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Abstract—This work is devoted to the error rate and energy-
efficiency analysis of regenerative cooperative networks in the
presence of multipath fading and spatial correlation. To this
end, exact analytic expressions are firstly derived for the symbol-
error-rate of M/ —ary quadrature amplitude modulation in a dual-
hop decode-and-forward relay system under spatially correlated
Nakagami—m fading channels and maximum ratio combining
at the destination. The derived expressions are subsequently
employed in quantifying the energy consumption of the con-
sidered system, incorporating both transmit energy and the
energy consumed by the transceiver circuits. The overall energy
consumption is also minimized for certain quality-of-service
requirements and it is shown that depending on the degree of
spatial correlation, severity of fading, transmission distance, and
relay location, a substantial overall energy reduction is sought
when compared to conventional direct transmission.

I. INTRODUCTION

Emerging communication systems are anticipated to provide
high-speed data transmission, efficient wireless access, high
quality of service (QoS) and satisfactory network coverage
with reduced processing time and widespread use of smart
phones and other mobile devices. However, the currently
witnessed scarcity of the two core fundamental resources,
power and bandwidth, constitutes a significant challenge to
satisfy these demands while it is known that wireless channel
impairments such as multipath fading, shadowing and interfer-
ence degrade information signals during wireless propagation.
Also, most energy constrained devices are typically powered
by small batteries where replacement is a rather difficult and
costly procedure [1]-[3]. Thus, finding a robust strategy for
energy efficient transmission and minimized energy consump-
tion per successfully communicated information bit is essential
in effective design and deployment of wireless systems.

Based on this, cooperative communications have been pro-
posed as an alternative solution that improves coverage and
performance under severe fading effects [4], [5]. A distinct
feature of cooperative communications is that wireless agents
share resources, instead of competing for them. In this context,
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various resource allocation algorithms and techniques have
been proposed for improving the energy efficiency of resource
constrained wireless networks. Specifically, the authors in [6]
analyzed energy-efficient direct transmission adopting higher-
level modulation for short distances, where circuit power is
more dominant than transmission power. The authors in [7]
addressed the optimal power allocation and throughput trans-
mission strategy for minimizing the total energy consumption
required to transmit a given number of bits. Finally, the authors
in [8] analyzed realistic scenarios in the context of energy
efficient infrastructure-to-vehicle communications.

It is also widely known that fading phenomena constitute
a crucial factor of performance degradation [11]-[16] and
the references therein. Based on this, numerous investigations
addressed the effect of different types of fading conditions
on the performance of cooperative communications, see.
e.g. [9], [10] and the reference therein. However, the vast
majority of these analyses assume statistically independent
communication paths, which is a simplistic assumption as
in realistic cooperative scenarios the wireless paths may be
spatially correlated. Motivated by this, we firstly derive exact
analytic expressions for the symbol-error-rate (SER) of a two-
hop decode-and-forward (DF) relay system under spatially
correlated Nakagami—m fading channels for M —ary quadra-
ture amplitude Modulation (M —QAM) using maximum-ratio-
combining (MRC). Secondly, we exploit these expressions to
provide a comprehensive analysis of energy-efficiency that
leads to meaningful insights on the energy consumption per
information bit. This demonstrates that a single relay regen-
erative cooperative network can be a meaningful solution
to several low-energy, low-complexity and low-cost wireless
applications. Thus, the offered results are anticipated to be
particularly useful in future analyses and designs.

II. SYSTEM AND CHANNEL MODEL

We consider a two-hop DF, half-duplex (HD) cooperative
system that consists of a source node (S), a relay node (R)
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and a destination node (D). In phase I, the source broadcasts

the signal to both destination and relay nodes; thus, the
corresponding received signals can be represented as
Ps
ys.o =\ p hs,px +mns,p (D
Ls,p
and
Pg
Ys.r =1/ p - hs,rr+ns R (2)
Ls,r

respectively, where Pg is the transmit power, x is the trans-
mitted symbol with normalized unit energy in the first trans-
mission phase and Pp,, and P, denote the path loss
components in the S-D and S-R paths, respectively. Also, hs p
and hg,  are the complex fading coefficients of the S-D and S-
R wireless links, respectively, whereas ngs p and ng g are the
corresponding AWGN terms. If the signal is correctly decoded
at the relay, it is forwarded to the destination during phase II
with power Pp = Pp. Otherwise, the relay does not transmit
and remains idle with P = 0. Based on this, the signal at the
destination during phase II can be represented as follows:

_Pr_
Py,

R,D

YR,D = hr,pT +NR,D 3)

where Pp is the transmit power of the relay, Pr, , is

the path loss of the R-D path and hr p and ng p denote

the corresponding channel coefficients and the AWGN term,

respectively. Finally, the destination combines the direct and

relayed signals using MRC reception.

