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Abstract— This paper is devoted to the end-to-end perfor-
mance analysis, optimal power allocation (OPA), and energy-
efficiency (EE) optimization of decode-and-forward (DF)-based
full-duplex relaying (FDR) and half-duplex relaying (HDR) sys-
tems. Unlike existing analyses and works that assume simplified
transmission over symmetric fading channels, we consider the
more realistic case of asymmetric multipath fading and shad-
owing conditions. To this end, exact and asymptotic analytic
expressions are first derived for the end-to-end outage proba-
bilities (OPs) of the considered DF-FDR set ups. Based on these
expressions, we then formulate the OPA and EE optimization
problems under given end-to-end target OP and maximum total
transmit power constraints. It is shown that OP in FDR systems is
highly dependent upon the different fading parameters and that
OPA provides substantial performance gains, particularly, when
the relay self-interference (SI) level is strong. Finally, the FDR
is shown to be more energy-efficient than its HDR counterpart,
as energy savings beyond 50% are feasible even for moderate
values of the Sl levels, especially at larger link distances, under
given total transmit power constraints and OP requirements.

Index Terms— Full-duplex relaying, outage probability, fading
channels, power allocation, energy efficiency.

I. INTRODUCTION

OOPERATIVE communications have become a
notable candidate for the next generation of wireless
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technologies, being aready considered, to certain extent,
in some recent communication standards[3], [4]. Traditionally,
relay transmission assumes half-duplex (HD) principle, where
the relays operate in either transmission or reception mode.
In such half-duplex relaying (HDR) systems, the source-relay
and relay-destination links, which are operated in two
different time-dots, are orthogonal to each other [5]{7]. The
HD mode thus avoids relay self-interference (SI) at the cost
of sacrificing the limited time-frequency resources. However,
full-duplex relaying (FDR) has been recently introduced as
a concept that allows relay(s) to receive and transmit signals
simultaneously over the same frequency band. Hence, FDR
systems form an effective alternative scheme to overcome the
limitations imposed by HD systems, see e.g., [8]-{16] and
the references therein.

Based on the above, Kwon et al. [17] derived closed-
form expressions for the FDR based outage probability (OP)
over Rayleigh fading channels considering also different lev-
els of relay Sl. Likewise, Baranwal et al. [18] derived the
OP of a multihop FDR system over Rayleigh fading chan-
nels by also considering the relay Sl and interference from
adjacent terminals. In the same context, Day et al. [19]
derived tight upper and lower bounds for the achievable
end-to-end rate of decode-and-forward (DF) based multiple-
input multiple-output (MIMO) FDR systems. Altieri et al. [20]
analyzed the OP of an interference-limited FDR system adopt-
ing DF and compress-and-forward (CF) schemes, whereas
Suraweera et al. [21] proposed a low complexity end-to-end
performance optimization framework for MIMO-FDR systems
in the context of amplify-and-forward (AF) protocol. Also,
the authors in [22] analyzed the performance of FD block
Markov relaying, with Sl at the relay, over independent
but non-identically distributed Nakagami—m fading chan-
nels, while Riihonen et al. [23] proposed hybrid techniques,
which switch opportunistically between FDR and HDR modes,
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under individual and total power constraints to maximize
the capacity of AF-FDR systems by neglecting the impact
of the direct-link, while [27] addressed the impact of the
direct-link over the transmit power optimization for DF-FDR
systems. Also, [28] investigated OPA strategies for AF-FDR
networks based on statistical channel state information (CSl)
and instantaneous CSI to minimize OP under total source and
relay sum-power constraint. Moreover, [29] studied energy-
efficient FDR systems with loop back interference using the
DF relaying protocol under Rayleigh fading conditions.

However, the aforementioned investigations as well as most
of the related literature are limited to the simplistic scenario
of information transmission over symmetric multipath fading
channels. Yet, in practice, asymmetric channels are frequently
encountered due to the different locations of terminals and
relay(s) in the network as well as the associated fading
conditions. For example, the link between a fixed relay and
base-station (BS) might experience line of sight (LOS) radio
propagation, whereas the link between a mobile terminal
and a relay is likely to experience non-line-of-sight (NLOS)
communications because of random location and mobility
of the mobile terminal [30]. Based on this, Suraweera
et al. [31] investigated the end-to-end performance of a
dual-hop fixed gain relaying system when the source-relay
and relay-destination channels experience Rayleigh/Rician
and Rician/Rayleigh fading respectively, while [32] addressed
the corresponding Nakagami—m and Rician case. Likewise,
Jayasinghe et al. [33] analyzed the performance of dual-
hop transmissions for optima beamforming in fixed gain
AF-MIMO relaying over asymmetric fading conditions,
whereas Mgjhi et al. [34] investigated the performance of
a repetition-based two hop HD-DF system over asymmetric
Rayleigh and Rician fading channels. Finally, [35] investigated
the end-to-end performance of dual-hop AF relaying over
generalized small-scale NLOS and LOS asymmetric fading
conditions.

Nevertheless, the above analyses are limited to HDR sys-
tems; motivated by this, the present paper analyzes and studies
the FDR system OP, OPA and energy-efficiency (EE) opti-
mization over generalized asymmetric fading channels. Specif-
ically, the technical contributions of this work are summarized
below:

« We formulate and derive exact analytic expressions for
the end-to-end OP of DF-FDR systems under the effects
of relay Sl and the interference from the direct-link for
k—u and n—u fading conditions, when the direct-link
is subject to either n—u, k—u or inverse Gaussian (1G)
fading conditions.

« Capitalizing on the above, we derive smple asymptotic
expressions that lead to useful insights on the system
performance and are also used in proving the convexity
of the corresponding optimization problems.

« We then formulate and investigate the transmit power
optimization problem, under total sum-power and end-
to-end SE constraints, such that the end-to-end OP is
minimized.

« We compare the considered FDR and HDR architectures
under the same asymmetric fading conditions using both
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equal power alocation (EPA) and OPA schemes. The
results of the comparison provide vauable insights for
future system design and network planning in practical
deployment scenarios.

« Finaly, energy-efficiency optimizationis pursued by min-
imizing the average total energy consumption of the
FDR and HDR systems, under given target end-to-end
OP and SE, and total sum-power constraints, and the
achievable energy-efficiency of HDR and FRD systems
are compared.

The remainder of this paper is organized as follows:
Section |l presents the considered system and channel
models, whereas Section 1l is devoted to the analysis of the
end-to-end OP under asymmetric fading conditions. Section IV
focuses on the power alocation and EE optimization analyses
under various constraints. Numerical results and discussions
are presented in Section V, while conclusions are drawn in
Section VI.

Il. SYSTEM AND CHANNEL MODELS
A. System Model With Full-Duplex Relay Node

We consider a two-hop three-node relay network consisting
of asource, S, a relay, R, and adestination, D. The source and
destination nodes are equipped with a single antenna, whereas
the relay has two antennas, one for receiving and one for
transmitting. The relay uses DF protocol to re-transmit the
received signal to the destination such that the reception and
re-transmission occur simultaneously at the same frequency
band. Therefore, the received signals at the relay and destina-
tion nodes can be expressed as

YR = +/ Psas rXs + v/ PRar RXR + NR 1
and
yb = v/PraR pXR + v/ Psas pXs + Np @)

respectively, where Ps and Pr are the transmit powers at
the source and relay nodes, respectively, xs and Xg denote
the transmitted signals from the source and relay nodes with
normalized unit energy, whereas as r, ar,p,asp and ar R
are the fading coefficients of theS— R, R - D, S— D and
R — R links, respectively. Moreover, ng and np denote the
additive white Gaussian noise (AWGN) with zero mean and
variance Np at the relay and destination nodes, respectively,
and perfect CSI at the receivers is assumed?.

B. Asymmetric Channel Models

As aready mentioned, fading conditions in asymmetric
channels differ between at least two paths of the wireless sys-
tem. Based on this, we assume that the S— R path experiences
x—u fading conditions, whereas the R—D path is subject
to n—u fading scenarios. Furthermore, the relay SI, which
cannot be perfectly canceled in practice, is assumed to be
Rayleigh distributed [10], [17], [18], whereas the S—D link
is subject to either n—u, k—u or 1G fading conditions.

