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A Unified Framework for Multi-Hop Wireless
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Abstract—Relaying increases the coverage area and reliability
of wireless communications systems by mitigating the fading
effect on the received signal. Most technical contributions in
the context of these systems assume ideal hardware (ID) by
neglecting the non-idealities of the transceivers, which include
phase noise, in-phase/quadrature mismatch and high power
amplifier nonlinearities. These non-idealities create distortion
on the received signal by causing variations in the phase and
attenuating the amplitude. The resulting deterioration of the
performance of wireless communication systems is further mag-
nified as the frequency of transmission increases. In this paper,
we investigate the aggregate impact of hardware impairments
(HI) on the general multi-hop relay system using amplify-and-
forward (AF) and decode-and-forward (DF) relaying techniques
over a general H-fading model. H-fading model includes free
space optics, radio frequency, millimeter wave, Terahertz, and
underwater fading models. Closed-form expressions of outage
probability, bit error probability and ergodic capacity are derived
in terms of H-functions. Following an asymptotic analysis at
high signal-to-noise ratio (SNR), practical optimization problems
have been formulated with the objective of finding the optimal
level of HI subject to the limitation on the total HI level. The
analytical solution has been derived for the Nakagami-m fading
channel which is a special case of H-fading for AF and DF
relaying techniques. The overall instantaneous signal-to-noise-
plus-distortion ratio has been demonstrated to reach a ceiling at
high SNRs which has a reciprocal proportion to the HI level of
all hops’ transceivers on the contrary to the ID.

Index Terms—Hardware impairments, ideal hardware, multi-
hop relaying, H-fading, diversity order.

I. INTRODUCTION

Fifth generation (5G) and sixth generation (6G) wireless
communication systems play a valuable role in increasing the
quality of human life by providing a very high data rate,
very low latency and very high reliability. According to the
recent Ericsson report, the global number of 5G subscriptions
is expected to exceed 5 billion by the end of 2028 with over
300 exabyte (EB) data traffic on mobile subscriptions [[1]. To
achieve the aforementioned goals, various frequency bands
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have been regularized by Federal Communications Commis-
sion (FCC) including free space optics (FSO), radio frequency
(RF), millimeter wave (MMW), and Terahertz (THz) tech-
nologies [2f. In these frequency bands, propagation loss and
fading are extremely high, leading to signal blockage due to
the absorption of the signal energy and low transmission power
at higher frequencies. multi-hop (MH) relaying provides a low
cost solution to extend the transmission coverage in wireless
links and diminish fading since the fading variance depends
on the distance between transmitter and receiver. The two
most widely used protocols in cooperative communications
are amplify-and-forward (AF), and decode-and-forward (DF)
where in the former the relay sends the received signal
after amplifying, while in the latter the relay first decodes
the received signal and then sends it toward the destination
[3l. In recent years, several application scenarios for MH
wireless networks have been investigated including (i) cellular
radio/optical networks to extend the coverage range using
relaying; (ii) wireless mesh networks for providing broadband
internet services without the need of expensive cable infras-
tructures, in particular in areas sparsely populated as well as
in urban areas where the cost of laying cables is very high;
(iii) multi-satellite systems for deep space communications;
(iv) vehicular communications with mobile relay nodes, which
is a special case of mobile ad-hoc networks; and (v) wireless
sensor networks as part of internet of things, which offer large
geographical areas with connectivity without having direct
physical access to each sensor node [4].

The first set of relaying based studies assume ideal hardware
(ID), where the hardware impairments (HI) in the hardware
of the RF and FSO link, including phase noise [5], [6],
in-phase/quadrature (I/Q) mismatch [[7], [8] and high power
amplifier (HPA) nonlinearities [9]], [10], are ignored. In [11]],
the performance of relay-assisted MH systems has been stud-
ied for the configuration where multiple RF and FSO links
were cascaded using either AF or DF relaying with ID.
[12] derives the analytical expressions of outage probability
(OP) and bit error probability (BEP) performance for the
MH relaying assuming JF distributed atmospheric turbulence
with pointing errors (PE) along with high signal-to-noise ratio
(SNR) analysis of the OP and BEP. [|13|] provides the closed-
form expressions of the OP and BEP of MH THz wireless
relaying systems. Also, the diversity order through an asymp-
totic analysis of the OP and BEP was obtained. [[14] studies the
MH relaying of underwater fading over mixture Exponential-
generalized Gamma (mEGG) distribution, where exact and
asymptotical expressions of OP and BEP are presented for
both type of detection techniques (i.e., heterodyne detection
(HD) and direct detection (DD)). However, assuming ID by



neglecting hardware impairment distortion can cause very
deceitful results in the analysis of high-rate systems due to the
destructive effects of HI on the instantaneous signal-to-noise-
plus-distortion ratio (SNDR). Among the HI, when a signal is
frequency multiplied, the phase noise increases around six dB
for every doubling. I/Q mismatch rotates the phase and attenu-
ates the amplitude of the desired constellation. Furthermore, an
image interference is created by the mirrored subcarrier, which
causes a bit-error-rate (BER) floor. In comparison to linear
HPAs, HPA non-linearities increase the BER; for extreme non-
linearities, an irreducible error floor appears.

The second set of relaying based studies incorporate HI
into their analysis due to the wide deployment of inexpensive
hardware and the usage of higher frequency bands. [15] con-
siders a generalized system model to characterize the impact
of HI in dual-hop relay networks over Nakagami-m fading
channels. Closed-form expressions are derived for the OP and
the ergodic capacity (EC) followed by high SNR analysis
based on the derived SNDR. Some design guidelines for both
AF and DF relaying systems based on the fundamental limits
in the HI systems are also discussed. In the context of mixed
RF and FSO systems, [16] evaluates the impact of the HI
on a dual-hop RF-FSO relay network. Assuming Rayleigh
fading and Malaga turbulence with PE respectively for the
RF and FSO links, the closed-form expressions for the OP
and BEP along with high SNR analysis including the diver-
sity gains are presented. [17]] studies dual-hop mixed THz-
FSO relaying systems assuming the non-ID for AF relaying
systems. The exact and asymptotic OP of the systems are
derived over a« — p fading and double generalized Gamma
(DGG) turbulence with the PE along with the analytical
expression of the diversity gain. The effect of RF impairments,
which is modeled as independent and identically distributed
(i.i.d.) additive Gaussian noise, is investigated in [[18]—[22]. In
[18]], authors investigate the effects of I/Q imbalance at the
Tx/Rx over Nx Nakagami-m fading channels. Closed-form
expressions of OP for single and multi-carrier communication
systems have been derived in the terms of H-function. In [19],
a secrecy analysis of multi-hop hardware-impaired relaying
system with DF relaying is given for Rayleigh fading channels.
Exact closed-form expressions and the asymptotic OP for three
selection protocols are derived. In [20], authors present an
analysis of dual-hop CSI-assisted AF relaying communications
assuming F-distribution. The approximated OP, BEP, EC, and
the effective capacity are further obtained in closed-form. [21]]
gives a performance analysis of I/Q mismatch with HI Over
H-fading channel. Closed-form expressions and asymptotic
expressions for the OP, BEP, and EC are obtained. [22]]
studies the performance of a cognitive radio network with
multiple DF relays under the impact of HI. Exact closed-form
expression for the OP employing selection cooperation over
in.i.d. Rayleigh fading channels are derived. In the context
of MH relaying, [23]] proposes a MH full-duplex communica-
tion systems under hardware manufacturing defects and self
interference over independent but non-identically distributed
(i.n.i.d.) Nakagami-m fading channels. The approximated OP,
BEP, and EC based on the Euler numerical technique are
derived. While these studies have improved our knowledge

on the performance characterization of relaying systems with
HI, they are limited in terms of the number of hops and fading
channel models. [15]-[17] consider the aggregate impact of HI
for the dual-hop relaying without considering MH relaying.
On the other hand, [23] provides an analytical framework
for the MH relaying considering Nakagami-m fading only,
which does not necessarily apply to the FSO, MMW and THz
frequency bands.