III. SER FOR M —QAM MODULATION IN NAKAGAMI—m
FADING WITH SPATIAL CORRELATION

The end-to-end SER for the case of spatially correlated S-D
and R-D paths using MRC reception can be determined with
the aid of the MGF method and can be expressed according
to (4), at the top of the next page [20], [21]. There, m, =
mgs,p = MRg,p, denote the corresponding fading parameters,

€2; ; is the channel variance, goam = 3/2(M — 1) and
ac [ 4C?
Faan [0(0) = -2 / v ar— 1< [ oyan )
™ Jo ™ Jo

where C' = (1 —1/v/M ) and p is the correlation coefficient.

A. Exact SER for the Direct Transmission

In this subsection, we derive a closed-form expression for
the average SER of direct transmission scheme for M —QAM
constellations, which is particularly useful for the subsequent
error and energy-efficiency analysis of the considered system.

Theorem 1. For Ps, Pr, ,,,s D, No, ggam € R*, M/2 €
N and mg p > %, the symbol error rate of an M —QAM di-
rect transmission scheme over Nakagami—m fading channels
can be expressed as follows:

STRD 2(VM —1) I (ms,p + 3)
C O VAMPL Komee | T(m 1)
1 VM -1
X ol (mS,D,2,mS,D+17PLS,DK> JF( 1 )
2732/
11 31 Prsp K
F - —
X 1<272 mS,Dva,D72 2 2
(6)

where 2 F1(.) and Fy(.) denote the Gauss hypergeometric
function and the Appell hypergeometric function of the first
kind, respectively whereas

_ ms,pNoPLg p,
ms,pNoPrLg , + PsQs pgoam
Proof. The proof is provided in Appendix A. O

)

B. Exact SER for the Cooperative-Transmission

The derivation of a closed-form expression for the average
SER of the considered scenario is subject to analytic evaluation
of the following indefinite trigonometric integral.

Lemma 1. For a,b,m € R* and 2m — %
closed-form expression is valid,

j(a;bam):/ !
(1+ﬁ

b
@ T sin4(9))
m—% cos' T2 (9)

2m——
- Z ( ) (1) (1+20)
(2sin (9) + ’D) (2 sin?(0) + E)m
2+D)" 2+ &)™
o (l+ ,m,m,l+ 3, 2cos?(6) M)

€ N, the following

—do

2+D 24E

8 (sin(0) + asin®(0) + b)m

®)

where
£} =a{3} Ve - ©
Proof. The proof is provided in Appendix B. O

The solution in Lemma 1 is generic and can be also useful in
future analyses in natural sciences and engineering including
applications relating to emerging wireless communications. To
this end, it is used in the proof of the following theorem.

Theorem 2. For {PS7PR7PLS,D7PLS.R7PLR1D7QS,D7QS,R7
Qr.p,No} € RT, M/2 € N, mgp > % mgr > 3
MRpD 2 % ms,p, 2mc_% € Nand 0 < p < 1, the
SER of M —QAM based DF relaying over spatially correlated
Nakagami—m fading channels can be expressed as follows

___C Zr(mc + )2F1 (mca 5, Mc + 1, 1+a1)
SER;, =
Vrimd M(VM — 1)1 (1 + ap)™e
2[F1 (272 m(’vm(‘7§7;72+12a1)
aM (VM —1)"2(1+a)™

_|_
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——_C 1 1
SERp = Faam 1 (Ps /PLg p)9s,p gqan \ ¢ Faam 1 (Ps/ PrLg ) Qs,r gqam | "SR
+ Nom, sin? 0 + Nomsg, g sin? 6
F ! 4
t Faam |+ [(Ps950/ Prg p)+(Prln,p/ Popp)l 50ar | (1-p)PsPrQs.p0r pfan | ™ “)
+ Nom, sin? 0 N(?PLS,DPLR,sz sint 6
1
X 1-— FQAM