IThe interesting case of imperfect CSI will be investigated in a future work,
which will use the present results as a benchmark.
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It is noted here that the considered assumptions are generic and
fully realistic as such conditions are encountered in practical
communication scenarios. Furthermore, with proper parameter
selections, they cover both LOS and NLOS cases.

1) The n — p Fading Model: This fading distribution is
described by the two named parameters, n and u, and it is
valid for two different formats that correspond to two physical
models. In both formats, the parameter u is related to the
corresponding multipath clusters, whereas the parameter 7
is related to the ratio of the powers, in Format-1, or cor-
relation, in Format-2, between the in-phase and quadrature
components of the fading signal [37], [38]. The probabil-
ity density function (PDF) of the corresponding instanta-
neous signal-to-noise ratio (SNR) per symbol, y, can be

expressed as [37]
| (zﬂi Hy)
1 —
Hi—35 7

©)

where T'(-) and 1,(-) denote the gamma function and the
modified Bessel function of the first kind, respectively [36].
The parametersh and H correspond to the two distinct formats
of the n — u distribution, and are described in detail in [37].
Also, in both formats, the parameter

E20) (, . H?
=S8 (14 5)

T avo)
is related to multipath clustering with E(-) and V(-) denoting
expectation and variance operations, respectively. It isrecalled
that the y—u fading model includes as special cases the
Nakagami—m, Nakagami—q (Hoyt), Rayleigh and One-Sided
Gaussian distributions [37], [38].

2) The k—u Fading Model: This distribution constitutes a
generic and flexible fading model that represents the small-
scale variations of the signa level in LOS and in NLOS
communication scenarios. The flexibility of the model renders
it capable of providing accurate fitting to field measurements
datain avariety of scenarios[39]. The parameter « is defined
as the ratio between the total power of the dominant com-
ponents and the total power of the scattered waves, whereas
the parameter u is related to the multipath clustering. The
corresponding PDF of the instantaneous SNR y is expressed

44
Zﬁﬂiﬂ'+2 h,uiylli*% _ 2uirh
=
[ (i) HA=2 7473

fy(V)z

4

as [37]
w41 p ety
M+ =z e 7 K@+ 1)y
fy (y) = u—1 o+l 1-p I/“_l Zlul =
K 2 ellky T2y T2 4
©)
where k > 0 and u > 0, given by
E%(y) 1+ 2«
= (6)

BZNV0o) @2

It is recalled that x—u distribution includes as special case
the Nakagami—n (Rice), Nakagami—m and Rayleigh distrib-
utions [37].
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3) Inverse Gaussian Distribution: The |G distribution (also
known as the Wald distribution) is a two-parameter continuous
distribution that has been shown to provide accurate modeling
of shadowing effects in wireless communications [40]. In this
context, it has been aso proven a better substitute of the
log-normal distribution compared to the gamma distribution.
It is also used increasingly in digital communication analyses
and its instantaneous SNR PDF involves only elementary
functions. Its PDF is defined as [41]

_ip—0)?
— e 2(-]2y

fy(V)z 271'))3

()
which is valid for y > 0, whereas 4 > 0 denotes the shape
parameter of the distribution and & > O relates to the mean
value of the corresponding fluctuations with, 77 = E(y) = 6.

[11. END-TO-END OUTAGE PROBABILITY ANALYSIS
A. Full-Duplex Relaying

It is recaled that in FDR systems, the relay is subject
to Sl while the destination suffers interference from
the direct S—D signa, if it exists. To this effect,
the instantaneous  signal-to-interference-and-noise-ratios
(SINRs) at the relay and destination nodes can be expressed
as follows [17]:

| asr |? Ps
R = 2 (8)
| ar,R |© Pr + No
and
| ar.D 1% Pr
9

D= )
| as,p |2 Ps+ No

An outage of the end-to-end communication system occurs
if the S—>R link fails to support the required SINR, or if
the R—D link cannot meet the required SINR. Accordingly,
the overall OP can be expressed as [17], [18]

Pout = Pr{min(I'r, I'p) < I't} (10)
=Pr{I'r<I7}+A—-Pr{l'r <I't}Pr{I'p < I't}

(11)

where I't = 2R — 1 is the required SINR to successfully

communicate at SE of R in bits/sec/Hz. To derive the overal

end-to-end OP of the system, we first represent (8) in terms
of the eguivalent SNRs as

YS,R
[R= ——— 12
yRR+1 (12)
and
YR,D
I'p = . 13
ysp+1 (13)
where
las.rI?Ps
ySR= o (14)
o
is the SNR of the S—R link. Also,
lar.RI>Pr
JRR= —— (15)
No
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is the SNR of the relay SI, which is exponentialy distributed
with mean value 7 g g, whereas

2
aRr,D|“Pr
YR,D =7| D! (16)
No
is the SNR of the R—D link and
las,pl?Ps
ysp =225 @
o

is the SNR of the direct-interference with mean value 7' p.
Furthermore, 'r and I'p can be expressed in terms of the
common RVs X and Y as Z = X/(Y + 1). Based on
this, the cumulative distribution function (CDF) of Z for
independently distributed X and Y can be represented as [45]

F2(2) = /0 Fx(2(y + 1)) fy (y)dy.

In what follows, equation (18) is used in the following four
theorems in deriving the corresponding instantaneous SINR
CDFs for the considered scenarios. In this context, Fz(z)
is kept as a generic notation of the CDF metric; however,
given that these expressions practically refer to the OP in the
considered set ups, following directly from (10), this notation
is substituted by F(I'T) in the respective asymptotic analyses,
with T't denoting the corresponding SINR threshold.

(18)

B. Interference Effects and End-to-End
OP Performance Floors

It is well known that one major characteristic of FDR
systems is the involved Sl at the relay. This has a detrimental
impact on the overall system performance as it can degrade
dramatically at high Sl levels. In the context of OP in FDR
systems, these effects can be quantified with the aid of (10)
and (12). Specifically, it is evident that Tr — O when
YRR > 7ysRr Of when yr R — oo0. As a conseguence,
Pr{TrR < I't} = 1 as in redistic communication scenarios,
I't > —10dB. In the same context and given that the direct
link in FDR systems is considered as interference, I'p — 0
when ysp > yrp OF when ysp — oo, which yields
Pril'p < I't} = 1 in redistic communication scenarios.
To this effect, it follows from (10) that when Pr{I'r <
I't} = 1, then 1 — Pr{l’r < I't} = 0 and thus Pyt = 1,
as the second term of the equation becomes zero. This indi-
cates that particularly high values of Sl result to complete
outage of the system regardless of the value of the other
parameters. This is also the case for very large values of ys p
as Poyt = 1in (10) when Pr{I'p < I't} = 1.

Based on the above, it is also evident that the OP behavior
is characterized by floors that emerge when the SNR value
in one link is significantly larger than the one on the other
link i.e. when ysr > yrD O ysr < yR.D. FOr example,
when ysr > yrD, then Pr{Tr < I't} = 0 and thus,
Pout = Pr{I'p < I't}, which indicates that the OP depends on
thevalue of yr p. On the contrary, when ys r < yRr.p, the OP
behavior experiencesthe bottleneck effect as it becomes depen-
dent upon ys R, since Poyt = Pr{l’'p < I't}. These character-
istics are illustrated and discussed in detail in Section V along
with the upcoming analytical end-to-end OP expressions.
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C. First Asymmetric Scenario

In this scenario, we assume that the S—R link undergoes
generalized x—u fading, whereas the R—D and S—D links
are subject to y—u fading conditions. Given that the k — u
distribution can account for both LOS and NLOS conditions,
its adoption in the S — R link is considered redlistic and
generic [37]. In downlink, as a practical example, the S—>R
path may easily be a LOS link between base-station and
relay, whereas the R—D path can be considered a NLOS
link between a relay node and a mobile terminal, which
is typically characterized by random location and increased
mobility [30], [34]. However, the analysis results are generic
and apply to both LOS and NLOS links.