In this paper, we propose a unified framework to the impact
of aggregate HI on the performance of the MH relaying in 5G
and 6G networks over high frequency bands by considering
the generalized i.n.i.d. H-fading model, for the first time
in the literature. Since the framework considers a general
fading model which consists many fading models in RF, THz,
FSO, and MMW systems, arbitrary receiver types, arbitrary
number of links, and arbitrary level of impairment, we call
the proposed model as unified. The aggregate HI considers the
phase noise, I/Q mismatch and HPA nonlinearities considering
soft envelope limiter, solid state power amplifier, traveling
wave tube amplifier and ideal soft-limiter amplifier models
altogether. H-fading model has been demonstrated to represent
accurately many of the fading channels at high frequency
bands, including RF, FSO, THz and MMW bands, and cover-
ing DGG plus PE, Fisher-Snedecor F, extended generalized-K
(EGK), oo — . plus PE, Malaga plus PE, mEGG [24]] and Nx
Nakagami-m channels [25]]. New closed-form expressions are
derived for the OP and EC under aggregate HIE] The original
contributions of this paper are given as follows:

o We propose a generalized framework for the inclusion
of aggregate HI and H-fading model in the performance
analysis of the MH relaying systems over high frequency
bands, for the first time in the literature.

o We derive the closed-form expressions of the instanta-
neous end-to-end (E2E) SNDR, E2E OP and EC for
both AF and DF MH relaying, for the first time in
the literature. These expressions are derived considering
both the inductive argument method and Cauchy’s residue
theorem where the performance of a n + 1-hop relaying
system is characterized by that of an n-hop relaying
system for n = 2, ..., N.

o We derive the dependence of the diversity gain of the AF
relaying on the parameters of the H-fading and number
of links, for the first time in the literature. The diver-
sity gain expression is derived at high SNRs based on
an asymptotic OP expression employing both inductive
argument method and Cauchy’s residue theorem.

e Using the proposed framework, we formulate the opti-
mization problem with the objective function of mini-
mizing the OP, decision variables of the HI levels of the
nodes and constraint on the total HI levels for AF and
DF relaying techniques, for the first time in the literature.
The cost of the hardware determines the level of hardware
impairment such that the lower the cost, the higher the HI.

'Each metric has been used to quantify the performance gains/impairments
and to comprehend how factors arising from design/implementation (e.g.
transmitter noise, channel noise, receiver noise, diversity, multipath fading)
affect overall system performance. In the context of relaying, these metrics
were frequently used in the literature (Please see [11]- [25] for more details).



We obtain closed-form analytical solutions of the optimal
level of HI for Nakagami-m fading channels, which is a
special case of H-fading.

We organize the rest of the paper as follows. Section II
describes the system model. Section III and IV provide the
OP, BEP, and EC performance of the MH system for AF and
DF relaying protocols, respectively. Section V describes the
formulation of the optimization problem for determining the
optimal level of HI to minimize the OP. Section VI presents
some numerical results. Finally, Section VII concludes the
paper.

Notation: Throughout this paper, the operator Pr(.) denotes
probability, while E¢;{.} stands for expectation operator.

- fooo e~ "1 dt is the Gamma function [26, Eq.
(8.310.1)], and T is the average SNR. CN(u,0?) shows a
complex Gaussian random variable (RV) with mean of ; and
variance of o2, and the operator ~ means distributed as.

II. SYSTEM MODEL

We consider a MH cooperative system over H-fading chan-
nel using DF and AF protocols. The source node S establishes
a link with the destination node D = Ry via multiple relay
nodes R; fori=1,..., N —1 (see Fig. 1). Multiple relays are
used to deliver the transmitted signal from source to the final
destination. The received signal at the i*" receiver is given by

(15]

yi = (h) ¥ (si+mi0) +mip+vi, Vi=1,,N, (D
where s; and s;41 Vi = 1,..,N — 1 are respectively
the transmitted signals from the source and i*" relay, with
average signal power P; = E,, SN by

is the channel coefficient of the 7t link; yn 1s the received
signal at the destination; 7;; and 7;, for ¢ = 1,...,N are
distortion noises of transmitter and receiver of the i*" hop,
respectively and are modeled as 7;; ~ CN (O;H?’t}_’i), and
Nig ~ CN(O,/@”PVL "i) where ki, ki, > 0 signalize
respectively the HI’ level in the transmitter and receiver
of the i*®® hop; v; ~ CN(0;0?) represents the Gaussian
noise for the ith hop’s receiver; r;, = 1 and r; = 2
represent the detection mode of HD and DD, respectively.
Combining the HI at both the transmitter and the receiver

2
} = Pi|hi‘”"'@¢ with

and since E,, , . | {‘(hi)5 Nit + Nir

2 .
Ki = "%t —&—fﬁ”, we obtain

where 7; ~ CN(0;k2P;) is the aggregated distortion noise
for the i*" hop. Note that, when x; = K;; = ki, = 0, the
investigated model corresponds to the ideal transmitter and
receiver. Assuming I'; = P;|h;|" /o2 for the SNR of i hop
and T'; = PEp,, |~ {|hi|""}/o? for the average SNR of the i*"
hop, each relay either amplifies or decodes the received signal
and forwards it to the next relay for AF and DF relaying,
respectively.

The AF relaying protocol essentially amplifies the sig-
nal y; that was received at the relay ([R;) to create the
transmitted signal s;;; at the relay (i.e., s;41 = Gyy; for

i=1,.,N—
ith

1), where G; is the amplification gain of the
relay. For the semi-blind fixed-gain (FG) AF relaying, the
input signal at each relay should be normalized, therefore
G? = Futs for i = 1,..,N — 1. For

vy M1, R, v, m{yl

blind FG AF relaylng, G; does not depend on any parameter
and is an arbitrary fixed constant. For the channel state
information (CSI)-assisted AF relaying, the relay knows the
instantaneous information of the fading channel and hence

G? = = Piys o fori =1,..., N —1. In addition, the
81,V M- VMg i
sent signlal 15,»11 at the relay, as specified by the DF relaying

protocol, must correspond to the signal’s initial value s;.
The source transmits its signal to a relay node. Assuming the
FG AF relaying, the i*? relay amplifies the signal with a FG
G, and sends it to the next relay. This keeps happening until
the data from the source reaches the destination. Therefore,
the received signal at the i*" receiver Vi € [1, N — 1] and the
destination node (¢ = V) for the AF relaying is expressed as

HG7 1h $1 +Z {v]—i—m ]

fori=1,...,
ith

Tk
H Grah? (3)
k=j+1
N. For the DF relay, the received signal at the
receiver can be written as
yi = (hi)® (s} +m:) + v,

where s/ is the retrieved signal at the i*" receiver.
The probablllty density function (PDF) of i*! link’s instan-
taneous SNR with H-distribution is defined as [27, Eq. (1)]

(as, A;)
] o

Vi=1,.,N 4)

th

qu' (7) = Z Disqi T.

a;
Pi o {in’
o @Y

where Hj'2" [.] is the H-function defined in [28, Eq. (1.2)],
while o, pi, 0is M4, Ny Diy Gy Uiy s, A;, b;, and B; are the
parameters of the distribution corresponding to the i*" hop.