Noms, g sin? 0

(1 n (Ps/PLg ) Qs.r gQAIVI)mS’R

2I'(ms,r + %) o (mS,Ra %a ms,r + 1, 1—0}b1>

ﬁm57R! M(\/M - 1)71 (]. + bl)mS=R

22 F, (%, 3 —ms R MmsR 3,3, ﬁ)
aM (VM —1)"2(14by)™s.r
e 20 (ms,r + 2)(VM — 1)
ﬁmsyR!M
o F1 (mS,R, 3.msr+1, ﬁ)
(1 =+ bl)mS>R
2\/§Fl (%; % — Mgs,Rr, MSR, %7 %7 ﬁ)
aM (VM —1)"2(14by)™s.r

2mC7%
xq D
=0
F (l + %amc7mcal + 372-’47 28)
“Mr(L 1 20)[(1 - 2A)(1 — 2B)] "

X

+

X

(2"% - %) (=1)!4(v/M — 1)22me—t=3
! [1+2(a1 + c1)daydy]™

T (o~ 1\ (DA - 1)
* lz_;( ! )WM(1+2l)(a1d1)mc

Fl (l+ %7m67m67l+ %7“478)
(1— A)me(1_B)m

(10
where
= PsQs pgoam (11
(PLs.pms,pNo)
PsQ)
by = SYLS RIQAM 7 (12)
(Prs nNoms.r)
PrQr pgoam
€] = T (13)
! (PLr.»Nomg,p)
1 — p)PrQ)
dy = (1 — p)PrQR,DgQAM (14)
(Prr.»Nomr,p)
and
A 1
{s}= (15)

2+a1 + {I} \/((11 +Cl)2 —4a1d1.

Proof. The first, second, and fourth terms in (4) can be
expressed in closed-form with the aid of Theorem 1. The third
term has the same algebraic representation as (8). As a result,
a closed-form expression can be deduced by determining the
following specific cases in (5)

{z3} !
7 (a,b,m,0, {7/ :/ o
(a.0.m,0,{772}) 0 (1+sin%‘<e>+si““b“’>>(16>

To this effect and after some algebraic manipulations and
substituting in (4) yields (10), which completes the proof. [

To the best of the authors’ knowledge, the offered results
have not been reported previously in the open literature.

IV. POWER CONSUMPTION MODEL AND ENERGY
OPTIMIZATION ANALYSIS

A. Power Consumption Model

In this subsection, we quantify the total energy consumption
required to transmit L information bits from the source to the
destination. We assume that the transceiver circuitry operates
on multi-mode basis i.e. i) when there is a signal to transmit,
the circuits are in active mode; i7) when there is no signal to
transmit, the circuits operate on a sleep mode; 7i7) the circuits
are in transient mode during the switching process from sleep
mode to active mode. To this effect, by denoting the duration
of the sleep, transient and active modes as T, T3, and T,,,
respectively, the total energy required to transmit and receive
L information bits can be expressed as [6]

E= PonTon + Psstp + Ptthr (17)

where P,,, P, and P, denote the power consumption values
during the active, sleep and transient duration, respectively.
The active mode power comprises the transmit power P,
power consumption of the RF amplifier aP; and the transmit-

ter and receiver circuit powers of Por, and Pcop,, namely,
P,, =1+ a)P,+ Per, + Por, (18)

where o = & — 1, with n denoting the drain efficiency of
the amplifier where for the case of square uncoded M —QAM,

¢ =3YA=1 [17). Also, T, = L= = &, where b = log, M
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is the constellation size and 75 is the symbol duration which
relates to the bandwidth B as T, ~ % [18]. It is noted that in
realistic circuit designs Ps, ~ 0, while the power consumption
during the transient mode refers to the power consumption of
the frequency synthesizers. Hence, it follows that P, = 2Pr.

B. Energy Optimization Analysis

In this subsection, we analyze the total energy required
to transmit information efficiently from the source to the
destination for direct and cooperative transmissions.

1) Direct Transmission: Using (17) and (18) and recalling
that Py, ~ 0 and P, = 2P, the average energy consump-
tion per information bit in the direct mode can be given by

(1+a)Ps + Per, + Per,) Ton + 2ProTir
L

where Ps denotes the source transmit power. Based on (19)
and for fixed circuit powers with the maximum transmission
power and target bit error rate, p*, as constraints, the corre-
sponding energy optimization problem can be represented as

Bp = (19)

—D
in K/
BT

subject to: Ps < Praat, 20

BER, =p

Ps >0

Deriving the minimum average energy required in the direct
transmission, requires prior computation of the corresponding
BER. This is realized with the aid of (6) and the follow-

ing useful approximations F} 2, % m,m, 3, %, 5 +12a1 o~
3 ~
Fi (33 —m,m, 3;3,0) and o Fy (m, 3;m + 1; 1+a1 ~ 1.