In order to evauate the OP of the system over such
asymmetric fading environment, we first determine the CDF,
F, (2) = foz f, (x)dx, of n—u distribution in a simpler form.
To this end, by using [36, eqg. (8.467)] and [36, eq. (8.350.1)]
along with carrying out some algebraic manipulations yields

iD= H) g (-1, 2R
P @ = 2 T T R Ge 1) Tn )
1L (=D B+ H) Ty (-1, 2
" E; 11260 T () HAFH (T (e 4+ D)0 (e = 1)
(19)
where y (a, b) is the lower incomplete gamma function and
n! = I'(n+1) isthe ascending factorial. To this effect and by

aso using [36, eg. (8.352. 6)], the CDF of y—u distribution
can be equivalently expressed as

n—1 | |— 1 l—u
—1)' (h— H)=# 4 (=1)~ (h + H)!~*
Fp= S CDO= R D )

— 1124 H T (u)h=# HAH[T (1 +1)]-1

S N2eH =T () H e

[(—1)I(h— H)|+i—,u (_1)/,((h+H)|+i—,u}
X +

2(h—H)uz 2(h+H)uz
7 e 7

(20)

which is valid for integer values of u.

Theorem 1. For {7sr.7rRr-¥S.R:- 2} € RT and usr €N,
the following closed form expression is valid for the CDF of
I'r for an FDR system when the S — R link is subject to
x—u fading and the instantaneous SNR of the relay S, yr R,
is Rayleigh distributed:

F2(2) = 1~ Quen (VB. V2)

— USR ab 2
(aV S,R) Q,us,R( /aJr_L’\/?RRTl)
7R,R ’
1 b

_ —=l D
(ay S’R_i_z)ﬂS,Re TRR 2+ayR’R

+

(21)
where
a— 2us,r(l+xsRr)Z
7SR

(22)
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and

b = 2xs rus R (23)

whereas Qm(-, -) isthe generalized Marcum Q—function [42].
Proof: The proof is provided in Appendix A. O
The derived closed-form expression in (21) is useful as it
is tractable both analytically and numerically. However, its
asymptotic behavior in the high SNR regime is also essential
asit can provide further insights on the effects of the involved
parameters on the system performance. In this context and
since the (21) practically refers to OP, the generic terms Fz(2)
and z are represented, without loss of generality, by F(I't) and
I't, which denote the corresponding OP and SINR threshold,
respectively. Hence, it is first noticed that for g g > 0,

a— 2usr(1+ ks R)IT
7sR

Based on this and by recalling that Qm(x, 0) £ 1, it immedi-
ately follows that

Quar (VB va) = Qusr (V2rsrisk.0) =1 (25)

which yields?
F(Ir) 7sRrR>0 ( usr(l+xsR)IT )”S’R
usr@+xsp)'t+1

/ b /[ 2
Q,USR a2 > 7
a+m YRR
X 1 b

~ 0.

(24)

. (26)
e 7RR + 2+ayR R
By also noticing that
ab
——— —0 (27)
a+=—"—
YRR

it practicaly follows that Qm(x — 0,y) >~ Qm(0,y),
resulting to

T s >0
F(TT) TSR> (

1 kS,RMS,RYS,R

x@7RR 7SRTUSRIFFSRITIRR Qusr (0’ _i) . (28)
’ Y

us,rR(A+xsr)T'T )”S’R
usr(l+xsp)l't+1

R,R

The above asymptotic representation can be simplified further
for the realistic special case of usr = 1. To this effect and
by also noticing that

00 2 2

Q1(0,y) :/ xe Tdx L e 7 (29)
y
it follows that
F(I'r) 7sr>0  (1+xsRr)IT eﬁsyR@iZiﬁﬁR,R
A+xsr)IT+1
(30)

2An asymptotic representation for the Qm(a, b) function in terms of the
one dimensional Gaussian Q—function exists in [42, pp. 100]. However, this
is valid only for b — oo, which is not the case in the present anaysis and
thus, it is not applicable.
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which as y'g g — oo reduces to

7sro0 (1+xsRr) [T SR
I+xsprIT+1

F(I'T) (31)

since

7sr> L+xsRTT7RR- (32)

The above exact and asymptotic expressions provide insights
on the effects of the involved parameters and can be useful
in the corresponding power alocation and energy efficiency
analyses. To this end, it is observed that (28) can be solved
with respect to y's g, since after some algebraic manipulations
one obtains

- A Aal't HSR
AlT7RRrIN (F(FT) (zlrwl)

yS,R: ISR (33)
T >
ksrusk = In (et (s k) )
where
21 = pus,r(1+ ks R) (34)
and
L1 2
A =eRRQusx(0, [— ). (35)
' YRR

It is noted that the above exact and asymptotic expressions
can be used to determine the OP of the S—R link when the
relay is subject to Sl while (33) can be used to determine the
required y g g for given OP requirements.

Likewise, the following Theorem derives the CDF of the
mixed link of S—D and R—D channels, which is essential
in deriving the end-to-end OP of the system.

Theorem 2. For {7rp.7sp-2 € R, {#r,D. 75D} € RT
in Format-1 and —1 < {sRr,p,#sp} < 1 in Format-2 and
{ur,D, us,p} € N, the closed form expression in (36) (shown
at the top of the next page) is valid for the CDF of I'p
for the FDR system when R — D and S — D links are

n—u distributed, where >F1(., -; -; -) denotes the Gaussian
hypergeometric function [36].
Proof: The proof is provided in Appendix B. d

Equation (36) is undoubtedly useful, yet, it is essential
to also quantify its asymptotic performance in the high SNR
regime. Hence, by first setting Fz(z) = F(I't) and z = T'T,
it is noticed that when y g p > 0 and 7 g p > 75 p, Which
is reasonable since 7 g p denotes interference in FD systems,
it follows that

usp7rphsp > 7spurplT(hrp —HrD) (37)
and
2hr,p—HRD)#RDTT
e 7RD —1 (38)

yielding (39), shown at the top of the next page. Evidently,
the first term in (30) is dominant as y g p — oo. In addition,
for the redlistic specida case that ur,p = 1, and recalling the
identity

11 1
2F1 (a,a+—;a+—;X) - (40)

2 227) T @—x)a



SOFOTASIOS et al.: FULL-DUPLEX REGENERATIVE RELAYING AND EE OPTIMIZATION

3237

-1
" T(urp + D((=D) (hr,p — Hr.p) #RD + (=1)*RP(hg p + HR D) ~#RD)
Fz(2) = Z —HUR,D /lSD ﬂR p+
= h/ P hg/p P 24rRoHT (ur p)HRY ™ (hE p — HE p)#so
urp—1lurp—1-1 h~“RD I( ThJw ZﬂSDhﬂSDF(Z + )Z|—2,uSD+J —i
_ Z Z() RD:uRD HUR,D Tu us,p + | VR,D '
i - l1i12uR0+ 20804+ =11 (ug p)HA ' T (s 0 + DT (4s0)7 5
=2 2 2
| 7Rp“spHSD
(=1) 2Ry (,us D + 2> 1S.D + sHsD+ 2’ 2 S,DﬂR,DZ(hR,D—HR,D)"‘ﬂS,DVR,DhS,D)z)
x ) . 2(rD-HRD)“R.D?
(hr,p — Hr p) "+ =#R0) (75 pur pZ(hrR D — HR D) + 7R pAS DN D)?SDH e TRD
(—=1)“RD ,F + 4+ L + TRoM8pHED
2F1\ #sD 2,,LtSD P HSD 2’ (7s.p4rDZ(hRD+HRD)+15D7 R DNS D)?
+ ) ) 2(hR,D+7HR,D)/‘R,DZ (36)
(hr,p + Hr p) "+ =#rR0) (75 pur pZ(hR D + HR D) + 7R p#S DN D)?#SDH e 7RD
-1
7r0>0 " T(urp +D((=1) (hrp — Hr.D) 7#RP + (—1)#RP(hgr p + HR p) ~#RD)
F(I'r) z —MUR,D .USD iR D+ ,uRD+| 2 2
= NSO hg5° 24~ H T (1R p)HRY ™ (W3 [ — HE p)#sp
-1 -1-1 i . o
&G T (.) h’RRDDﬂR pl(urD +DVET (2usp + DIT78p
_ | —
1=0 i=0 ]=0 J I|||2ﬂRD+2ﬂSD+|+J i— 11"([uRD)H/‘RD+ F(IUS’D‘F%)F(,US,D))}IR,D
HéD 2(h —H u I 2(h 4H Y r
2F1 (,USD + Z,ﬂSD-i- susp+ 2’ o ) =\ 2 72’,3 S (~1)“rDg" 2 75{,3 S (39)
» : : 39
/“s Dh,gSDD+J (hr,p — Hr,p)#RD 1 (hr.p + Hr p)#rRD—I-
one obtains Based on this, one obtains the useful representation
7r0>0 (hrp — Hrp) 1= (hrp + Hr D) ! _ 2(hrp — HrD)I'T
F(ry) 180 ( ) (hg, ,D) TRD ™ (45)