The cumulative distribution function (CDF) of i*" link
instantaneous SNR with H-distribution by applying [28], Eqgs.
(2.53, 2.54)] to () is derived as

» (L a), [1, A1)
121 ([b:, 0], [Bi, 1))

At high SNRs, when E > 1, the CDF in @ can be
approximated by employing [29} Egs. (1.8.4, 1.8.5)] as

ZZ < ) , Vi=1,..,.N ()

(6)

mi,ni-&-l 0i
r;

p@+1,111‘,+1

l;=175=1
where j3; ; £ gif]’v is the j-th element of 3;, and
i,j
m;
H r (bz k— ITB”C)
s Pi k=Lk#j v
Dij = b -
0i0i 4 H F((lzkibiéAzk)
k=n;+1 “J
I F(l-azk“é:“:’“)
—— ()™ ®
I r (1 b+ )
k=m;+1 L]



Figure 1.

Some Special cases of H-distribution, by dropping the in-
dex i, are given in Table I, where DGG, EGK, a — wu,
F, Malaga, mEGG, Nx* Nakagami-m distribution parameters
are defined respectively in [30], [31], [13], [12], [32[], [14],
and [25]]. The defined distributions in Table I also contain
many distributions. DGG includes K channel, Double Weibull,
Gamma-Gamma, and Log-Normal. EGK includes Weibull,
Generalized Nakagami-m, Generalized Gamma, Generalized-
K, double Nakagami-m. o — p fading contains Nakagami-m,
Gamma, Weibull, and Rayleigh. Malaga contains shadowed
Rician, Rice-Nakagami, Gamma-Rician. EGG is a special case
of mEGG. Finally, double Nakagami-m and triple Nakagami-
m are special cases of N Nakagami-m.

III. PERFORMANCE ANALYSIS OF AF RELAYING

In this section, we derive the E2E instantaneous SNDR
statistics of FG, and CSl-assisted N-hop AF relaying. Based
on the SNDR expression, we obtain the CDF of dual-hop and
MH FG AF relaying with HI in terms of H-function. Then,
the asymptotic CDF of N-hop FG AF relaying with HI, the
SNDR ceiling and the diversity order of both blind and semi-
blind cases are derived. Additionally, the OP and EC of MH
relaying with HI, the capacity ceiling and the BEP of ID are
given in closed-form expressions.

The SNDR of N-hop AF relaying using (3) can be written
as (@), with X € {F,V} where “F” represents the FG AF
relaying and “V” denotes the CSI-assisted or variable gain
AF relaying.
Theorem 1. The SNDR for N-hop FG AF relaying is given
by

-1
Cgr,_,

Ly

(10)

N i
= d+> A ][]
i=1 j=1

N
L.,N=1 X =] (1+x2),
G=i
An+1 =1, Cr, = 1. For the FG, Cr, £ (1+ £?)E{I';} +1
fori=1,...,N —1, whereas in the blind case, Cr, is a fixed
constant.

where d; = \; — 1 Vi

Proof. The expression is derived by putting the expressions
for i'" relay amplification gain into (9), using the variance of
the distortion and receiver noises of all hops, and employing

D

System model of multi-hop relaying with HI

the instantaneous SNR expression for each hop. See Appendix
I for a detailed proof. O

AL

For the CSl-assisted relaying, CRg, (1+62)T; + 1
Vi =1,..., N — 1. Therefore, for the CSI-assisted relaying

. (H?_}Va 0 1)
[T, ()

where I'} £ (14 £2) Ty, Vi=1,..,N.

Note that, when x; = 0 Vi = 1,...,N; and
respectively simplify to the SNR of FG and CSI-assisted AF
relaying with the ID.

Theorem 2. The CDF of dual-hop FG AF relaying with HI
over H-fading is given by (12), where H)" ;22 ms.ns [ ] g

bivariate H-function defined in [28| Eq. (2.57)]. The CDF in
can be approximated as in (13).

Proof. See Appendix II.

Y

O

Special cases: It can be shown that when we set m; —
00,3 = B, = 2 in EGK fading of Table I, the CDF in
simplifies to [15) Eq. (27)] earlier obtained for dual-hop AF
relaying HI systems over Nakagami-m channels. Moreover, it
can be shown that if we set r; = ro = N = 2 and consider -
p+PE fading for the THz link and DGG with PE for the FSO
link, the CDF in reduces to [[17, Eq. (34)] earlier obtained
for dual-hop THz-FSO relaying systems with HI. It can be
shown that if we consider Malaga+PE fading for the FSO link,
the CDF in (13) simplifies to [16, Eq. (27)] earlier obtained
for dual-hop RF-FSO relaying systems with HI over Rayleigh-
Malaga channels with partial relay selection and outdated CSI.
In another special case that considers the ID in all nodes, i.e.,
k1 = ko = 0, over Nakagami-m, i.e., ms — 00,3 = 3, = 2,
and Gamma-Gamma, i.e., ay; = Qq; = ag; = Q9; = 1, the
CDF expression in (T3) is reduced to [33 Eq. (8)]. For ID,
the CDF is derived by setting Ay = A2 = 1 in and (13).

Theorem 3. The CDF of N-hop FG AF relaying with HI
over H-fading is given by (14), and approximated as (13,
S [ N i i=1,. N -2 .
where \; = A it i=N-1N and X i1 =
Ai+1 + Ch; (1 — )\i+1) WVi=1,...,N —1, Qj,....j = iy ey Ay
Ai,...,j = A’ia "'7Ajr bz,j = bi7 "'7bjr Bz,] £ Biv ?Bj

Proof. See Appendix III. O



Table 1
SOME SPECIAL CASES OF H-DISTRIBUTION.

H-fading Parameters p,0 a, m, n, p, q a; A b; B
DGG+PE a1, By, 0,7 | Ase, (0% + 1cY 1,u, 0,7, u Ks ;v 1, Ky v 11,
[30] a27ﬁ27927€
EGK m,ms, iy - b 1,2,0,0,2 . mma) s [ 3,2
[31] B, B
2 2 2
ov-p+PE o € RNz (A)x | 1,2,0,0,2 1+5 52 [, 1512, 2)
(A2) &
[13]
2 Th—1)—"
F +PE ot s, 0L, o Tk 1,2,1,2,2 | 1=b,1+&%; 7] la, 2] ;5 [r,7]
[12] 3
Malaga +PE p7b0797a7/87 %?bl > (031 + 1)BT ﬁa 3’ Ov 17 3 1+£2 T [527(13” ; [T7T7T]
[32] ¢A:¢B7£7T
mEGG [14] A\ w,a,b,c,r 0s . % 2,1,0,0, 1 - - v
Nx* Nakagami-m m;,Q;, N %Fm_ R Hfilmz 1, N,0,0, N 1;1 my,..my ; 1n
T2, T(m;)
[25]

E51,U1,n1,-~-~,v1\1mz\7{

N Ty
[1 Gj-1(hj)® 51
j=1

|

PX - 2 (9)
EBovmonan § | 220 T1 Gr—1 () + 2o m; (hy) 2 I Gr—a (hi)®
J=1  k=j+1 Jj=1 k=j+1
HI dual P1 yymi,ni+1 Q1>\2 l ([]., al}, [1, A p1p2
Z Hp1+1 q1+1 |:1 _ dl’Yfl ([bl,O], [Bl Z Z 0102
l*l I1=11>=1
1—diy T
XH017L1,W11 ma+1,m2+1 91>\12771 (1;1’1) : ([1 7b1} [Bl]) ([1 aQ} [LAQ]) (12)
Lo patlpatl ot %% - ([1_a130]7[A17 ])’([1ab270]7[1732a1])
2 2

Note that, the CDF expressions of the ID cases can be
obtained by setting x; = 0, Vi = 1,..., N in Theorem 2.
Assuming x; = 0, Vi = 1,...,N and DGG plus PE and
EGK fading respectively for the FSO and RF channels, the
CDF in (TI3) respectively simplifies to [30, Eq. (24)] and [[11},
Eqgs. (25, 28, 32)] earlier obtained for MH FSO, MH RF, MH
mixed FSO-RF, and MH mixed RF-FSO relaying systems.

