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Abstract

In this study, we consider the selective combining in hyleodperative networks (SCHCNs scheme)
with one source node, one destination node ahdelay nodes. In the SCHCN scheme, each relay
first adaptively chooses between amplify-and-forward geot and decode-and-forward protocol on a
per frame basis by examining the error-detecting code treantl N. (1 < N. < N) relays will be
selected to forward their received signals to the destinatiVe first develop a signal-to-noise ratio (SNR)
threshold-based frame error rate (FER) approximation mddeen, the theoretical FER expressions for
the SCHCN scheme are derived by utilizing the proposed SNBsliold-based FER approximation

model. The analytical FER expressions are validated thraiigulation results.
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. INTRODUCTION

Cooperative communication has been widely used to imprgees robustness and capacity by
allowing nodes to cooperate in their transmissions to fomrtaal antenna array [1]=[5]. Iri_[5], several
relay protocols have been studied for the wireless cooperaetworks, and amplify-and-forward (AF)
and decode-and-forward (DF) are recognized as two basfwetative transmission protocols. While using
the AF protocol, the relay node amplifies the received sigeak by the source, and then retransmits it
to the destination without decoding. In contrast, the DRqwol requires the relay node to decode the
received signal and then forward the re-encoded signaldal#stination. However, the performance of
the AF is mainly limited by the noise amplification phenomeiad the relay nodes and the DF may cause
serious error propagation problem when the relay fails twode the received signal correctly [6]*-[9].

Motivated by the above-described disadvantages of the AFdnprotocols, various improved coop-
erative transmission protocols have been proposed, susigaal-to-noise ratio (SNR) threshold-based
selective digital relaying schemes [6], [10]-[12], coai®&me maximum ratio combining (MRC)-based
DF [13], [14] and smart relaying schemie [15], [16], log-likeod-ratio (LLR) threshold-based selective
DF [17], decode-amplify-forward (DAF) [18]. [19]. A hybritbrward (HF) protocol was proposed in [8],
[Q], [20]-[23], which provides superior performance thaottbthe AF and the DF protocols and thus has
received lots of attention recently. Inl [8],/[9], the autletudied the symbol error rate (SER) of the HF
protocol by adaptively choosing the AF and the DF protocolsager symbol basis, which is, however,
hard to realise in practice. This work focuses on a more jwadtF protocol on a per frame basis.

In conventional cooperative wireless networks, &llrelays will forward the signals received from
the source to the destination through orthogonal channels in the relaying phasel [24]-[28]. Then t
destination combines all the signals received from the®and the relays using MRC technique. In
[27], [28], the authors show that the all participate AF (AP} scheme can achieve the full diversity
order of N 4+ 1. However, MRC, which combines the signals received fromitedllinks in order to have
the best possible combining gain, will certainly result xtremely complicated hardware implementation
required for phase coherence and amplitude estimation ol lggk [29], [30]. Furthermore, note that
the links with low SNRs may possibly lead to inefficient esttran on both phase and amplitude; hence
MRC is sensitive to the channel estimation errors [31]. Togdify the hardware implementation and
make the communication systems more robust towards chastiehation errors while still retaining
good system performance, Komrg al. [32] first proposed the selection combining (SC) scheme at th

receiver, which combined’, links with the largest instantaneous SNRs oui\ofinks, for a rake receiver



operating over a multipath fading channel. As a result, tBes8heme has a fixed and low processing
complexity since it only combined/, links, instead of all theV links in the network[[30]. In addition,

in the SC scheme, the weakest SNR paths are excluded fronothieiing process to make the system
more robust towards channel estimation errors.

Recently, the SC scheme was extended to the cooperative aoication networks by selecting proper
number of relay nodes to forward the signals to the destindtr the source during the transmission
phase. The work in_[33] and [34] studies the SER performaméebe SC with the AF and the DF
protocols on a per symbol basis. Note that the conventiooaperative schemeé [24]—-[28], in which all
N relays will forward the signals to the destination, can bamdd as a special case of the SC scheme
when N, = N, and the conventional relay selection (RS) schemé [21]], [B5], [36], in which only
the relay that has the highest SNRs at the destination iseohas the active relay, is also a special case
of the SC scheme wheN, = 1. Obviously, the SC scheme is able to describe the coopenmaétworks
in a unified and convenient manner, and provides insight inosystem designs. However, to the best
of our knowledge, no results for the HF scheme with the SC Heamn reported in the literature so far.
Furthermore, most earlier works have been focusing on SERrpgance analysis and limited works for
the analytical frame error rate (FER) performance of the Elfeme, which is more frequently used in
the evaluation of the system performance, have been pezkeflhese motivated our work.