2hgohs's P Hrp (g 5 —
hr /7T (2usD)hsY

22480 HR pT'(us,p + 3)T (us,p) (g p — HE p)#so

_2(hrp—HRDI'T _2(hrp+HRDIT
e 7R,D e 7R,D
X — (41
hr,o — HrD hr,po + Hr D

2
HSjD),“S,D

which is simpler than (36) as it is evident that it can be also
solved in terms of 7 g p. To this end, by noticing that the two
exponential terms become practically equal for y g p > O,
it follows that

2(hp p—HRD)I'T

F(I'T) >~ B, — Be  'RD (42)
where
3 — (hrD —_HR,D)71 — (hrp + HrD) ! (43)
ZhEe,ths,ﬂDs’D HR>D(hé,D - Hé,D)”S‘D
and
hr /T (2us p)212#sPhg P IT (s p)1™ (a4

~ Tlusp+3)(hgp— HZp)(hEp — Hg,D)”S’D.

CIn(B2) —In(B1— F(T'7))’

D. Second Asymmetric Scenario

Inthiscase, theS— Rand S — D linksare subjectto x—u
fading conditions, whereas the R—D link is subject to #—u
fading conditions. Unlike in the first scenario, also the S—D
link in this case can account for LOS and certain NLOS con-
ditions. Given the assumed mobility of the destination, such
a setup can, for example, correspond to the case of relatively
closer location of the source and destination terminals.

Theorem 3: For {7rp.7sp-%sD.2} € RT, 7rp € R

in Format-1, —1 < yrp < 1inFormat-2 and urp € N,
the closed form expression in (46) (shown at the top of
the next page) holds for the CDF of I'p in a FDR system
when S—R and S—D links experience x—u fading, whereas
R—D link is subject to n—u fading, with 1F1(:; -; -) denot-
ing the confluent hypergeometric function [44, eg. (13.1.2)]
and

(&)

_ ﬂzs,DVR,DKS,D(lJr KS,D)
uspYRrp(1+ ks D) +27sp(hrp F HrR.D)ZUR D

(47)
Proof: The proof is provided in Appendix C. O
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(=1'(hrp — Hrp) R0 4 (=1)#R0(hg p + Hr.p)'#RP

>

=0
#rD—1

h /lRD(F(,LtRD+|)) l|¥2,uRD+IF(luR )H,uRD+I

_ +j—i— .
UsD—HSDF]— IVJSDF(MSD+J)

4R~
-2 2
i=0

j=0

2:(')ZqXﬂRD-%D#RD#SDYRD
I/ h 'uRDeKSD/lSDr(#SD)||||2,URD+| T (ur, )HﬂRD+|

(=D'(hr,p — Hrp)'M7#RD (1 4+ k5 p)#SP1F1 (usp + |: us,p; E1)

2(hgr p—HR D)Z4R,D
e 7R,D

(=1)#RP(hrp + Hr,D)' T #RO (14 x5 p)*SP1F1 (usp + J; s p; E2)

(us,p7rp(1+xsp) + 2(hr,D — HR.D)7 s pZKR,D)*SPT]

z(hR,D+HR,D)Z/‘R,D
e 7R,D

(46)

(ts,p7rp(d+xsp) + 2(hr D + HR D)7 5 pZiR,D)#SDY)

Following the methodology in the asymptotic analysis for
the derived representations in Theorems 1 and 2, we can also
derive convenient asymptotic expressions for (46). To this end,
for yr p > 0, it follows that

_ #rD—1 | _ -
7rD>0 (=1) (2HR,p) #RP R,D)I
Farm 12028y D EHRD) fﬂw)a
i—o l'(hrp —HRrD)*RPhg
urD—1

(—DHROERY (uRD)I
é I'(hr,p + HR,p)#RO~12¢RDH H”R’DH
ﬂ% 1/‘RDZ' 12':( )rTh’;RDDr(ﬂR p+02 ukp
- 116550450 T (g, p)lli 124R D
VJSDT(,USD + )1F1(usp + J; usp; kspusD)
1ﬂ(/lFe,D)HﬂRD+I(1+Ks D)Jﬂs DVRD
(=1'(hrp — Hrp)' "' ~#"0

2(hr D—HRD)ITHRD
e 7RD

( 1)/tRD(hRD+HRD)|+I HUR,D

2(hr p+HR D)ITXR D
e VRD

(48)

A

where (X)n = TI'(x + n)/T'(x) denotes the Pochhammer
symbol. In addition, for the special case of urp = 1, and
with the aid of the identity 1F1(a, a, X) £ exp(x), one obtains

-

_2hgrp+HRDIIT
7R,D

_ —1pg-1
0 2*Hgph
YRD> R,D''R,D TRD

F(TT)

2(hg p—HR DT ]

hrD — HrD
hr.D
2HR,p(hr,0 + HR,D) [1 ¢ ] 49
which reduces to zero for large vaues of 7 g p, since the
exponential functions reduce to unity. By also noticing that
the two exponentia terms in (49) become practicaly equal
when 7' g p > 0, it follows that

2hrp-HR DT
7R.D

7rRD>0 _
FIT) =225 a -G+ (@ - a)e

where

(50)

hr,D
= . 51
! 2HRr p(hr,D — HRD) 1)

and

hr D
&= . . 52
2HR p(hr,D + HR D) (52)
Based on this and after some algebraic manipulations, it imme-

diately follows that

_ 2(hrp — HrD)I'T
TRD ™ (53)
@-a)—-In(FO1)—a+ &)
which is particularly useful in determining the required
7 r.p for given values of the corresponding OP. The derived
expressions are relatively convenient to handle analytically
and numerically, since they involve elementary and specia
functions that are built-in in most popular scientific software
packages such as MATLAB, MAPLE and MATHEMATICA.

E. Third Asymmetric Scenario

In this final scenario, the S—R and R— D links are subject
to k—u and y—u fading conditions, respectively, whereas
the direct S—D link is subject to 1G shadowing conditions.
As aready mentioned, the |G distribution has been shown to
provide accurate characterization and modeling of shadowed
fading effects. Furthermore, its utilization is rather essential,
particularly in cases of high distance separation between the
source and the destination, where shadowing effects tend to
dominate those incurred by multipath fading.

Theorem 4: For {yrp.7sp.4 2 € RY, urp € N,
nr.p € RT in Format-1 and |#r.p| < |1] in Format-2, the
closed-form expression in (54) (shown at the top of the next
page) holds for the CDF of I'p in a FDR system when S—R
and R—D links experience x —u and n—u fading while S—D
link is subject to 1G shadowing, with K,(-) denoting the
modified Bessel function of the second kind with order n [36].