A. Asymptotic Analysis of AF Relaying

In this section, we obtain the E2E instantaneous SNDR
statistics of FG AF relaying. In contrast with the expression
in (I5) which depends on a complicated H-function, we
derive the closed-form expression of CDF as it includes finite
summation of some simple elementary functions. To deeply
explore on the influence of system parameters, such as number
of hops and fading parameters, on the system performance.

More importantly, we estimate the diversity order by using
the slope of CDF against SNR curve in a logarithmic scale.

Theorem 4. At high SNRs when T'; > 1 Vi = 1,...,N, the
asymptotic CDF of MH AF relaying with HI is given by

a1 my B1,iq
Dy AN 9
R I B u (16)
P 1 ( lfd*yﬁ“l Iy

where Ay is defined in (I7), while ,Fy() is the Hypergeomet-
ric function defined in [26| Eq. (9.111)].

Proof. See Appendix IV. O

The diversity order of AF relaying is derived by using the
asymptotic CDF expressions in in the high SNR regime.
Mathematically speaking, if we increase all links’ SNRs with



A2y | ([Lad], [1, Ad])
FHI,dual P1 Hml,n1+1 0112 e R , 11
' Z Pt [T gy Ty | (b, 0) By 1)
P1P2 m1+m2 ni+nz+1 QlQQCRl B [1a ay, (12} ; [15 A17A2]
) — = 13
+hZ:1 l221 0102 P1+P2+1,Q1+Q2+1 [ 1— dlfY T, [bl,bQ,O] : [Bl’B% 1] (13)
~S o [ e | G |- S
p +1,q1+1 _ S
=1 e 1—diy Ty | ([b1, 0] [By, =2 o1 l—1,=1%
0,1: L3 AL Chn L
<H B =N R = Alﬁ% 7 (L1, 1) s ([L=ba], [Ba]) 5 ([1, a2, [1, Az i) (14)
L0y p141: 3 py 1Y 4,42 Alle 28— ([1 = a1, 0], [Ag, 1)) 5 ([1, 52,6, 0] [1, Ba, i 1)
j=2 j=2 j=2 J
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i=11;= j=1 J j (1 _ dl’)/) H T
j=1
8 N—-1 as 7% my, n—1 5 ) “1ij_4
1,7 N,in 3.
IRESVEES SHIN D5 DI 9N | LRIy | ia”] i
n=2lo=1 lp=lig=1 in=1j=2 j=2 d;"7 (Ty)
- Z ﬁ] ij )\.71 .
X 2F1 (5 159 75 Vi 5'—1,1’1_ + 1; 14 H)
H 6],@ /8_] 151 U 7 I J it deRj,1
LN e R DJ Z;DN ZNCZJL’T L(1=Bnin) T (BNyiny — BN-1,in_1)
DS e
lo=1 In=lis in=1j I (1= BN-1iy_1) jl;IQ Bjii;—Bi—t.i;_;
Nilﬁ
T4 Phii N—1 ﬁ Li;_y N—
-1) = (Ajo1,y) 7 Aj-1
. N B, ij H ’BJ i H BJ lj,l’ﬂj E Bj_Lij_l + 1’ 1+ deijl (17)
[ () =

j=2

no bound in (T0) for AF relaying when v < ﬁ we can
write
N —1
rfee & lim = 1+k2) -1
Fl, ,FN—H)O (l—Hl( )
1
= (18)

==

>

i=1

N
Ji=1
J1F#je# . FJi
An SNDR ceiling appears at low outage regime. This can
significantly limit the performance of AF relaying systems.
Therefore, a CDF floor occurs. In fact, when all links” SNRs
grow with bound (i.e., by taking the limit I'; — oo with
r;= MJF1 Vj =2,...,N), the E2E SNDR in (I0) converges

to /\17 . This is different from the ID, where lim ' = o,
I';—oco

7!

{

since in the ID d; in @I) is equal to zero. Thus, an SNDR
ceiling effect is observed in the low outage regime, which
imposes a limit on the performance of AF relaying system,
where for the threshold SNR lower than the ceiling, the CDF
becomes zero with increasing SNR. Note that the SNDR
ceiling in (I8) does not depend on the fading distributions
of the hops and is inversely proportional to the HI level of all
hops’ transceivers. When we assume an equal HI level for all
hops (i.e., k1 = ... = Ky = K), using the necessary and
not sufficient condition on the HI level for the AF is given by

1
Kk < N\/1+771
v

On this basis, the diversity order of system with HI for v <
L is estimated. Assuming ) £ [B; 1, ..., Bim,), utilizing
[34, Eq. (1)] and using (T6) when T; > 1 Vi = 1,..., N,

19)



the diversity orders for AF relays with blind (B) relaying and
semi-blind (SB) relaying are respectively given as

P =min {51,28, .. N5y }
G5S® = min {8, 64, . B }

The diversity order is a function of the number of links and the
parameters of the H-distribution of i*" link. As anticipated,
for the i'" link in (20), the index i Vi = 1, ..., N appears as a
weighting coefficient on ; ; for j = 1,...,m;, while there is
no index ¢ in I).

(20)
21

B. Outage Probability of AF Relaying
The OP is the probability that the SNR of the E2E system
falls below a predetermined threshold SNDR -y, as given by

pHLF Pr (07 < yy) = Fi (22)

out (Pyth) = (’yth)

C. Average Bit Error Probability of AF Relaying

The average BEP of a variety of modulations can be written
in terms of the CDF of I' as given by [35]
6 n

0 o N
o (p),;qk/VP exp (—q) By (Y)dy,  (23)

where 6, p, ¢ and n indicate various modulation techniques
as given in [35]. By substituting or into (23), the
obtained integral on 7 cannot be solved. Therefore, the BEP
for the HI cannot be obtained, analytically. For the ID, we can
use the CDF expression in (I3). By substituting (I5), when
k; =0fori=1,..., N, into 23] and using [26} Eq. (3.382.4)],
we can obtain the BEP for FG AF with ID as (24).

D. Ergodic Capacity of AF Relaying
The EC for a MH relaying system is defined as [35]
— 1
o = NEFX [log, (1 + CFX)]

_ C /1—FFX (’y)d/y

Nln(2) 1+ey 25)

0

where ¢ = e¢/27,1 respectively for the DD and HD methods
[36, Eq. (7.43)]. Note that, the factor % accounts for the
reason that the whole communication needs N time slots
in a N-hop relaying. Due to mathematical intractability, we
cannot apply (I3) directly to (23). Therefore, we use an
approximation which is based on the Jensen inequality as in
(15} Eq. (35)]. Thus, by substituting in and using the
Jensen inequality, we obtain

N
6F’HI§%10g2 HE{E} *%108;2 [H (1+7)E{T:}
N i—1 N
—HE{F}+ZHCRJ [T (1 +s5)E(r;)
i=1 j=1 J=i+1

(26)

where E{T";} Vi=1,..,
(2.8)] on (B) as

N is obtained by applying [28} Eq.

m; n;

T, +B) T T0-a;-4))
EH}—EZm T
5% 1 ra-b-8) M Ila+4,)
Jj=m;+1 j=ni+1
27

By applying (I8) to (23), we obtain SNDR capacity ceiling of
AF relaying as a function of the level of HI as

F,00

_F, 1
O = log (14 cI'F) (28)

For the ID, we can apply directly to ([23). Therefore, by
putting (T4), when x; = 0 for ¢ = 1,..., N, in 23] and using
[28, Eq. (1.43)], [26, Egs. (2.141.1, 3.194.5)], we obtain the
EC of FG AF as (29).

