arXiv:1507.08110v2 [cs.IT] 29 Dec 2016

Analytic Performance Evaluation of MQAM
Based Decode-and-Forward Relay Networks Over
Enriched Multipath Fading Channels

Mulugeta K. Fikadu Paschalis C. Sofotasios Mikko Valkama Qimei Cui
Department of Electronics andepartment of Electronics andepartment of Electronics and Wireless Technology
Communications EngineeringCommunications EngineeringCommunications Engineering  Innovation Institute
Tampere University of Tampere University of Tampere University of  Beijing University of Posts
Technology (TUT) Technology (TUT) Technology (TUT) and Telecommunications
FI-33101, Tampere, Finland FI-33101, Tampere, Finland FI-33101, Tampere, Finland 100876, Beijing, China
email:mulugeta.fikadu@tut.femail:paschalis.sofotasios@tutdimail:mikko.e.valkama@tut.femail:cuigimei@bupt.edu.cn

Abstract—The present work is devoted to the analysis of a re- by means of eitheregenerative or non-regenerative meth-
generative multi-node dual-hop cooperative system over eithed  ods. The former typically refer to decode-and-forward (DF)
multipath fading channels. Novel analytic expressions arderived relaying protocols whereas the latter refer to amplify-and
for the symbol-error-rate for M —ary quadrature modulated sig- -
nals in decode-and-forward relay systems over both indepetent forwa_rd relaying protocols (AF),I:[3]E[E_S].and the refereece
and identically distributed as well as independent and non- therein. It has been shown that the digital processing eatur
identically distributed Nakagami—q (Hoyt) fading channels. The of DF relaying makes it more practical than AF relaying which
derived expressions are based on the moment-generatingrfation requires expensive RF transceivers to scale up the analog

approach and are given in closed-form in terms of the generated ; Ty . ; ;
Lauricella series. The offered results are validated extesively signal for avoiding to additionally relay the noisy versioh

through comparisons with respective results from computer the §|gngl (0], [2]. . L
simulations and are useful in the analytic performance evalation It is widely known that fading phenomena have a significant
of regenerative cooperative relay communication systemJo this effect on the performance of conventional and cooperative
end, it is shown that the performance of the cooperative sysm communications [[9]E[12]. As a result, the limits of vari-

is, as expected, affected by the number of employed relays as,,s communication scenarios have been studied by several

well as by the value of the fading parameterq, which accounts h th t basi lioath fadi del
for pre-Rayleigh fading conditions that are often encountered in '€S€arCNErs over the most basic multipath lading mOoaels.

mobile cellular radio systems. In this context, the authors in|[3] proposed performance
bounds of a DF multi-relay node networks over non-identical
. INTRODUCTION Nakagami-m fading channels. Specifically, the authors de-

Spatial diversity is among the most classical and effectiveved upper and lower bounds for the outage probability (OP)
methods to overcome multipath fading in wireless chaer the case of maximum-ratio-combining (MRC) diversity.
nels. Multi-antenna communication systems constitute ohé&ewise, two alternative lower tight bounds that approatm
method that realises spatial diversity; however, due to thiee corresponding OP were reportedih [8] whereas the symbol
required space and power constraints for efficient operati@rror-rate (SER) of multi-node DF systems over fading chan-
this method is often considered relatively inefficient. Arey, nels was addressed in [13]=[16], and the references therein
efficient technique to overcome such kind of resource limita In spite of the numerous investigations on relay commu-
tions is cooperative or relay communicatiohs [1], [2]. nications over fading channels, the majority of the analyse

Cooperative transmission schemes exploit the broadcassume that multipath fading effects follow either the R
nature and the inherent spatial diversity of fading chasnadr the Nakagamim distribution. Nevertheless, the last years
without the need to install multiple antennas in a singl@itnessed numerous advances in wireless channel character
mobile radio terminal, as in conventional MIMO systems. lzation and modeling and in this context, the Nakagamior
cooperative systems, wireless terminals share and cadedirHoyt, distribution has been shown to provide accurate fadin
their resources for relaying messages to each other and ¢baracterization of realistic indoor and outdoor multipat
transmitting information signals over the numerous indepefading scenarios, particularly in the context of mobilelder
dent paths in the wireless network. Based on this, receiveaslio systems[[17],[T18]. The distinct feature of the Hoyt
exploit received signals often through different combininfading modelis its capability to account for enriched npdth
methods which have been extensively shown to provide effading conditions which are characterized by the absence
cient and robust operation in signal distortion by fadirfgets. of dominant components ][9]/ [19]=[25] and the references
Cooperative communication systems can be typically redlistherein. Nevertheless, in spite of its proved usefulndss, t
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Otherwise, if the decoding is unsuccessful the relay remain
silent i.e., Pr = 0. Based on this, the received signal at the
destination terminal is given by,