Proof: The proof is provided in Appendix D. O

By following again the same methodology asin the previous
theorems, it is first noticed that for the asymptotic high-SNR
case of y g p > 0, one obtains

1 2(hrp + HrRD)urDIT = 1
ZVZS,D AS,DTR,D ZVS,D

which yields (56), shown at the top of the next page. It is
evident that the first term of (56) dominates for very large

(55)
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#rD-l hlé,RbD I(urp +D((=1) (hrp — HrD)' 7#RP + (=1)#RP(hgr p + HR D) "#RD)

Fz)= Q|
=0

urp—lurp—I-1

HéRbDH I'(ur,p)!!2¢RDH

: : (i ) hk b €750 (—1)(hrp — Hr D)7 7#®*0 /ZspT (4R + ik p2)
]
—0

=0 i=0

AS,DY R,D

=
P
o
|
SN
=
Py
o
|
|
[EN

Nir2eroH =277 pT(urD)HR €

1
2(hrp — HR,D)#R,DZ)4 : K

2(hp p—HR DR DZ
7R,D

4)sp(hrp — HRD)URDZ
YRD

2
’IS,D

N

=j —2
7s,D

‘S,D ) . .
hR b €750 (—1)*RP (hr p + Hr D)7 7#R2 /I pT (urD + Dtk pZ)

X 23£( _]2- +
275p

lti20mo 1 227, o T (ur D) HAS e

2(hgp p+HR DR DZ
7R,D

J
2

’%,D n 4)sp(hrp + HrD)uRDZ

FI'7) ——
1=0

=
P
o
|
SN
=
P

-y X

1=0 i=0

(-D'e

2(h H z\’
(hrp + _R,D)ﬂR,D Ky - A (54)
ASDVR,D 2 78D 7R.D
1 _ _
7ro>0 "R hEE T(uro + D((—D'(hr o — Hrp)' P + (~1)*R2 (hrp + HR p)' #RD)
1
HRY "' T(urp)I12¢R0H
i KR,D i 25D ;“%D
o—1-1 i /Aspl'(urD +|)#R,DhR,b I';e’sp K%—j 7ZS’D
T
, . i i 3 +
j=0  Ilj12«rp+H - 1«/27ry'R,DyéDJF(,uRjD)HS,RbD
2hr D—HRD“RDIT _2(hrp+HR DR DIT
7R,D _1)“RDg 7RD
(-1 (56)

(hr.p — Hr p)#RD I

(hr.p + Hr p)#RD~!-I

values of 7 g p. Furthermore, for the special caseof ur p = 1,
and using the identity K% (X) £ /me %/v/2x one obtains

_2hrp-HRD)IT
{1_e 7R,D ]
hrp — HRrRD

1 2(hg p+HR.D)IT
_hro(rp +HrD)™™ [, R 5T
2HR D

which coincides with (49).

Importantly, unlike the exact expressions in Theorems 1—4,
the derived approximate expressions with respect to the cor-
responding SNRs can be useful in the determination of the
required SNR for given OP values. Thisis realized by express-
ing (10) in terms of Pr{I'r < I't} or Pr{I'p < I't}, namely

Pr{min(Tr,I'p) < 't} — Pr{I'p < I't}

_ —1py-1
yR,D>>0 2 HR,DhRaD

F(TT)

] (57)

Pr{l'g < I't} =
{'r <T7) 1—Pr{lp < T}
Pout — Pr{l'p < I't}
= 58
1-Pr{I'p <IT'7} (58)
and
Primin(Tr, T 't} —Pr{l’ r
Pr{l'p < ') = {min(I'r, I'p) < I't} {I'r <TI'7}

1-Pr{T'r <TIT}
Pout — Pr{l’ r
_ Tout {I'r < T}. (59)
1-Pr{I'r <TI'7}
Based on this, it is evident that Pr{l’'r < I't} in (58) can be
substituted by (33), which, as shown previoudy, can then be

solved with respect to 7 g g. Likewise, Pr{l'p < I't} in (59)
can be substituted by the corresponding asymptotic expres-
sions in the three considered asymmetric scenarios, which,
as aready shown, can be solved with respect to 7 g p. These
representations are particularly useful as they are capable of
determining the required SNR value in each link at given OP
requirements including the case of incurred transmit power
constraints at the source or relay nodes.

F. Half-Duplex Relaying

As dready mentioned, the more conventional HD regen-
erative relaying assumes that communication takes place
in two orthogona channels, since it can not transmit and
receive simultaneoudly in the same frequency band. Therefore,
hr,r = 0 and the corresponding OP, assuming no direct-link,
can be expressed as

Pout = Pr{ysr < y1}+ Q= Pr{ysr < ytHPr{yrD < 7}
(60)

where y1 = 2°R — 1 is the required SNR threshold value
for successful transmission, and ysr and yr p were defined
in (14) and (16). Evidently, for an end-to-end SE of R, the indi-
vidual links in the HD system need to provide a SE of 2R,
due to the orthogonal time slots based operation. Furthermore,
for an asymmetric channel where fading effects in the S—R
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POUt(Péka Plga 78,R9 7R,Ra TS,Dﬁ 7R,D5 ns,D, US,R, UR,D> US,D> 1IR,D> KSR, R5 1—‘T)

= F[TliFf] Pout(Ps, PR, 7s.r» 7R.R» 7 S.D> 7 R.D> 11S,D> LS,R, IR,D> HR,D> #S,D> KSR, R, T'T)
S, FR

(62)

Pout(P3, PR 7s,R» 7R.R» 7 S,D> 7 R.D> #S.R> IR.D> HR.Ds S, D> KSR, kS,D> R, I'T)

= F[TliFf] Pout(Ps, PR, 7s.r» 7R.R» 7 S.D> 7 R.D> #£S.R: /IR, D> LR, D> 1S,D> KSR, kS,D, R, I'T)
S, FR

(63)

Pout(P§, PR 7s,R» 7R.R» 7 5,D> 7 R.D» #S.R> IR.D> UR.Ds KSR, 45D, R, ')

= F[nilg Pout(Ps, PR, 7 s r» 7R.R» 7 S.D> ¥ R.D» IR,D> #S,R> LR, D> KSR, 45D, R, T'T)
S, FR

(64)

link are x—u distributed and the R—D link experiences n—u
fading conditions, Pr{ysr < yt} and Pr{yrp < yT} Ccan
be readily deduced with the aid of [37, eq. (3)] and (20),
respectively. It is noted that the considered HDR scheme serves
as a benchmark for comparisons with the corresponding FDR
analysis results.

IV. OPTIMAL POWER ALLOCATION AND
ENERGY-EFFICIENCY OPTIMIZATION

A. Optimal Power Allocation to Minimize End-to-End OP

In this Section, we formulate and investigate optimal power
allocation schemes for both FDR and HDR systems. The aim
is to minimize the end-to-end OP over asymmetric fading
conditions by optimizing the transmit powers of the source and
relay nodes under total transmit sum-power constraint. To this
end, we analyze the impact of the relay SI on the OPA based
FDR system by using the derived OP expressions. Thus, for
sum-power constrained networks, we formulate a non-linear
optimization problem of the form:

Aopt = aIg main Pout

Subjectto: ag+ar=1, a >0, ar>0 (61)

where a = [ap, ar], with ag = Ps/P and ar = Pr/P
denoting the relative transmit power ratios at the source and
relay nodes, respectively, whereas P = Ps + Pr denotes
the total transmit sum-power of the system. This approach
is widely adopted in power constrained cooperative commu-
nications studies to facilitate the delivery of a given amount
of data from the source to the destination with limited sum-
power. The end-to-end OP for different asymmetric fading
scenarios is determined by (10) using the novel expressions
derived in the previous theorems where one purpose of the
OPA scheme, in the FDR case, is to decrease the detrimental
impact of the relay SI. To this end, it is recalled that the end-
to-end OP of the FDR system is a function of transmit powers,
fading parameters and the corresponding SINR threshold.
More specifically, for optimal powers P& and P at the source
and relay nodes, respectively, the minimum OP at atarget SE
of R can be expressed according to (62), as shown at the top
of this page, for the first asymmetric scenario, equation (63),
as shown at the top of this page, for the second asymmetric
scenario and (64), as shown at the top of this page, for the
third asymmetric scenario, at the top of the next page. The
above optimization problems are subject to the constraints of
the form Ps + PR = P, Ps > 0, PR > 0 where P is the

total transmit sum-power. Thus, the corresponding Lagrangian
equation with Lagrange multiplier A can be written as [51]

L(Ps, Pr, 4) = Pout + 4(Ps + Pr — P). (65)

To this effect, using the first-order derivative condition,
the optimization problem satisfies

6 L 6 Pout

i 2=0 66

oPs oPs + (66)
and

6 L 6 Pout

_— = A=0 67

0PRr oPRr + (67)
which results to

0 Pout _ 0 Pout (68)

0Ps 0PRr
Given that Ps + Pr = P and recalling the second order
conditions for convexity [51], it is sufficient to show that the
optimization problem in (61) is convex when the following
inequality is satisfied:

2
0 P°2“t > 0. (69)
oPs
The proof is provided in Appendix E. However, the deriva-
tion of closed-form expressions for the optimal values of
ap and ag is, unfortunately, analytically intractable. Yet, the
optimal values can be determined using numerical tools, which
is a standard approach that we also adopt in the present
analysis.