IV. PERFORMANCE ANALYSIS OF DF RELAYING

In this section, we obtain the E2E instantaneous SNDR
statistics of IN-hop DF relaying. Based on the SNDR ex-
pression, we obtain the CDF of MH DF relaying with HI in
terms of H-function. Then, the asymptotic CDF of N-hop DF
relaying with HI, the SNDR ceiling and the diversity order are
derived. Additionally, the OP and EC of MH relaying with HI,
the capacity ceiling and the BEP of ID are given in closed-
form expressions.

If the it® relay can decode the signal, the effective SNDR
is the minimum of the SNDRs between S — Ri, Ry —
Ra,....Rn—1— D. Under the assumption of DF relaying where
the destination knows the statistics of the fading and distortion
noises of all hops, using @), the E2E SNDR can be expressed

as
I
FD = min S
ie{l,...N} \ r;I +1
where D represents the DF relaying. Since the fading and

distortion noises of all links are independent, the CDF of N-
hop DF relaying with HI over H-function is given by

N
¥ 1
Flyg(’Y)—l—H[l—Fm (1_’€27>:|7 TS 5

i=1
€29

(30)

and FH(v) = 1, when v > 45, where § = max (k1, ... IQN)
and the CDF of zth link is defined earlier in (6). When v < =
the CDF in @ can be approximated as

~3 o ()
K7
N (e 73
_ Z Z Piggmimit1 Qi 7
_ 0i Pithetl | T2y T,

(32)

by considering the dominant CDF terms of (3I), where this
tight approximation becomes exact at high SNRs. This expres-
sion is a tight approximation for the CDF of MH hardware
impaired CSl-assisted AF relaying. Note that, when x; = 0
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ﬂp“ﬂmwd %ﬂl& ZmHZ%H %Hfg QWwﬂH&wum
j=1
[e5} N s a; 7
~F,ID P1 mi+2,n1+1 | 01 ([Ovalv 1}7 [laAlvl]) 1 Pj
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fori=1,...,
with ID.

N, (32) simplifies to the CDF of MH DF relaying

A. Asymptotic Analysis of DF Relaying
For the DF relaying, by applying (7) to (31), the E2E CDF

at high SNRs is given as
ﬁi,j
T (7) (33)
(1—r29)%7 \T;

DY
=1 1;=1j=1

If we increase all links’ SNRs with no bound in (30) for DF

relaying, an SNDR ceiling appears in the low outage regime.

This can significantly limit the performance of DF relaying

systems. Therefore, a CDF floor occurs. In fact, when the

SNRs of all links grow with no bound (i.e., by taking the

limit T'; — oo with FJ = u]Fl Vi = 2,...,N), the E2E
SNDR in (30) converges to > as
1
o>~ 2  Jim TP= 5 5 (34)

When the HI level of all hops is equal (i.e., k1 = ... = ky =
K), using @I), the necessary and not sufficient condition on
the HI for the DF relaying is given by

K< \/T Vi=1,..,N
Y

Therefore, assuming k1 = ... = Ky = K, the SNDR ceiling of
the DF relaying in (34) is almost IV times the SNDR ceiling
of the AF relaying given in (I8)); since using [26, Eq. (1.110)]
we can write

N -1 1 1
F,OO_ 2 — =~ = —_—
r —<|I(1+I€) 1) =

i=1

(35)

FD,OO

(36)

Similar to the AF relaying, we can obtain the diversity order
of the HI system with the DF relaying. Utilizing [34} Eq. (1)]
and using (33) when v > 1/62, it can be shown that when
T;>1 Vi=1,..,N, the diversity order for the DF relaying
with the non-ID is given by

GR = min {4,285, .., N8y } 37)

which is the same as the diversity order of semi-blind AF
relaying in (2I)). The diversity order in (20) and (37) can be
reduced to some special cases reported in the literature (see
for example [11]- [14], [30]).

B. Outage Probability of DF Relaying

Using the CDF in (31)), the OP of DF relaying can be readily
obtained as

HI,D
P

ot (ven) = Pr (TP < yu) = Y5 (v)  (38)

C. Average Bit Error Probability of DF Relaying

Again, due to the statistical dependence between numerator
and denominator in (30), the BEP for the HI cannot be
obtained, analytically. Based on the expression in (32)), we can
derive the average BEP of MH relaying with ID. The BEP of
N-hop DF relaying with the ID by substituting (32) in (23)
and assuming x;, =0 Vi=1,..., N, is given by

D,ID 0 A& Di
P, = U
2r (p) kZ:l i1 %
mi,mn;+2 i ([1—]9717%}7[1;1,141‘])
Myl [qk ([b3,0), [B:, 1) &9

D. Ergodic Capacity of DF Relaying

Similar to the AF relaying, the EC of the DF relaying is
derived. By applying to the PDF definition of the EC in
Section II.D,

—D,HI 1 I
Mo min —E{ log, [ 5

R Y { ©82 </€?Fi+1>}
E{T;}

where we use the Jensen inequality in (@0). By applying (34)
to (25), we obtain SNDR capacity ceiling of DF relaying as

(40)

7% = Llog, (1 + 0P,

N (41)



V. OPTIMIZATION ON THE LEVEL OF HARDWARE
IMPAIRMENTS

In order to have low cost hardware, we formulate the
optimization problem for determining the minimum level of
HI at the i*" hop, represented by the decision variable ;, for
AF and DF relaying. The cost of the hardware determines the
level of hardware impairment such that the lower the cost, the
higher the HI. The objective of the optimization problem is to
minimize the outage performance for a fixed cost of HI. Note
that an arbitrary SNDR analysis is intractable, therefore, we
elaborate on the asymptotically low outage regime.

The optimization problem for AF and DF relaying is given
as follows:

i FlI 42
i 0 .
N
s.t. ZH?:A (42b)
=1
ki >0, ie[l,N]. (42¢)

where Y € {F, D} and A is a constant. Eq. represents the

OP as a function of the HI level of the nodes. Eq. (42b) shows
a total constraint on the HI level of all nodes, while Eq.
states the lower bound of the HI level. Since x; ¢, &; , are the
parameters that express the non-idealities of the transceivers,
the decision variables in the optimization problem in {#2)) are
ki Vi =1, ..., N. Next, we solve this optimization problem for
AF and DF relaying in Sections V.A and V.B, respectively.

A. AF Relaying

For the AF relaying, since the CDF in is twice differen-
tiable with respect to x; Vi =1,..., N and due to convexity
of the optimization problem in (#2)), we can use Karush-Kuhn-
Tucker (KKT) conditions and obtain @3) Vj =1,....,N — 1

ap my B1,iq A/N
(8) (T

>. 2. D
27ANk; (K3 — K3) (di +1)

l1=141=1
—0, (43
(1+42)(1 +KN)(1—dw)ﬁ“l“>

where Ay = %ATJY for j =1,..., N — 1. However, no closed-
form solution exists for H-distribution. For the analysis of
the Nakagami-m fading channels obtained by setting ms; —
00,3 = B, = 2 (same as [23])), the asymptotic CDF (I6) can
be approximated by keeping only the first term of (T7). Then,
by applying the KKT conditions, we obtain

()’

)2 =N14 L1 vizo N

gl
which is independent of the i*" link average SNR (I'; Vi =
1,..., N) and fading severities (i.e., m; Vi =1,...,N), while
the OP depends on them. This is reasonable since the x;
expression in the objective function does not depend on I'; and
m;. The level of HI (x{*" Vi = 1,...,N) is monotonically

1
=A+N-1-(N-1) N/1+ =, (44a)
v

(44b)

decreasing with respect to N. In addition, as ~ increases,
/@?pt Vj =2,..., N decreases, whereas x"" increases. When
~v grows with no bound, the optimal solution is given by
ni’pt = VA, n?pt =0 Vj=2,..,N,ie., we should use
an ID in all hops except the first one. From (@4b)), we can see
that the equal level of HI is not always the optimal solution.
For the equal level of HI, we should set the threshold SNDR