YR,,D = kath7Dl'+an,D, k€{1,273,...,K} (3)

Fig. 1. Multi-node dual hop cooperative relay network wherehg, ,, is the complex channel gain from thé" relay
to-destination andvr, ,, is the corresponding AWGN. Using
the maximal-ratio-combining technique, the destinatiade

model has not been widely investigated in the context @bherently combines the signals received from ferelays
relay communications. Motivated by this, the present worknd the source as follows [26]:

is devoted to the analytic performance evaluation of decode )
and—forward systems over Hoyt distributed fanrlched mathp Yp = w1ys.p + Z WaYR,.D (4)
fading channels. Specifically, novel analytic expressiars i

derived for the casel/—ary modulated signals over inde- _

pendent and identically distributed (i.i.d) and indepertdewherew; = VP:hs p/No andws = \/Pr,h, p/No are the

and non-identically distributed (i.n.i.d) Hoyt fading cireels. MRC coefficients for the/s p andyr,,» signals, respectively.

The offered results are expressed in closed-form and thgir - ; :

validity is justified through comparisons with results from Nakagami—q (Hoyt) Multipath Fading

respective computer simulations. As expected, it is shdwan t

the performance of the considered system is highly depend

on both the number of employed relays and the value

the fading parameteq, which accounts for enriched fading

conditions Fhat are in Fhe ranggmbRaerigh fading severity. _ 14 q? (1+¢%)>%y (1—q*)y
The reminder of this paper is organized as follows: Section”y )= Wex T 4%y I A2~ ®)

As already mentioned, the Hoyt fading model has been
shown to represent effectively enriched in non-line-agfhsi
(NLOS) communication scenarios. The PDF of the instanta-
neous SNR is given by [9, eq. (2.11)], namely,

Il presents the considered DF system and channel model.

The exact SER analysis fd —QAM modulated signals over Where5 = E(y) = E( |h|*)P/Ny = QP/Ny represents the
i.i.d and i.n.i.d Hoyt channels is provided in Section Ilh& average SNR withZ(-) denoting statistical expectation. The
corresponding performance analysis is provided in Sedtion corresponding CDF and MGF expressions are given by [21,

while closing remarks are given in Section V. eq. (9)] and([9, eq. (2.12)], respectively, namely,
[l. SIGNAL AND SYSTEM MODELS 14+¢)(1+qy |Q1—-—¢H(1—q)y
. . Py(v) =@ - -
A. Regenerative Relaying 8q¢(1 —q)¥ 8q(1+q)7

We consider a dual-hop cooperative radio access architec- Y 4
ture with intermediate nodes between a soufcand a desti- -1 <\/(1 3 ql)(l _q)"y \/(1 ;_ ql)(l +_q)"y>
nation D as illustrated in Figl. Each relay node is equipped a1+ a7 (1= a7

with a single antenna assuming half-duplex communication (6)
in the context of a decode and forward cooperative protocahd

Furthermore, the nodes in the system transmit signals gffrou _ o (257)2%¢? —2
orthogonal channels for avoiding inter-relay interfeensing M,(s) = (1 — 257+ W)

for example time division multiple access (TDMA). Based on )
this, in phase | the source broadcasts the information kignaWhere @1(a,b) denotes the Marcun®—function [27]{29].

the destination and to the relay nodes which is expressed Mtably, the above expressions have a convenient and easily
computed mathematical representation. It is also rec#fiat!

ys,p =/ Pshs,pr + ns,p (1) the fading severity of Hoyt fading channels is inverse prepo
tional to the value of the fading parametgiand it includes
Rayleigh distribution as a specific case for= 1, [9].