To this effect, the following accurate closed-form BER ap-
proximation for M —QAM constellations is deduced

2(VM - 1)I'(m+3)
VTMm!(1 4 a1)™ logy M
4F1(2,§fmm,§,é,0) (1 1 )2

V2m (14 a1)™ logy M VM
2D

BER, ~

Importantly, the Appell function in (21) can be expressed in
terms of the Gauss hypergeometric function, namely

11 31 11 31
Fi{=;=— —=,0)=oF|=,= 22
1(272 m7m52727 ) 2 1<272 2 2) ( )
and thus, the BER expression in (21) becomes
2(VM - 1)T(m+ 1)
VTMm!(1 4 a1)™ logy M
2
LAGEmiY (1Y

V271 (14 ay)™logy M -

BER,, ~

23)
i (

It is evident that (23) is a function of the modulation
order, the severity of multipath fading and a;. Therefore,
by substituting the targeted QoS p* in (23), recalling that

a1 = (Ps Qs,p 9gam)/(NoPrLg ,) and carrying out some
algebraic manipulations, it follows that

NP 1/m
~ D0 Lsp <O> ~1 24)
Qs,pgoam | \p*
where
_ AWM 1) | 2Fi (3.3 -migig) | D(m+3)
Mlog, M | 2n(vVM —1)~-1  2y/mmI(m)
(25)

2) Cooperative Transmission: In this case the total average
power consumption is given by

po — {PCTw +(1+0) Ps+2Pog,,with Pr=1
Por, + (1 4+ @) Pr + Peg,,with Pr=1— SERs R
(26)
where Pp is the relay transmit power. Using (26) the average
power consumption in the cooperative transmission mode is

Pr = Por, + (1+a)Ps +2Pog,
+ (Per, + (1+ @)Pr+ Per,) (1 — SERg r) -

Based on this, the corresponding total average energy con-
sumption per information bit can be expressed as

27)

—=C

Py Ty + 2PLoT,
Ey = .

L

Evidently, the energy minimization problem with the two
optimization variables, Ps and Pg, can be formulated as

(28)

Er(Pg, P
oin B (Ps, Pr)

subject to: (Ps + Pr) < Ppaat, Ps > 0, P >0

—C %
BERp (Ps, Pr) =p".
(29)

For the above optimization problem, the optimal powers at
the source and relay nodes that minimize the total energy
consumption under the given constrains can be evaluated
with the aid of numerical optimization techniques such as
MATLAB optimization tool box and its fimicon function.

V. NUMERICAL RESULTS AND ANALYSIS

This section analyzes the average total energy consumption
of the radio access system assuming that the S-D and R-D
paths are spatially correlated with Qg p = Qg r = Qr,p =
0dB. The path-loss (PL) effects in the system are modeled by
the realistic model of Pr, ; [dB] = 148 + 401log;(d;,;[km]),
which is also used in dev1ce to-device type communlcations.
Also, the distance relationship satisfies ds p = dg r + dr,D-
The summary of the system parameters used in the analysis
is given in Table I where Ny, Pro, T3, and n are given in [6]
whereas the circuit powers are listed in [19].

Fig. 1, illustrates the total energy consumption per infor-
mation bit as a function of source-to-destination distance, for
4—QAM with fading parameter of m = 1.25, destination
target BER of 1072 and zero correlation under the maximum
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TABLE I
SYSTEM PARAMETERS
No = -174dBm/Hz Ny =9dB
B = IMHz L = 2kbits
Por, = 98mW Pcgr, = 112mW
Pro = 50mW Prazt = 1500mW
n = 0.35 Tir = dus.

—— Direct
—e—Relay close to S
—=— Relay close to D
21| —9— Relay in middle

o
T

Energy consumption per information bit (J/b)

i
50 100 150 200 250 300 350 400
Source-Destination Distance (m)

Fig. 1. Energy consumption per information bit versus source-destination
distance for relay in different locations over uncorrelated Nakagami—1.25 at
target BER of 10~2 for 4—QAM Modulation.
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@

. . . !
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Source-Destination Distance (m)

Fig. 2. Energy consumption per information bit versus source-destination
distance for relay located in the middle over correlated Nakagami—1.25 at
target BER of 1072 for 4—QAM Modulation.

transmit power constraint when the relay is located in different
locations with f = dg r/dg p, for the case of optimal power
allocation. It is observed that distance thresholds separate the
regions where DT performs better than CT and vice-versa.
Furthermore, it is shown that when the relay is located in
the middle, i.e. (f = 0.5), renders the best energy efficiency
among all relay locations. However, it is shown that at
relatively small distances (e.g., 0 < dgp < 100m), the
exact location of the relay does not affect substantially the
performance of the cooperative system as it appears to remain
almost the same in all considered scenarios.