87 = G -
B. DF Relaying

For the DF relaying employing (33), again, the problem
is convex. Therefore, by using the KKT conditions, we can

obtain

a; Bi,j+1 aN MmN

Bijki(
ZZ Di ;fj — =30 Bagnw
l;=1j=1 z il In=1j=1
BN,j+1
Dn, g

x ( T ) Ni=1,.,N—1 (45)

(Ty) 7 \L = Ryy
For the i.i.d. fading and symmetric channels where o1 = ... =
anNy = o, m; = ... = @N :7m, D1 = .. = DN = D,
B1=..=0Fn=p0,and I'y =Ty .. = I'y we can obtain
the optimal values of k; which is n% = k3=..=r3=%. Of

course, for the i.n.i.d. fading, this solution does not hold
For Nakagami-m fading, which is a special case of EGK
fading with m,, — o0, 8, = B,, = 2,4 € [1, N] by assuming

m; = my = ... = my = m, we obtain
N
H m+1 fm
J
Ay—N 2
(k)" = = ¢ Vi=1,..,N
v Y Z H m41 f’]:
j=1 k=1
k]
(46)

More hardware quality should be provided for the hops of
lower SNR. Moreover, by increasing N, x* Vi =1,..,N
decreases, where after a certain N, the OP saturates. This
means that from a certain point on, no matter how much we
improve the quality of the hardware, it will have no effect
on reducing the OP. Similar to AF relaying, as ~ increases,
kP Vj =2, ..., N increases, whereas ﬁ‘fpt decreases. When
,:

J
tn+f
opt 2 JAi

~ grows with no bound, ( ) = A5
Z H "V

j=1 k=1

, K7
1,...,N. The equal optimum (i.e., (k{*")" = 4Vi =1,...,N)
only occurs when we have equal SNR in all links. On the other
hand, when 4" link’s SNR goes to infinity while other links’

SNRs remain constant, (m?pt) =A+ 1N Vi=1,..,N.
WhenT'; = ul'; V5 # i with p > 1and1" — 00, (K Opt)Q =
1, Ay—N ,u'"+1

R vy
T'; are, the better the hardware quality should be. To maintain
the optimized HI level within the 3GPP limit, we can select
proper values of A and ~.

Vi =

. This means that the lower the values of
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Figure 2. OP versus SNR for both ID and HI.

VI. PERFORMANCE EVALUATION

The goal of this section is to validate the accuracy of the
analysis with Monte-Carlo (MC) simulations by numerically
evaluating H-functions and illustrate the concepts of SNDR
and capacity ceilings, the necessary conditions, the guidelines
for designing the MH hardware impaired systems and the
optimization results.

We use MATLAB, where the fading channel coefficient, and
the distortion and receiver noises of all links are randomly
generated. Then, the received signal at the destination node
is derived respectively for AF and DF relaying using (3) and
@). For all cases, 106 realizations of the RVs are generated
to perform the MC simulations. We consider respectively for
weak, moderate, and strong turbulence conditions of each
DGGH+PE distributed FSO link 2, = 1.0676, 2 = 1.06, 1 =
21,0 = 21,8, = 4,8, = 4.5; Q1 = 1.5793,Qy =
09671,y = 2.169,c2 = 1,8, = 0.55,8, = 2.35;
Q1 = 1.5074,9s = 0.928,; = 1.8621, a0 = 1,8, =
0.5, 85 = 1.8; [30]. Unless otherwise stated, we assume equal
average SNR for all links, T'; = SNR Vi € {1,...,N}.

Fig. [2| shows the E2E OP as a function of SNR for both
ID and HI cases with the AF relay. The OP in this figure
is given in Eq. (I5). We have used N = 2 FSO links for
both PE and no pointing errors (NPE) and both HD and DD.
For the HI, we assume k1 = ko = 0.3, 1 = 22 — 1 = 4.
According to [37]], 3" generation partnership project (3GPP)
5G new radio (5G NR) has impairment requirements in the
range k; € [0.035, 0.175] (k € [0.0495, 0.2475]), where to
achieve the highest values of the spectral efficiency, smaller
values of HI are required. The HI degrades the OP by 5 dB,
since the distortion noises of HI reduce the E2E SNDR of the
multi-hop system. Besides, the complex HD receiver performs
better than DD by 10 dB. On the other hand, PE degrades
the performance by 7 dB in the medium SNRs and by 20
dB at high SNRs. The diversity orders confirm the derived
expression of (20). Furthermore, the non-ID has the same slope
(i.e. diversity order) as the ID; hence, HI causes only a shift
of the OP curve to the right.

Fig. |3| shows the E2E OP as a function of SNDR threshold
with AF and DF relays. The OP in this figure is given in Eq.
(T3). We consider ID and hardware with impairments of level
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Figure 3. OP versus 7 for both ID and HI.

of k1 = ke = 0.15 and kK1 = kg = 0.3. We have used the
N = 3 THz links with a« = 1.4, = 1.5 [17]] and PE with
& = 2.34. The OPs for low thresholds have not decreased much
by HI. However, there is an opposite action as the threshold
SNR increases: the ID case slowly approaching to the full
outage, meanwhile the HI undergo a rapid approach toward
the designated SNDR ceilings. The values of these ceilings
are consistent with our derived expressions in @ for AF, i.e.,
—10log (H%K%H% + K33 + KIKZ + KRS + KT+ RS+ ﬁ%) =
11.6 and 5.3 dB for x; = 0.15 and x; = 0.3, respectively. For
DF relaying, the values of these ceilings for x; = 0.15 and
k; = 0.3 are equal to —20log (max (K, Ky, k3)) = 16.5 and
10.5 dB, respectively.

Fig. [] shows the E2E OP of hardware-impaired dual-hop
relaying as a function of x; over moderate and weak F with
PE for both semi-blind FG AF and DF relay. The OP in this
figure is given in Eq. for the AF relaying and in Eq.
for the DF relaying. We assume different levels of impairments
K1, ko for which k1 + k9 = 1. For moderate and weak F
turbulence, we respectively consider @ = 2.3378,b = 4.5323;
and a = 4.5916,b = 7.0941 [38]. Despite the asymmetric
SNRs (SNR; = 30 dB, SNRy = 20 dB), the OP of AF case
has been minimized by setting k1 = ko = 0.5. However,
the OP of DF case has been minimized when the hop with
the lower SNR has much more hardware quality. Furthermore,
when either the first hop or the second hop is ideal (i.e., k1 = 0
or ko = 0, respectively), the system cannot work; therefore,
equipping the best quality hardware for one hop and neglecting
the other one doesn’t improve the OP at all.

Fig. [5 shows the E2E OP of dual-hop relaying as a function
of ki = k Vi = 1,...,N for both semi-blind FG AF and
DF relay. The OP in this figure is given in Eq. (I3) for the
AF relaying and in Eq. (3I) for the DF relaying. We assume
Nakagami-m fading with m; = 2 and the SNDR equal 15. This
figure shows the necessary but not sufficient conditions that
behave as upper limits on the level of hardware defects when
the OP is lower than one. These necessary but not sufficient
conditions determine the range in which the level of impair-
ments must be. For N = 2, 3,4 and AF relaying, the HI levels

are £ < 4/ /14+21-1=018 r </{/1+2-1=0.15,
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k< /414 % — 1 = 0.13, respectively; while for the DF

relaying, it is equal to x> < 1 = 0.26. Focusing on the
four lower curves and requiring that P,,;(15) < 1071, we
can identify two possible hardware operating regimes: 1) FG
AF relaying with xk < 0.14, for N = 2; 2) DF relaying with
Kk <0.24,0.23,0.22 respectively for N = 2, 3, 4. The different
acceptable levels of impairments show that DF relaying is
more robust to HI comparing with AF relaying, hence, can
work with lower quality hardware. By using multiple hops,
we gain more coverage.