()

and

= 1
ys.r, = \/ Pshsp.x +nsr,, ke{l,2,3,. K} (2) I1l. EXACT SYMBOL ERRORRATE ANALYSIS

respectively, wherePs denotes the transmit source power, The gyerage symbol-error-rate for the considered K-relays

x is the transmitted symbol with normalized unit energ¥jual-hop cooperative system is given byl[13[.][26]
hs,p andhg g, are the complex channel gains of the source-

destination and source-relay links, amgl, andns g, are the O 281

corresponding additive-white Gaussian noise (AWGN) terms Pépr=Y_ P(eB=E.)P(B=E.) (8)
with zero mean and variand¥,. In the nextk + 1 available z=0

time slot, if a relayk decodes correctly, it forwards thewhere the vectoB = [B(1), B(2), B(3), ..., B(K)] accounts

information signal to the destination with powét; = Pgr. for the state of relay nodes witB(k) representing the state



2 —
of a each relay and takes valuésand 0 for the case of Ay — 245,09Q4M7s,p (15)
successful and unsuccessful decoding, respectivelyhéurt 1 +q§7 D ’
more, E, = [E(1), E(2), E(3),..., E(K)] denotes different

possible combinations of decoding results of the relay sode 29QAM7V R, D

where z is a particular decoding result combination ranging Bk = 1+¢%4 p ' (16)
from 0 to 2% — 1. Also, P(e|B = E.) denotes the conditional "
error probability whereas?(B = E.) is the corresponding and
probability of the relay node decoding outcomes. Thus,Her t B — QQQAAMJQ%,C,DWR,C,D 17
case of statistically independent channels, the joint @lodiby 2k = 1+ q%k s (17)
of particular combination of state values can be expressed a '
P(B) = P(B(1))P(B(2))P(B(3))... P(B(K)). By letting v = sin?() in (@3) and therefored/du =
In the case of MRC in[{4), the instantaneous SNR for Zcos(6) sin(d) andcos(f) = /1 — w, it follows that,
given particularE, at the destination is expressed [as| [26] . )
uB=K+3(1 — )2 E du
PS|hSD|2+§EPRk|thD|2 11:/0 2 ( é )2 H 5
) z ) u—|—A1) (U+A2 E—1 u—l—Blk) (U"‘BQk)
o (Ez) = SV ) (18
0 By factoring out the constant terms, the above integral can
with the corresponding MGF given by [30], be explicitly written as in[(19) at the top of the next page.
It is recalled here that the channel fades and powers in each
My e (5) = Mo o ( H E.M,,, ,(s) (10) wireless link are non-identical i.ez,.p # qr,.p # -+ #

qri,p ANV, p # g, p # 7 YRy, p- Based on this and
after basic algebralc mampula‘uons a closed-form exgioes

Importantly, the MGF in[{I7) can be equivalently expressed {8 jeduced foZ, in (20), at the top of the next page. where,
terms of the Craig representation, namely,

g 1 Fl()n)(a;bl,bg,bg,...,bn;c;xl,xg,arg,...,a:n)
M’Y (— 5 ) = . 1 a—1 _ 4\c—a—1 21
(1+4?)sin? 0 a+ )Sln2 0 T@)(c—a) Jo (1—z1t)0r ... (1 —apt)bn
(11)

is the generalized Lauricella function of variables [[27],
[31]. Importantly, the integralsZ; and Z, have the same
P( 4C _9QAM Y 4 integrand and differ in the upper limit. Therefore, by feliag
YMRC) Mosne exactly the same methodology and additionally letiing 2u
leads to [(2R), which yields straightforwardly the closednf
(12) expression fofZ, in (23) at the top of the next page.