Fig. 2 depicts the total energy consumption per information
bit required for CT and DT as a function of S-D distance over
Nakagami—1.25 fading environment at target BER of 1073,
The relay is placed in the middle and the power is allocated

optimally to the source and relay to guarantee minimum en-
ergy per information bit. It is observed that at a relatively short
distance (e.g., 0 < dg,p < 80m) the DT scheme outperforms
CT, while the system benefits substantially from CT beyond
this range. Also, under the given QoS and maximum transmis-
sion power constraints, the DT reaches a maximum distance
of 160m whereas the cooperative system extends beyond this
limit even under high spatial correlation conditions. At this
threshold transmission distance, the energy savings by CT,
defined as 1 — EC/ED, are 78.6%,82.2% and 83.5% for
p=0.9, p=0.5 and p = 0, respectively.

VI. CONCLUSIONS

This work addressed the energy-efficiency analysis and opti-
mization of both direct and regenerative cooperative transmis-
sions in Nakagami—m fading conditions. Novel closed-form
expressions were, firstly, derived for the symbol-error rate for
M —QAM modulation, which were subsequently employed in
formulating the constrained energy analysis and optimization
problems under certain bit-error-rate target and maximum
transmit power constraints. The corresponding results indicate
that depending on the severity of multipath fading, correlation
between the source-destination and relay-destination paths and
the location of the relay node, the direct transmission is
more energy-efficient than cooperative transmission only for
rather short transmission distances and until a certain threshold
value. Beyond this distance threshold, the system benefits
substantially, as expected, from the cooperation.

APPENDIX
A. Proof of Theorem 1

The average SER for the direct transmission is given by

Ps/ P QO —ms.D
SERS = Foau <1+( s/ PLsp) S’DgQAM)

NO ms.p Sin2 (0)

(30)
Evidently, a closed-form expression for (30) is subject to
analytic evaluation of the following two integrals

w/2 —m
™ a
T 30, =) = 14+ —— de
(a,ﬂ% a2) A ( +Sln2(9))
w/4 —-m
s a
Zla,m;0,—) = 14+ —— de. 32
(a m 4) /0 < * sm2(9)> 52)

By re-writing the indefinite form of the above integrals as

€19

and

.2m
Z(a,m) = / fl—w)mcie (33)
(sin®(0) + a)
and setting u = cos?(#), one obtains
(1- u)m_%
A =— du. 34
(@m) == [ G G
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The above integral can be expressed in closed-form in terms of
the Appell hypergeometric function of the first kind, namely

Z(a,m)

(IT+a)m "\22 2 1+a
(35)
Using (35) and the properties of the Fj(.) function yields
i e VAL (m+4) 2B (3omom+ 1, 1)
(a’m’ ’ 5) - 2(1 + a)"T(m + 1)
(36)
In the same context, it immediately follows that
I( . 7r> _ﬁl‘(m—i—%) 2F1 (%,m,m—i—l,p%a)
@ ty) = 21 + a)™T(m + 1)
Fi (33— mm. 3 )
V2(1+a)m
(37)

Therefore, by performing the necessary change of variables in
(36) and (37) and substituting in (30) yields (6).
B. Proof of Lemma 1

The J(a,b,m) integral can be re-written as follows

sin4m(9)

(sin*(0) + asin?(9) + b)m

J(a,b,m) = / do.  (38)

By setting u = cos?(f) it follows that,

_1/ (1 —u)*™du
2 ) VuyT—u[(l—u)?+a(l—u)+ bgg;

Using the binomial theorem in [22, eq. (1.111)] yields

J(a,b,m) =

J(a,b,m) =
_%ié 2m — % (—1)! / u=zdu
— l 2 1—u(a+2)+u?+a+b™

(40)

The above integral can be expressed in terms of the Appell
function of the first kind and upon performing the necessary
counter-substitution and algebraic manipulations yields (8).
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