo and M. -S. Alouini, “Joint Reflecting and Precoding Designs for SER Minimization in Reconfigurable 
Intelligent Surfaces Assisted MIMO Systems,” IEEE Trans. Wireless Communications, vol. 19, no. 8, pp. 5561-
5574, 2020.

[11]	 A. Huang, L. Guo, X. Mu, C. Dong, and Y. Liu, “Coexisting passive RIS and active relay assisted NOMA 
systems,” IEEE Trans, Wireless Communications, vol. 22, no. 3, pp. 1948–1963, 2023.

[12]	 I. Yildirim, F. Kilinc, E. Basar, and G. C. Alexandropoulos, “Hybrid RIS-empowered reflection and decode-and-
forward relaying for coverage extension,” IEEE Communications Letters, vol. 25, no. 5, pp. 1692–1696, 2021. 

[13]	 P. Kumar and K. Dhaka, “Performance of Wireless Powered DF Relay System Under Nakagami-m Fading: Relay 
Assists Energy-Constrained Source,” IEEE Systems Journal, vol. 14, no. 2, pp. 2497-2507, 2020.

[14]	 Y. Lu and W. H. Mow, “SER Analysis for SWIPT-Enabled Differential Decode-and-Forward Relay Networks,” 
IEEE Trans. Green Communications and Networking, vol. 5, no. 1, pp. 348-361, March 2021.

[15]	 Y.M. Khattabi, Y. H. Al-Badarneh, and M. S. Alouini, “On the performance of interference-based energy-
harvesting-enabled wireless AF relaying communication systems,” IEEE Open Journal of Vehicular Technology, 
vol. 4, pp. 440-458, 2024.

[16]	 Y. Li, R. Wu, L. Gan, and P. He, “Development of an effective relay communication technique for multi-UAV 
wireless network,” IEEE Access, vol. 11, pp. 1-9, 2023.

[17]	 T.K. Kim, “Cooperative DF protocol for MIMO systems using one-bit ADCs,” Sensors Journal, vol. 22, no.20, 
p. 7843 (1-15), 2022.

[18]	 S. Ullah, A. Saleem, N. Hassan, G. Muhammad, J. Shin, J., Q. A. Minhas, and M. K. Khan, “Reliable and delay 
aware routing protocol for underwater wireless sensor networks,” IEEE Access, vol. 11, pp. 116932-116943, 
2023.

[19]	 L. Yang, F. Meng, J. Zhang, M. O. Hasna, and M. Di Renzo, “On the performance of RIS-assisted dual-hop UAV 
communication systems,” IEEE Trans. Vehicular Technology, vol. 69, no. 9, pp. 10 385–10 390, Sept. 2020.

[20]	 M. T. Le, V. Nguyen-Duy-Nhat, H. V. Nguyen, and O. S. Shin, “DDPG-Based optimization for Zero-Forcing 
transmission in UAV-Relay massive MIMO networks,” IEEE Open Journal of the Communications Society, vol. 
5, pp. 2319-2335, 2024.

[21]	 E. M. Ghourab, L. Bariah, S. Muhaidat, P. C. Sofotasios, M. Al-Qutayri, and E. Damiani, “Secure relay selection 
with outdated CSI in cooperative wireless vehicular networks: A DQN Approach,” IEEE Access, vol. 12, pp. 
12424-12436, 2024.

[22]	 A. Kakehashi, T. Hara, and K. Higuchi, “Base station-driven PAPR reduction method utilizing null space for 
MIMO-OFDM systems with amplify-and-forward relaying,” IEEE Access, vol. 12, pp. 24714-24724, 2024.



Vol. 11  |  No. 1  |  Jan.-Jun. 2022

jc
e.

sh
a

h
e

d
.a

c.
ir

73

Journal of 
Communication 

Engineering (JCE)

[23]	 C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, “Reconfigurable intelligent surfaces 
for energy efficiency in wireless communication,” IEEE Trans. Wireless Communications, vol. 18, no. 8, pp. 
4157–4170, Aug. 2019.

[24]	 Deqiang Chen and J. N. Laneman, “Modulation and demodulation for cooperative diversity in wireless systems,” 
IEEE Trans. Wireless Communications, vol. 5, no. 7, pp. 1785-1794, July 2006.

[25]	 A. A. Haghighi and K. Navaie, “Outage analysis and diversity-multiplexing tradeoff bounds for opportunistic 
relaying coded cooperation and distributed space-time coding coded cooperation,” IEEE Trans. Wireless 
Communications, vol. 9, no. 3, pp. 1198-1206, March 2010.

[26]	 D. Chen and J. N. Laneman, “Cooperative diversity for wireless fading channels without channel state 
information,” In Record of the Thirty-Eighth Asilomar Conf. on Signal, Systems and Computers, vol. 2, Nov. 
2004, pp.1307-1312.

[27]	 J. G. Proakis, Digital Communications. McGraw-Hill, Inc., 2001.

[28]	 S. Aggarwal, “A survey-cum-tutorial on approximations to Gaussian Q function for symbol error probability 
analysis over Nakagami-m fading channels,” IEEE Communications Surveys & Tutorials, vol. 21, no. 3, pp. 
2195–2223, 2019.



Journal of  
Communication Engineering

(JCE)