B. Energy-Efficiency Optimization Under
Given End-to-End OP and SE

We next quantify the average total energy consumption
required to transmit L information bits from the source to the
destination at a given end-to-end SE and OP for both HDR and
FDR systems assuming that the transceiver circuitry operates
on multi-mode basis, i.e. i) the circuits are in active mode
when there is a signal to transmit or receive; ii) the circuits
operate on a sleep mode when there is no signal to trans-
mit or receive; iii) the circuits are in transient mode during
the switching process from sdeep mode to active mode [47].
To this effect, by denoting the duration of the sleep, transient
and active modes by Tgp, Ty and Ton, respectively, the total
energy required to communicate L information bits can be
expressed as [47]

E = PonTon + Psstp + Py Ty (70)
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with Pr=1 (74)

withPr=1 (77)

where Ton refers to the time period of active transmission
and/or reception. Moreover, Toy for the FDR system in terms
of the packet size L and the bandwidth B for end-to-end SE
of R can be expressed as

L

To';D = ﬁ
which denotes the period of active transmission and reception
of the source and the relay, respectively. Furthermore, due to
the FD principle, thisis also the period of active transmission
and reception of the relay and the destination, respectively,
in the case of successful decoding at relay. On the contrary,
Ton in the HDR system, assuming the same end-to-end SE
of R, is expressed as

(71)

HD _ L

o 2BR
denoting the active transmission and reception period of the
source and the relay, in the first HDR dot, as well as that of
the relay and the destination in the second HDR dlot.

It is also noted that the quantities Pon, Py and Py denote
the power consumption values during the active, sleep and
transient modes, respectively. The active mode power Pgp
comprises the transmit power P, power consumption of the
RF amplifier denoted with w Py, where w refersto the amplifier
power efficiency, and transmitter and receiver circuit powers
of Pcr, and Pcr,, and can thus be expressed as [49]

(72)

Pon = (1 + )P + Pct, + Pery- (73)

For practical circuit designs, it is realistic to assume that
Psp >~ 0, while the power consumption during the transient
mode refers primarily to the power consumption of the
frequency synthesizers, i.e, Py = 2P.o. Thus, in order
to determine the average total energy consumption in the
DF-based relaying systems, we first formulate the total power
consumption for the HDR scheme,? in (74), shown at the top
of this page, where

3 4/22R_1
oHp = ———— —1 (75)
nd +/22R 4+ 1

with 5gq denoting the corresponding drain efficiency [47]—
[49]. It is evident that the first term of (74) refers to the
absolute total power consumption by the nodes in the S—R
transmission phase, whereas the second term represents the
power consumption in the R—D phase subject to correct
decoding of the received signa by the relay. Based on this,

Swithout loss of generality, the EE analysis of the FDR and HDR systems
assumes no direct link, aiming to quantify the fundamenta differences on
energy consumption between the two schemes, particularly under Sl effects
in the FDR case.

the average total power consumption in the HDR transmission
mode is given by

PHP = Pcr, + (14 whp) Ps + Pcr,
+ (Pcty + (14 @HD) PR + Pcry)

x (1 — Pr(ysg < 2R — 1)) . (76)

Likewise the power consumption of the FDR scheme,
depending on whether the relay can successfully decode or not,
can be expressed according to (77), shown at the top of this
page, which includes the additional term Pganc, that accounts
for the power consumption of the Sl cancellation circuitry,
which is practically not related to the transmit power [50].
Based on this, the average total power consumption of the
FDR system can be expressed as:

PP = Per, + (1+ wrp)Ps + Pcr,
+ (Pet, + (14 oFp) PR + Pcr, + Peanc)

x (1 —Pr(Tg < 2R - 1)) (78)
where
3V2R-1
WFp = ——F——— — (79)
nd V2R 4+ 1

which differs from wpyp with respect to the modulation order,
which is M = 2R instead of M = 22R in HDR. Using the
expressionsin (76) and (78), the corresponding average energy
consumption per information bit is then given by

E |5TTon+2PLOTtr
T= i

where Pr = PHP and Pr = PP, in the case of HDR and
FDR, respectively, whereas Ton was defined previously for
each scheme.

Based on the above, the EE optimization problem with the
two optimization variables, Ps and PR, at target end-to-end OP
of p* and maximum total transmission sum-power constraint,
Pmaxt, can be formulated as

(80)

min Et(Ps, Pr)

Ps, Pr

subject to: (Ps+ PRr) < Pmaxt,
Pout(Ps, Pr) = p*.

Itisrecalledthat Pr in FDRisgivenin (78). Thus, using the
Lagrange multipliers A1 and A2, 13 and 14 for the equality and
inequality constraints, we set the corresponding Lagrangian
equation that depends on the optimization variables and mul-
tipliers while meeting the KarushKuhnTucker (KKT) condi-
tions in [51] for the non-linear convex optimization problem.

Ps>0, Pr>0
(81)
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Based on the above expression, the corresponding KKT con-
ditions can be expressed as

VET +41V(Pout) — 22V Ps—A3VPR + A4V (Ps + Pr) = 0

(82)

whereas the associated complementary conditions are given by
Pout = P*, (83)

Ps+ Pr < Pmaxt, (84)

A1 (Pout — p*) =0, (85)

42Ps =0, (86)

23Pr =0, 87)

A4 (Ps+ PR — Pmaxt) = 0, (88)

A1, 42,43, A4 > 0. (89)

Both 1> and A3 represent inactive constraints and thus, they
can be assumed zero. To this effect, by applying (82) and
setting the derivatives w.r.t Ps and Pr to zero, the following
set of equations is deduced

6ET apout

— A Aa=0 90

3Ps + A1 oPs + la (90)
and

aET aPout

— Aa = 0. 91

PR + 1 Px + 24 (91)

Since 11 > 0, the following necessary condition is formed
for minimizing the total average energy consumption at the
optimal power values,

0ET (P&, Pg) - ET (P&, Pg)

0Ps 0PRr (92)
For a feasible set of optimal powers, the
Pout(Pg, Pr) = p* (93)
and
PS + P& < Prmax (94)

constraints must be satisfied.

For the above optimization problem, the optimal transmit
powers at the source and relay nodes that minimize the total
energy consumption under the given sum-power, end-to-end
SE, and end-to-end OP constraints can be evaluated numeri-
cally at reasonable execution time. Yet, it is also essential to
prove that the formulated optimization problem is convex. The
proof of this is provided in detail in Appendix F.

V. NUMERICAL RESULTS AND DISCUSSION

This section is devoted to the extensive anaysis of the
offered results in the previous sections. All scenarios assume
generalized asymmetric fading conditions and the end-to-end
system performance is evaluated assuming that the total trans-
mit power is equally or optimally allocated to the source and
relay nodes. Moreover, we consider only Format-1 in the
cases of n—u fading. However, since the derived analytic
expressions are generic, numerical results can be also obtained
straightforwardly for the case of Format-2 scenario.
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TRR = 5dB, 0dB, -5dB
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Fig. 1. OP of FDR vs. SNR with EPA over asymmetric x —u and n—u fading
channels for ugr = uRD =2 ksrR=4dB, usp =1, 7rRD =4sp =1,
7s,p = 0dB and for different YR g = zr r @nd I't.