4L

To this effect, for the casM—QAM mapping one obtains,

sin®

4c? / M ( QQAM)
YMRC .. .
sin” ¢ B. The case of i.i.d Hoyt fading channels
L7, The case of identical links assumgs, . p = gr,.p = -+ =
_ Vevi _ - qrie,p = ¢ @A N, p = Vg, p = *° = Vrep = s
\éVhtereC B (1t;1/bM) angg.A]M — 3/2(]\4[3_é)|tEV|dent|y' and thereforeBu :1 By = - ~2- = Bixg = B alad By =
etermining the above decoding error probability is subjec Bys--- — Box — By. Based on this and having derived the

analytic evaluation of thé&, andZ; integrals in [(IP). general case of non-identically distributed links, fieandZ,

A. The case of i.n.i.d Hoyt fading channels for the i.i.d case can be straightforwardly deduced as aiapec
case Yyielding[(24) and (25), respectively, at the top page fiv
This subsection is devoted to the derivation of a the closed- It is evident that with the aid of the derived closed-form
form expression for the error probability for the generisea expressions foZ; andZ,, for both i.n.i.d and i.i.d scenarios,
thatlthe l\/aLueTofqhand Wd is nrc])t g]ecejsanlyoequal 'nlfachhthe conditional error probability at the destination teradi
wireless link. To this end, with the aid df {10) arid(11) t Qfter the MRC can be straightforwardly determined by,
7, term can be expressed as follows:

2
P(€|B = Ez) = £11 — g:zg (26)

I / H E., df
1 =
0 k= \/(1 + 9) (1+ 53 9) (1+ 2Z%) (14 £2) Inorder to derive a closed-form expression for the overaRS
(13) of the considered system, we additionally need to determine
where _ the decoding probability of the relay nod2¢B = E.) which
Ay = 29QAM7 5, p (14) is a direct product of the element teri?$7 5 5, ) i.e. decoding

1+43p error at the relay nodeB;, and (1 — P(%,kk))- This is also




_ K
7, = ! R Gl W H ! d (19)
L VALK, VE. BBz Jo w2 w2 w ) N
= (1ra) " (ea) = (e ) (e )
2K+2 2K
—_——~
\/EI‘(§+EK)F(2E2K+2) §+EK'11~ 12+EK a1 o b
2 z D 2 z b 27 27 ) ) z ) Al ) A2 3 Bll ) BIK B21 BQK
T =
QA AT (2 + E.K)[[', VE. Bz Bax (20)
1 1/24+E.K (1 _ y\—1/2 K
T, — 1 Y (1 2) 1 d 22
2 2(BzK+5/2) /A Ag HK E.B1xBax Jo y 1/2 Y 1/2 H Y 1/2 Y 2% (22)
v ket V (1+5) " (14 %) 1 (1) T (14 o)
2K+3 2K
—_——~
¢+ EK)FHE3 31 p ol lo l-é_,_E TR N N ORI S SRS S
2 z D 2 z 72a27 1272 z ’ 24" 2A57 2B11’ 9 2B1K’ 2321’ ) 2B2K72
I =
2 2(BzK+5/2) /A A, T(3 + E.K) [T, VE.B1xBax
(23)
obtained by applying the aforementioned MGF approach fand
the source to relay nodes links, namely, c 2qg,ngQAM75,Rk (31)
2 =

ac (T2 9QAM
P(ys,r,) = 7/0 My g, <—Q—> do

sin® 6
L7,
(27)
— g /ﬂ—/4 M _gQA]W do
T Jo TS sin? # '
27,

L+ q%,Rk
To this effect, the decoding error probability of the relaydes
can be readily obtained as follows:

P('YS,R;V) = P(B = 0) = 713 - 714. (32)

It is recalled here that the SER of the considered system
is given in [8) and is obtained with the aid of the derived

In order to evaluateZ; and Z, in closed-form, we follow reqyits on the probability for decoding error at the desitma
the same procedure as in the derivation of the closed-folRer the MRC. which is computed in terms Bf andZ,, and

solutions forZ, andZ,. This is achieved thanks to the similarye jndividual decoding probabilities of the nodes for aegiv
algebraic formulation and representation, except fromfalse  ompinationE,. As a result, a novel analytical solution is

that there is no involvement @fr,,p. Based on this and after ghtained for the average SER of the cooperative network over

long but basic algebraic manipulations, it immediatelydek
that theZs andZ, integrals can be expressed as,

™ 2 (3 11 1 1)
Ty = —— F B — 28
3 4 /—0102 D (272727 ) Cla CQ ( )
and
- L pe3llls5 1 11
LTG0, P \2°27272°2  2¢y 202’2(29)
respectively, where
9 _
Cy = 9QAMY S, Ry, (30)

1+ qg‘,Rk

Nakagami-¢ (Hoyt) fading channels. It is also noted that the
offered analytic expressions are given in terms of well know
functions that are defined by single finite integrals which
consist of elementary functions and can be computed using
scientific software packages such as MAPLE and MATLAB.