Fig. [6] shows the E2E BEP of triple-hop AF relaying as a
function of SNR over different combinations of fading (i.e.,
RF, FSO, and THz). We have used the on-off keying (OOK)
modulation which works in both radio wireless and optical
wireless systems. The BEP in this figure is given in Eq. (24).
We assume 7 different cases of FSO-FSO-FSO, FSO-RF-FSO,
THz-FSO-THz, RF-FSO-RF, RF-THz-FSO, RF-RF-FSO, and
RF-RF-RFE. For the RF links, we have shadowed EGK with
m=m, = 3 = (3, = 2. For the FSO links, we consider
& = 122, r = 2, and strong DGG turbulence with a¢; =
1.8621, a0 = 1,8, = 0.5,8, = 1.8, = 1.5074,Qy =
0.928. For the THz links, o« = 1.4, u = 1.5, and & = 1.22.
FSO-FSO-FSO combination has the worst performance, while
RF-RF-RF combination has the best performance, since the
FSO links are under strong turbulence, while RF links are
subject to weak fading channels.
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Figure 6. BEP of triple-hop AF relaying versus SNR.
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Figure 7. OP of AF relaying versus SNR for different values of N and z.

Fig.[7]shows the approximated OP of N-hop AF relaying as
a function of SNR for different values of IV and the threshold
SNDR. The OP in this figure is given in Eq. (T6). We assume
dual-hop (N = 2) and triple-hop (N = 3) relaying with z =
l,z =15 and k; = 0.1 Vi = 1,..., N. The approximated
OP expression in (I6) predicts well the simulation results,
with perfect match at high SNRs. As expected, by increasing
the threshold SNDR z, the performance degrades. In addition,
if we put more relays between source and destination, the
performance improves. In fact, using multiple relays reduces
the OP by scaling the fading.

Fig. [§] shows the E2E OP as a function of SNR for N FSO
with DD receiver and AF relay over Malaga turbulence chan-
nels for different values of PE and different relay locations.
The OP in this figure is given in Eq. (I3). We assume a 3000m
distance between the source and the destination with dual-hop
(N = 2) and triple-hop (N = 3) relaying with £ = 1.22,7.35.
For N = 2, the link lengths are L=[2500 500], L=[1500 1500],
and L=[500 2500]. For N = 3, the link lengths are L=[1000
1000 1000], and L=[500 1000 1500]. The closer the first relay
to the source, the better the performance.

Fig.[9]shows the EC of dual-hop and triple-hop relaying as a
function of SNR over multiple FSO links with 3000m distance
between the source and the destination for both AF and DF
relay. The EC in this figure is given in Eq. (29) for the AF re-
laying with ID, in Eq. (26) for the AF relaying with HI, and in



10°
101k —<— ¢ = 1.22, L=[1500 1500] 4
—A— ¢ =1.22, L=[1000 1000 1000]
> —— L=[1500 1500)
E L=[1000 1000 1000]
_8 ——= L=[500 2500]
I 102 —p— & = 7.35, L=[500 1000 1500] |3
e)
a
D
-3 E

‘Cé’ 10
i)
>
(o]

10

105 PR W W W O W V.

0 10 20 30 40 50 60 70 80 920 100
SNR[dB]
Figure 8. OP versus SNR for different relay locations and &.

+  MC Simulation
| —g—DFID, N =2

Ergodic Capacity

0 10 20 30 40 50 60 70 80 90 100

Figure 9. EC versus SNR for the ID and HI cases.

Eq. (@0) for the DF relaying with HI and ID. For hardware with
impairments, we assume x; = 0.1 V¢ =1,..., N. We can see
a perfect match between simulation and analytical results at
medium and high SNRs which indicates the accuracy of the
derived analytical expressions. As observed, the EC of HI sat-

N
urates and approaches %logQ (1 + (H (14 k) — 1>

i=1

and +log, (14 min (k1, ..., ky)) respectively for AF and DF
relaying, as we proved in Section III.D and Section IV.D. As
the asymptotic EC is assessed by the HI level, it increases
when x; for ¢ = 1,..., N decreases. For the ID, as the SNR
increases, the performance gets better with no bound. As
expected, HI’s influence at low SNRs is small in contrast
with high SNRs. More importantly, increasing the number
of relays from 1 to 2 leads to a performance degradation.
More precisely, at SNR=40 dB, the EC of HI is equal to 2.8
Bits/Sec/Hz for dual-hop AF relaying, while this reduces to
1.7 Bits/Sec/Hz for triple-hop AF relaying. This is because the
performance degradation due to the imperfection of hardware
in triple-hop case dominates the advantage of reducing the
links’ length. Similar to the OP, the EC performance of HI
with DF relaying is better than the HI with the AF relaying.
Fig. [T0] shows the OP of multi-hop DF relaying versus SNR
for N = 2,3,4. We consider both the optimal solution as
in @6) and equal x; for Nakagami-m fading channels. We
assume I'y = SNR, I'; = 5I'; V¢ > 1. Other parameters are
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Figure 10. OP versus SNR with the optimal and equal &;.

A =03 m=2 and v = 2N _ 1 with » = 1 (e., 1
bit/channel use). As observed, the optimal solution has more
than one dB performance gain than the equal solution which
verifies the supremity of the optimization problem on ;. This
is reasonable since the optimal solution needs to satisfy the
demand of all the links according to their SNR. For example,
at SNR=20 dB, the optimal OP of N = 2 is 0.003, while the
non-optimal OP is 0.0055. The optimal OP of N = 3 is 0.05,
while the non-optimal OP is 0.09. Also, it can be seen that
the relative distance between the curves increases for higher
values of the INV. This implies that the impact of N becomes
increasingly more pronounced.

VII. CONCLUSION

We investigate the performance of multi-hop communi-
cations for both hardware imperfection and ID cases. By
assuming the H-fading model, which includes many fading
models (e.g., RF, FSO, THz and MMW models), we derive
closed-form expressions of OP, BEP, and EC in terms of
single-variate and bivariate H-functions. We also pursue an
asymptotic analysis and derive the diversity order of system
for different relaying protocols. The derived expressions ac-
curately describe the effects of HI and show that substantive
ceilings of SNDR and capacity exists. These ceilings cannot
be eliminated by altering the fading conditions or using more
signal power. The SNDR threshold for the DF relaying is
almost N times the SNDR of FG AF relaying, when we
assume equal level of HI in all nodes. Moreover, DF relaying
is more robust to the HI at the cost of higher complexity
compared to the AF relaying. Furthermore, SNDR ceiling
exists in the high SNR regions and the value of this ceiling has
an inverse relationship with the level of HI. This finding shows
that hardware flaws intimately constrain both AF and DF
relaying systems. Likewise, there is a capacity ceiling on the
top of the EC. The results demonstrate that the optimal level of
HI depends on the number of links and the threshold SNDR
for AF relaying while it is independent of links’ SNRs and
fading parameters. For the DF relaying, the optimal level of
HI depends on all links’ SNRs and fading severity in addition
to the number of links and the threshold SNDR. In the future,
we plan to work on the analysis of the HI systems with full-



duplex relaying, while incorporating imperfect channels and
imposing co-channel interferers on the relay nodes.