Outage Probability (OP)

- -HDR |
FDR, 7 . = 10dB
——FDR, 7 =7.5dB
—y—FDR, 7, = 5dB
—A—FDR, 7, = 0dB
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Fig. 22 OP of HDR and FDR vs. R with EPA over asymmetric k—u and
n—u fading channels for usr = urD = 2, 71R,D = 1, kg R = 2dB,
SNR = 25dB and for different values of yr g = 7R R Without the
direct-link. '

Fig. 1 illustrates the OP of the FDR system with EPA
when the relative level of relay Sl is varied. In this context,
we indicatively assume usr = ¢rp = 2, is,p = L,ksr =
4dBandi7R’D = NSsD = 1 for 73’[) = 0dB and 7R,R =
{5, 0, —5}dB with target SINR of I't = 0dB and I't = 5dB,
respectively. It is shown that the performance of the FDR
system is affected largely by the relay Sl since it acts as
additional noise to the received signa and, thus, reduces
the effective SINR and consequently degrades the overall
outage performance of the system. It is also noticed that,
the corresponding performance degradation is not linear when
the relay Sl reduces from 5dB to 0dB and then to -5dB.

Fig. 2 shows the OP versus R for asymmetric fading condi-
tions characterized by x—u and n—u for both HDR and FDR
systems under similar fading conditions of usr = urp = 2,
7r,D = 1, ks,r = 2 dB. Also, EPA is assumed, SNR of 25dB
and different values of the relay Sl are considered in the case
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Fig. 7. Energy consumption per information bit of FDR and HDR systems vs.
source-destination distance over asymmetric k—u and n—u fading channels
for usr = uR D =2,ks,R = 2dB, nr p = 1, R = 2bps/Hz without direct-
link using OPA for relay Sl level of O dB and different Pcanc, and target Poyt
values.

TABLE Il

OPTIMAL TRANSMIT POWER VALUES FOR SOURCE AND RELAY NODES
OVER ASYMMETRICx—/j—u FADINGFOR us R = 4R.D = 2,
ks R = 20B, 7R p = 1, Pcanc. = 150mW AND RELAY S
LEVEL OF 0dB FOR DIFFERENT VALUES OF Pgyt
FOR FDR SYSTEM AT R = 2bps/Hz

Pout = 1073 Pout = 1072
dS’D(m) PS (W) PR(W) PS (W) PR(W)
100 0.0210 0.0028 0.007 0.0028
200 0.0334 0.0100 0.0120 0.0052
300 0.1745 0.0590 0.0568 0.0500
400 0.5660 0.1603 0.1930 0.0800
435 0.7856 0.2144 0.2716 0.1100
500 - - 0.4763 0.1887
560 - 0.7192 0.2808

becomes more energy efficient. In addition, for the given target
OP of 1072 the HDR scheme attains maximum transmission
distance of 420m under the given maximum transmission
power constraint, whereas the FDR scheme extends to sub-
stantially longer distances. In a similar way, for the target
OP of 102 the HDR scheme outperforms the FDR scheme at
transmission distances below 210 m and 245 m, respectively.
It also attains maximum transmission distance of 335 m,
whereas the FDR scheme extends the range beyond this limit.
The energy savings that can be defined as 1 — EFP/EHD

for Peanc. Of OMW and 150mW at target Poy of 1072
at the maximum transmission distance of the HDR, i.e,
ds,p = 420m, are found to be 46.4% and 37%, respectively,
whereas for Py of 103 and ds,p = 335m the corresponding
values are 42% and 39%, respectively.

In the same context, Fig. 8 shows the average total energy
consumption per information bit versus transmission distance
for HDR and FDR systems over asymmetric k—u and #—u
fading conditions with fading parameters of usr = urp =
2, 5rp = l,ks,r = 4dB, and relay Sl level of 5dB. The
target Poy is set to 1072 for R = 3bps/Hz and R = 4bps/Hz,
Peane. = 150mW and the total transmit power is again
optimally allocated to the source and relay nodes with the relay
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Fig. 8. Energy consumption per information bit of FDR and HDR systemsvs.
source-destination distance over asymmetric k—u and n—u fading channels
for usr = uRrD = 2, ks R = 4dB, 1R D = 1, Peanc. = 150mW without
direct-link using OPA for relay Sl level of 5dB at target Poyt = 1072 for
different values of R.

TABLE IV

OPTIMAL TRANSMIT POWER VALUES FOR SOURCE AND RELAY NODES
OVER ASYMMETRICk—/j—u FADINGFOR us R = UR.D = 2,
ks R = 4dB, 7R D = 1, Pcanc. = 150mW AND WITH
DIFFERENT R FOR FDR SYSTEM AT Poyt = 102
AND RELAY S| oF 5dB

R = 3bps/Hz R = 4bps/Hz
ds,p(m) | Ps(W) | Pr(W) | Ps(W) [ Pr(W)
100 0.0032 0.0029 0.0067 0.0033
200 0.0482 0.0052 0.1047 0.0363
300 0.2516 0.0713 0.5474 0.1455
330 0.479 0.0966 0.8097 0.1903
395 0.7723 0.1875 - -

positioned in the middle of the network. It is observed that
at relatively small transmission distances (e.g. 0 < dsp <
200m) and (0 < dsp < 125m) for R = 3bps/Hz and

= 4bps/Hz, respectively, the HDR scheme outperforms
the FDR scheme. However, as the transmission distances
increase beyond the threshold points of 200m and 125m,
the corresponding overall benefits by the FDR scheme are
significant, despite the presence of the assumed relay Sl level.
Indicatively, at transmission distance of 310m, which is the
maximum distance that the HDR scheme can operate under
the given system constraints at R = 3bps/Hz, the EE gain
by the FDR system with the assumed relay Sl level is 39%,
whereas the EE gain by the FDR scheme at the distance limit
of 215m for the HDR system at SE of 4bps/Hz is 55%. It is
also shown in Table 1V that the values of the transmit powers
alocated to the source and relay increase as the target SE of
the system increases.

VI. CONCLUSION

In this paper, we studied and analyzed the OP, OPA and EE
optimization of the regenerative FD and HD relay systems
over asymmetric generalized fading channels. Novel exact
and asymptotic analytic expressions were first derived for the
end-to-end OP. Based on these, it was shown that the perfor-
mance of the FDR system is affected by the fading parameters
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of S—>R, R—D links, the direct-interference and relay Sl
level. Compared to the basic HDR system, it was shown that
the FDR mode can provide better outage performance, even
in the presence of considerable Sl, if the target end-to-end SE
is relatively high. Furthermore, it was shown that significant
OP reduction can be achieved through the formulated OPA
strategy, compared to the traditional EPA scheme, especially
under strong Sl levels. In addition, a detaled EE analysis
indicated that depending on the end-to-end SE and target
OP, the FDR system is overal substantially more energy-
efficient than the HDR system for any moderate relay Sl level,
especially when longer transmission distances are considered.
The derived expressions and findings can be used to ana-
lyze and optimize the performance and average total energy
consumption of FDR and HDR systems over redlistic fading
conditions.

APPENDIX
A. Proof of Theorem 1
Inserting in (18) the CDF of x—u distribution in

[37, eg. (3)] and the PDF of Rayleigh distribution yields (96),
shown at the top of this page. By setting u = /y + 1 and

with the aid of [43, eq. (13)] yields (21), which completes the
proof.

B. Proof of Theorem 2

By substituting the PDF and CDF of the n—u distribution
in (3) and in (20) into (18), one obtains Fz(z) in (97),
shown at the top of this page. Notably, with the aid of [36,
eg. (8.406.3)] and [36, eq. (6.621.1)] the above expression
can be expressed in closed-form. Therefore, by performing
the necessary variable transformation and carrying out long
but basic algebraic manipulations, the CDF of I'p can be
expressed as in (36), which completes the proof.