IV. NUMERICAL RESULTS

This section is devoted to the analysis of the offered result
on the SER of the considered model for different commu-
nication scenarios. The variance of the noise is normalized
to unity i.e. Ny = 1 while square M-QAM constellation is
employed assuming equally allocated transmit powers to the
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Fig. 2. SER performances over Nakagami(Hoyt) fading channels for
q=0.3,qg=1with Qs p = Qs ,r, =Qr,,p =1 for 4-QAM Signals
with different number of relays and direct reference.
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Fig. 3. SER performances over Nakagami (Hoyt) fading channels; =
0.3,g=1and Qs p = Qs R, = QRr,,p = 1for4—QAM and 16-QAM
Signals for the case of two relays.
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Fig. 4. SER performances over Nakagami (Hoyt) fading channels with
different fading parametergs p,qs r, ,qr,,p0 and Qs p = Qs g, =
QRr,,p =1 for 4-QAM Signals employing two relays.

indicatively set tog = 0.3 and ¢ = 1.0 while all average
channel fading powers (channel variances) are assumed to be
unity. One can observe the effect of the variation of the sgve

of enriched fading on the overall system performance. This
figure also includes the performance for the case of direct
transmission fory = 1 (Rayleigh fading) as a reference for
demonstrating the effect of enriched fading. In this coptex

it is also shown that, as expected, the dual hop regenerative
communication systems improves significantly the ovesa! s
tem performance regardless of the limited number of relays,
considered in this case.

In the same context, Fig. 3 illustrates the SER for different
modulation order, namelyy/ = 4 and M = 16 in the case of
both severe and Rayleigh fading conditions e~ 0.3 and
q = 1.0, respectively. One can notice that the respective SERs
differ to each-other for one or even two orders of magnitude i
the moderate and high SNR regime. Likewise, Fig. 4 demon-
strates the cooperation performance efQAM system of two
relay scenario oveHoyt fading channels for different fading
parameters ofis p, ¢s,r, andqg, p. By varying the value of

source and the relay nodes. Furthermore, the average powerwe observe from the plots the effect @fon the symbol

of the wireless links?; ; is assumed equal to unity.
We firstly plot the corresponding SER as a function of SN

error rates over the radio fading channels. Based on this, we
Ban verify that increasing the values gfin the symmetric

employing one, two and three relay nodes for symmetricahannel condition improves the performance, i.e. minisize

channel scenarios. In Fig. 2, the Hoyt fading parameter

tise SER, of the cooperation system. In particular, as thiadad



parameter approached unity, the performance of the systam P. C. Sofotasios, T. A. Tsiftsis, M. Ghogho, L. Wilhelso® and
approached gradually the respective Rayleigh performanceM- Valkama “The n—p/Inverse Gaussian distribution: A generalized

In addition, it is shown that the SER degradation is affected

more by the value ofjr, p than by the value ofs r, and
thus, possessing knowledge of the fading characteristitseo
wireless links is rather important in the design and depleym
of regenerative relay systems.

V. CONCLUSION
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riched multipath fading conditions. Both the case of indep
dent and identically distributed channels and independedt
non-identically distributed channels were consideredranat|

closed-form expressions were derived for the correspgndi

symbol error rate for the case 8f —QAM modulated signals

e[15] G. C. Alexandropoulos, A. Papadogiannis, and P. C. tasfos, “A

comparative study of relaying schemes with decode-andaia over
Nakagami-m fading channels,Hindawi J. Comp. Netw. Commun., vol.
2011, Article ID 560528, Dec. 2011.
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error probability of DF relay selection over arbitrary Ngkai+n fading
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employing maximum ratio combining. The involved analysig7] A. Annamalai, C. Tellambura, and V. K. Bhargava, “Siepind accurate
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system performance is affected by enriched fading conditio
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the provided analytical results can be used to analyze {36 G. Fraidenraich, J.C. S. Santos Filho, and M. D. Yacé8econd-order

performance of general MQAM based decode-and-forward

relay networks over Nakagami (Hoyt) fading channels.
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