In this paper, we consider a two-hop network with one souam@enone destination node aindrelay
nodes, and with links experiencing independent block Rglyléading. The main contributions of the
present work can be briefly summarized as follows:

1) We propose and study the selective combining in hybrigpeaative networks (SCHCN scheme) on

a per frame basis. In the proposed SCHCNs scheme, each dalptialy chooses, frame by frame,
between the AF and DF protocols by examining the error-diegcode results. Specifically, we
use cyclic redundancy check (CRC) codes for the AF and DFtatlap in this work. The relays,
which decode correctly, will utilize the DF protocol, ancethest will operate in the AF mode.
Meanwhile, N, relays that have the highest effective SNRs at the desimatie chosen out oV
relays, and then retransmit their received signals to thstirdsion.

2) We develop an SNR threshold-based FER approximation haoikthen establish the relationship

between the outage probability and the FER by using a nowaytral SNR threshold.

3) Using the proposed FER approximation model, a closet+-fBER expression as well as a high

SNR asymptotic FER expression for the SCHCN scheme areederihe derived FER expressions

clearly indicate that the SCHCN scheme can achieve fullrditye order. Analytical results are



verified through simulations. Simulation results show tttat best RS scheme outperforms the
multiple RS scheme under a total transmit power cons@,amhereas the multiple RS scheme
provides better performance than the best RS scheme undwtigidual transmit power constraHﬂ

The rest of the paper is organized as follows: we describesystem model and the SCHCN scheme
in Section1l. In Sectiof Ill, we develop an SNR thresholdéd FER approximation model and derive
an improved SNR threshold. In Section| IV, we calculate tlhsetl-form average FER and the simplified
asymptotic FER expressions for the SCHCN scheme by usingH#eapproximation model. In Section
[Vl we present some simulation results. In Seclioh VI, we dilagvmain conclusions.

Notation: For a random variable (RVX, Pr(-) represents its probability;x () represents its proba-
bility density function (PDF) and’x (-) denotes its cumulative density function (CDF). L&t (s) and
Lx(s) stand for the Laplace transform of the PDF and CDFXofrespectively.X ~ CA(0,(2) denotes
a circular symmetric complex Gaussian variable with a zeeamand varianc@. Q(z) represents the

Q@-function, that is,Q(x) = \/%7 [ e—t°/2 dt.

II. SYSTEM MODEL AND THE SCHCN SHEME
A. System Model

We consider a general two-hop wireless relay network With- 2 terminals consisting of one source
node,N relay nodes and one destination node, as shown i Fig. 1. fdmels of all links are assumed to
be quasi-static Rayleigh fading, i.e., the channel is fixédiwone frame and changes independently from
one frame to another. Léty, hy; andhy; represent the channel coefficients of the source-desimati
source-relayi and relayi-destination channels, respectively. Uef ~ CAN(0,€), h1; ~ CN(0,Q1;)
and hy; ~ CN(0,Q9;). Let ng, ny; andnsy; represent the corresponding additive white Gaussian si0ise
(AWGNSs). It is assumed thaty ~ CN(0, Ny), n1; ~ CN(0, Ng) andng; ~ CN (0, Ny). Finally, let &

and¢&,; denote the average transmit power at the source andtelay, respectively.

B. Hybrid Forward Scheme

It is assumed that each terminal in the network is in the iaffltex mode with single antenna. Signals

are transmitted over orthogonal channels, either throurgl or frequency division, in order to prevent

!In some scenarios, such as sensor networks, energy efficenerges as a critical issue, and we can use the total transmi
power constraint to portray the actual limitation.
2Here, we also investigate the case with individual trangoiver constraint because in some relay scenarios, for dgamp

fixed relay scenarid [37], the battery problem is not so smesas the mobile user relay scenario.



interference. Thus, one frame transmission in the relagotgeme consists of two separate phases, i.e.,
the broadcastinglét) phase and the relayingnd) phase.

1) The Broadcasting Phase: The source broadcasts a signal to both Meelays and the destination
in the broadcasting phase. The received signals at thendéeti and theth relay, at timet, denoted by

yo(t) andyy;(t), can be expressed as

\/7}108 —|— ’I’L() (1)

and

ylz \/_hlz + nlz ) (2)

respectively, where(t) is the signal transmitted at the source. The correspondistmtaneous SNRs

are given asy = |ho|* = Jolho|* andi; = & |hiil* = Jolhui|?, respectively, wherg, = £=.

2) The Relaying Phase: During the relaying phase, each relay adaptively choosame by frame,
between the AF and DF protocols by examining the error-dietpcode result. We use CRC codes for
the AF and DF adaptation in this paper. The relays which decadrectly, i.e., the CRC checking result
is correct, are included in the DF group, denoteddyyr, and the rest are included in the AF group,
denoted byGar.