C. Proof of Theorem 3

By substituting the CDF of the #— u distribution in (20) and
the PDF of the x—u distribution in (5) into (18), the CDF of
I'p, Fz(2), can be expressed by (98), shown at the top of this
page, where
+1

“s
usp(@d+xsp) 2

4sp—-1 ugptl
2 = 2
kKsp 7VsbD

A=

(99)
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By also applying [36, eq. (1.111)] and after some algebraic
manipulations, equation (98) can be expressed as
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where
UR.D /‘S,D+1
B hR,D ﬂS,D(1+KS,D) 2 101
= usp-1 usp+l” ( )

F(ﬂ R,D)’CSJ D2 eICS,DﬂS,D7S’Dz

Importantly, the involved integrals in (100) can be expressed
in a closed-form with the aid of [36, eg. (6.621.1)]. Therefore,
by performing the necessary variable transformations and
carrying out long but basic algebraic operations, the CDF of
I'p can be expressed as in (48), which completes the proof.

D. Proof of Theorem 4

By substituting the CDF of the »—u distribution in (20) and
the PDF of the IG distribution in (7) into (18) and denoting
y = X, one obtainsthe CDF of the RV Z in (102), shown at the
top of the next page. The above expression can be equivalently
re-written according to (103), shown at the top of the next
page. Expanding the above power terms using the binomial
in [36, eg. (1. 111)] and with the aid of [36, eg. (3. 471.9)]
after some manipulations, the closed-form expression in (54)
is deduced, which completes the proof.
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E. Convexity Proof of the Optimization Problem in (61)

We use the asymptotic results for Pril’'r < I't} and
Pr{I'p < I't} for the first asymmetric scenario as an example.
To this end, and without loss of generality, we represent
Pr{Tr < I't} in terms of (30) and Pr{I'p < T't} in terms
of (42), respectively. By substituting these in (10) one obtains

__ KS,RVSR
Pout =~ Kie 7sRTIHSRITIRR

_ ¥S,R7S,R
+ (]_ — K1e 75,R+(1+KS,R)FT7R,R)

2hr,p—HR DT
7R,D

X (@1 — Be (104)

where B; and B8, are given in (43) and (44), respectively, and
(L+xsr)IT

M s+ 1 (105)
By setting
% =A+rsr)IT (106)
and
%3 = 2(hrp — HrD)I'T (107)

aswell asexpressing 7 g g and 7 g p in terms of the respective
power, Ps and Pgr, respectively, it immediately follows that

___*sRPs
Pout =~ %€ Pst#eP-F9)
___*sRPs __ K3
+({1- xae PstR®P-Po ) [ B — Bre P-P9 ).

(108)

After long but basic algebraic manipulations, the second
derivative of (108) with respect to Ps is given by

KSR xs.RPs(%2—1) 2
%Py M (Ps+7<2(P—Ps) + (Ps+7<2(P*Ps))2)
2 K P,
oPs s P
7(1( 2cs,R(%2—1) + 2cs,RPs(%2—1) )
_ (Ps+%2(P—Ps))? ' (Ps+%2(P—Psg))3

o "SRPs K
eps#»?(z(prs) (gl _ gze F’fps)—l

___*#sRPs 9
B8 TIPS — 1) (% — )

+ ST
eP"s (P — Pg)3

KSR ks,RPs(%2—1)
25%6% (psrsripy + tPensarorey)

xs,RPs %3
ePst%(P-Ps) gP-Pg (p _ pS)Z

__x3
(BL— B P Ps)(H2—1)

xs,RPs

ePste(P=Ps) (P + %a(P — Pg))?
Importantly, the above representation is positive for al feasible
values of the involved parameters. Thus, by recalling the
criterion 9?Poyt/0P3 > 0, it follows that (61) is convex
and possesses unique minimum values. It is noted that the
convexity of the optimization problems for the other two
asymmetric scenarios can be shown by following the same
methodology.

+

—2%1 (109)
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F. Convexity Proof of the Optimization
Problem in (81) and Proof of (92)

Since Ton/L and 2P o Ty /L are constant terms, the con-
vexity of the problem can be analyzed by only considering
the total average power consumption PFP. Based on this,
equation (78) can be represented by

PP = D1 + D, Ps + (D3+ D2PR) (1— Pr(T'r < I'1))

(110)
where
D1 = Pcty + Perys (111)
= (1+ wrp) (112)
and
D3 = D1 + Peanc, (113)

while I't = 2R — 1, for FDR. By expressing (110) in terms
of transmit powers with the aid of (30), one obtains
_ _ _*sRPs
Pf® = Dy + D, Ps+ (D3 + D2 PR) (1— xae PSHQPR)-
(114)

The objective function is jointly convex in both Ps and Pg
if the Hessian matrix of PfP is positive semidefinite [51].

Based on this, the Hessian matrix of PXP is represented as:

O2PED  2PED
PZ  0PsoPr
H(Ps,Pr) = | 25PD 25FD (115)
02PFD  52FF
oProPs  0P3

To this effect, by differentiating (114) twice with respect to
Ps and PR, one obtains

O?Pr° _ #(Ds+ D2PR) 2«ksr%2 Pr
oP§ s (Ps+ %Pr)?
, Ka(Ds + DaPR) ( ksRPs  ksR )2
ep;fi{f%R (Ps+ %2Pr)?  (Ps+ %2PRr)
(116)
and
o2PEP . 252D Kiks,RPs
oP2 = _r*sRPs
R e R(Ps+ % Pr)?
X5 Kix§ g PS(D3+ D2 PR)
N *s,RPs
ePs™2 PR (Ps + %2 Pr)*
2%7 PR)P
N K Kixs,R(D3 + D2 Pr)Ps (117)

¥s,RPs

e R (Ps + %2Pr)3
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respectively. Likewise, the corresponding cross partial deriva
tives w.rt Ps and Pr can be expressed as

52PFD 52pFD
T _ T (118)
0PsoPr 0PRrOPs
KoKirks,RD2 PsPr(2 Ps+ %2(2+ ks R)PR)

¥s,RPs
ePst® PR (Ps+ %> Pr)*
N Ko Kixs,RD3(P3 + %oxs RPsPr — %7 P3)

¥s,RPs

ePst% PR (Ps + %2PRr)*

(119)

which in fact shows that the Hessian-matrix in (115) is sym-
metric. Based on the above, H(Ps, PR) is positive semidefinite
if the determinant and the trace of the matrix are non-negative,
i.e. det(H) > 0 and Tr(H) > 0. It is evident that (116)
is always non-negative, while after long but basic algebraic
manipulations one obtains

(K2 Kiks RPE + 2%ixks r%s PsPR)(D3+ D2 PR)
¥s,RPs

ePst2 Pr (Pg + %o Pr)*
n 2xs,R%2%K1(D3 + D2 PR)PR(Ps + %2 PRr)

«s,RPs
ePst% Pr (Ps + %2 Pr)*
%F Kixd (D3 + D2 Pr)P3
+ xs,RPs
ePst% Pr (Ps + %2 Pr)*
252D Kiks,RPs

¥s,RPs

ePst% PR (Ps + %2PR)>?

Tr(H) =

(120)

which is evidently also always non-negative. Likewise,
the same can be shown analyticaly as well as numerically
for det(H) and thus, the Hessian matrix in (115) is pos-
itive semidefinite, with all feasible values of the involved
parameters, which proves the convexity of the optimization
problem.

In addition, by computing the corresponding first partial
derivatives w.r.t Ps and Pg, it follows that

oPFO (P2, px _FSRPS
TR = mr e B s+ 2P
X( KSR ~ ksrPg )
P&+ %2 Pt (P& + %2Pg)?
(122)

and

SFD (p* * _ xs,RPS
oPrP(PE, PR) — D, — Dyxge PEH PR

0PRr
"S,RP§

B Ki%ors RPSE 5T PR (D3 + Dy PY)
(P% + %2Py)?

(122)
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which readily yields
oPP
0Ps

—FD
0Pt Ka%eD2 PR((2+ ksRr)PS + ks rRPR)
oPrR

*s,RP§
efste Pk (P + %2 PR)?
K1 D2(PE + %5 PE)
xs,RP§
"™ Pk (Pg + %2 Pp)?
%K1 %2 Daxs,R(Pg + PR)
xs,RP§ ’
ePst PR (PZ + %uPy)2
Based on the above, it is evident that (123) is always positive
at the optimal values of P§ and Pg, satisfying the condition
in (92).

(123)
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