APPENDIX I: PROOF OF THEOREM 1
By applying the average operator in (@), we obtain
H G2\ 1Py

rf = =t

N
> <U + Z E {n} }h”> I Gi it
i=1 k=1

(47)

From s;11 = G,y;, we have Piy1 = GIE {y?}. Knowmg
; o~ CN(O K7 P;), we obtain E {y?}. Since y; = (h;)? 3 s; +
(h )?

n; + v;, We can write

E{y?} = G;_,h]' (1 +&7)E{yl 1} + 07

Py H Gr_
z+1 [

+ Z HG (14 K2)]

This leads to variance of the aggregated distortion noise for
the i*" hop as follows:

Whit (T4 k7)

(48)

E{nf} =nin P[] [GRr (1+47)]
k=1
i+l il i

+"%+1Zf71 1H Gy H [hie (14 5%)]
k=1

The " relay’s amplification gain of the FG AF relaying can
be written as

(49)

a2 _ Piq _ Pij1/o}
COBRE{RT (4R +of (LR E{L} 41
(50)
Defining C’R (1+ x?) E{I';} 4+ 1, we can obtain the gain
as G? = gl .
By multlplymg the nominator and denominator of (47) with
H Py

——=2— and putting @9) and (50) into @7), we obtain
kgl [Giflgk}

N
[T [T]
FF Jj=1
T[N j—1 N N j—1 N
Sl a+s) [[re+ S [1Cn I T
j=1 k=1 k=1 j=1k=1 k=j+1
N jo1-2 j—1 N
+> > T Cr [T 0+ 52) [T
j=2  1=2 k=1 k=l k=l
(5D
Finally, after some simple algebraic manipulations, we have
N N j—1
e Hr/+zncm IRARE
J=1 j=1k=1 k=j+1

which is (T0).

APPENDIX II: PROOF OF THEOREM 2

The closed-form CDF expression of the dual-hop FG AF
relaying with the imperfection of hardware is provided to
evaluate the OP. By doing so, we are able to obtain the CDF
of MH relaying using an inductive argument.

The E2E instantaneous SNDR of dual-hop relaying, by
putting N = 2 in (I0), is obtained as

pHldual _ 'y
F di1I's + Ao +CRl ’

(53)

where di = A\; — 1 = k% + k2 + k?k3, Ao = 1 + K3 and
Cr, 2E[] (14 x3) + 1.
By substituting (33)) into the OP definition, we have

rr
FHI,dual - p 112 < 54
TF (/Y) T lelFQ + AQFQ + CRl = 7 9 ( )

After some straightforward mathematical manipulations, we
obtain

FHI,dual (’}/) — Pr (Fl §

Ao’y + Cr,

e (1 —di7)Ts

’Y) . < 1/d1
(55)

As anticipated, when v > 1/d;, the CDF simplifies to one.
Therefore, we assume the CDF threshold is strictly inferior to
1/d1 (.e., v < 1/d1)

Because of independency of I'; and I's, the outage expression
in (33) can be written as follows:

/ /(1 dm)’Y
/ /(1 dm”(l IR

(1— Lim)’y

HI dual

() fr, (v) dydz

' (y) fF2 (l‘) dydx
(56)

By interchanging the order of integral, the outage in (36) can
be obtained as

A
FHg,dual —F 2
T (’Y) I (1 — dl'}/)’y

Cr

e s} -t
T=diy) |
+ N fFl (y) FFQ (7>\’);) dy
=Y Y= a=amn?
(57)
After the change of integral variable y — (1_)‘7;”)7 — Yy, we
have
pildual ) _/°° I <y+ Ao 7)
e 0 ' (1 —diy)

Cr,
(o (i) @

Due to independency of both link’s SNR distributions, after
some algebraic manipulations, the CDF in can be ex-

pressed as
* A2y
1d1’7>+/0 Ir, <y+1d1’)’>

Fr ™™ () =Fr, (
CRr,Y
F _—mr
o ((1 - dw)y> g &

A2y




By substituting (3) and (@) into (39), then expanding H-
functions as in [26] Eq. (9.301)] to solve the integral in (39) we
end up with (60), where C; and Cy are the s;-plane and the
so-plane contours, respectively. Using the change of integral
orders, we obtain (6I) given in the next page. We can solve the
integral on y in (6I) by using [26, Eq. (3.194.3)]. The result
can be written in terms of Gamma function by using [26]
Eq. (8.384.1)] given in (62). By change of integral variable
s1 — —s1 and using [28] Eq. (2.57)], we obtain (12).

By expanding of the Mellin-Barnes integrals involved in the
bivariate H-function, the approximation can be obtained by
calculating the residue of the corresponding integrands at the
nearest pole to the contour. Using the Cauchy’s residue theo-
rem, can be approximated as (63). Finally, by applying
(29l Egs. (1.1.1, 1.1.2)] to (63) and using (59), we obtain (T3).

APPENDIX III: PROOF OF THEOREM 3

The closed-form CDF expression of hardware impaired
systems is provided to evaluate the OP, BEP, and EC of MH
relaying networks. For a dual-hop relaying, we can write

AN Cr -t
rf —(da Nl 64
N—1,N ( N—1t Ty + T 1FN) (64)

where dy_1 = (1+r%_;) (1+ /ﬁ?\,) —1and Ay = 1+£%.

The CDF of I'y;_, y can be obtained using with some

variable changes. Then, the SNDR in (I0) can be rewritten as
-1

)\n n+1 CR
FF — d ) + n
n,...,N n + T, + T Fn+1 ’ (65)
Vn € [1,N — 2], where A\, 41 = g1 + CRn (1= Apt1)s
N
d, = H (1+I€?) —1=X,—1, An_1,v = Ay and
-1
N i i
Thon= | dnia+ Z Ait1 H Cr,_./ H L
1=n—+1 j=n+2 j=n+1
(66)
Using (9), we can write the CDF of T'[  for n =
1,...,N —2 as
)\n n+1’7 /OO )\n n+1’7
F; =F —t nnre
e () =Fr, <1—dn7 * e (v 1—dpy
Cr.,Y
xFpr | <<1 e y> dy 67)

In the first step, we assume n = N — 2. However, we obtain
an integral where there is no closed-form solution. If we use
an approximation d,,y < 1 in the denominator of the integral
in and follow the same procedure as the proof of (13)),
we obtain the CDF for triple-hop relaying. Similarly, we can
obtain the CDF of N-hop relaying with a recursive procedure,
where the CDF of I‘F _n can be obtained from rre 41,..N-
Using the inductive argument we can obtain the CDF of N-
hop AF relaying with HI over H-fading. Following the same
procedure as the proof of and (T3, we obtain and
(T3)). The details are omitted due to space limitations.

APPENDIX IV: PROOF OF THEOREM 4

The asymptotic CDF of MH relaying systems with the im-
perfection of hardware is provided to evaluate the asymptotic
OP and the diversity order. For the sake of completeness, we
don’t use the approximation of d,y < 1. For N = 2, using

(TI0), we can write
/\2’}/ o )\2’)/
pHI . (A MY
v, (7) Fl(l_dw)Jr/O fry (y+1—d17
C
= (68)

Y
x F — | dt
t ((1 - dl’Y)y)

At high SNRs, by applying [29, Egs. (1.8.4, 1.8.5)] to (6)
and (3) and substituting the result into (68) and employing
[26, Eq. (3.194.3)], the CDF is obtained as in (1@ where
Boiy —Briy & Z, M = (14k3) (1+k3), and Ay =
(1+r3).

Again, we can use and derive the CDF of triple-hop
relaying as

A2y /°° 1,27
F, =F] —_— >
rr,, () Fl(l—dw * A
Cr,y
x F; ———|d 70
F‘53<(1—d1v)y> 7o
where Fi! (v) is the same as (69) with parameter change of

indices from 1 and 2, to 2 and 3, respectlvely Using [26| Eq.
(3.197.1)], we can solve the integral in and obtain

a; my B1,i

Dled <’Y) o
Flo®(y E:E: L o 71
123 =1li1= l_d’yﬂln Iy 7

where Aj is defined in with B3 ;, — B2.i, ¢ Z. Following
an inductive argument, we can derive the asymptotic OP for
N-hop relaying. The closed-form expression is given in (T6).
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