The corresponding received signal at the destination, téenoy y-;(¢) can be written as

y22 =V rzh2zwz + n2z( ) (3)

wherez;(t) represents the signal transmitted from ttrerelay. Note that the transmit signal(¢) satisfies
the following power constrainfg(|z;(¢)|>) < 1. Hence, the corresponding transmit sigmglt) can be

expressed as [5]

y14(t)

25(t) = { VEImFIN, if i € Gar, .
s() if i € Gpr.

Therefore the instantaneous SNR of the link throughitherelay node, denoted by;, is given as
[38]

Y1i7Y2i i 5
Yiit+y2i+1 if i e gAF ’

=4 5)
V2i if i€ Gpr,
where~y; is the instantaneous SNR of the link between erelay and the destination, which is given

by y2i = gN%f|h2z'|2 = ailhai|* andFy; = ?v_o



C. SCHCN Scheme

On receiving the signal sent from the source, each relayseedend one bit indicator to inform the
destination that it uses the AF or DF protocols. In the SCHCNeme, destination then calculates the
overall received SNR from each relay accordingly and sgléot N, relays with the largest effective
SNRs. After finding the optimuniV, relays, through a feedback channel, the destination widrin
which relays are selected for transmission during the ne¢pphrase and other unselected relays will be
in an idle state. Lety;) > y2) > --- > ) represent the decreasing ordered SNRs of {thet ;.
Then, the instantaneous SNR of the MRC output at the desimat given by [39]

NC
YSCHCN = Yo + Z’Y(n) =" + Ycoops (6)

n=1
WHEreYeoop = S0 1 Y(n)-

It is assumed that all channel state information (CSI) nddde decoding is available at the relay
nodes and the destination nodé [5],1[14],/[16]. This can Imlyeachieved in practice. For example, the
relay acquires the CSI of the source-relay channel via tleg pymbol sent from the source and then

transmits it to the destination via a feedback channel. I8ityj the destination can acquire the CSI of

the relay-destination via the pilot symbol sent from theyeFor simplicity, let\g = ==, A = =
and \y; = ﬁ As 0, 71; andy; are exponentially distributed, their PDFs can be expreased
o (7) = Me ™7k € {0, 14, 24} (7)

It is also assumed thdty;; } Y, ({12:},) are independent and identically distributed (i.i.d.) Rv=d

let A\; = A\s and Ay; = A,¢ for analysis tractability in this work.

I1l. SNR THRESHOLD-BASED FER APPROXIMATION MODEL

In this section, an SNR threshold-based FER approximatiodahis proposed for diversity systems.

As we know, cooperative systems can be viewed as a specidl dirgeneral diversity systems![5].

3It it noteworthy that, during the pilot phase, the destimathas to estimat&’ channels from the relay nodes and one channel
from the source, and then selects tNe best relay nodes. Thus the complexity of the pilot phase, amiy dominated by
the N 4+ 1 channel estimation process. The exact complexity is dep@non the channel estimation approach, for example,
when using zero-forcing (ZF) to estimate the channel, oreele® + 1 floating-point operations. Furthermore, during the data
transmission phase, the destination has to combipdinks from the relay nodes as well as the direct link from tharse by
using the MRC technique. Thus, the complexity of the datahining process required’. + 1 multiplies andN. additions,

i.e., 2N, + 1 floating-point operations.



Therefore, we can apply the results obtained in this sed¢tiche FER analysis of the SCHCN scheme
presented in next section.

In the following, the SNR threshold-based FER approxinmatimdel is described in Subsection 11l-A,
some existing related works are presented in SubseCiieB] IAind then an improved criterion and
the corresponding SNR threshold are presented in Subsddi@l Finally, a multiple-input multiple-
output (MIMO) system using the proposed SNR threshold-t&$€R approximation model is presented
as a simple example in Subsectlon TlI-D.

A. SNR threshold-based FER approximation model

Note that the average FER, represented?ycan be calculated by integrating the instantaneous FER

in AWGN channel, denoted by’fG(fy), over the fading distributiori [40]

ﬂmzééﬁwmwmm, @®)

wherey and#y represent the instantaneous and average SNR, respectndly, (-) represents the PDF
of ~.

Eq. (8) is an exact expression to calculde however, its closed-form expression is still difficult to
be derived. The SNR threshold-based FER approximation me@m accurate and simple approach to
evaluate FER. Assume that the instantaneous FERw&en the instantaneous SNRis below a given

SNR thresholdy,, otherwise it isO [41]-[43], i.e.,
Pf(yly < v) = 1and Pf (yy > ) ~ 0. 9
Then, the average FER is given asl|[41]+{43]

Emzlfﬁwmwmm+/§$wmwmm
Yt

Tt
~ 0 f’y(’Yaﬁ/)d’Y:F’y(’ytaﬁ/)a

(10)

where F, (-) represents the CDF of.
According to the SNR threshold-based FER approximationehdbe average FER is approximately
calculated as an outage probability. Hence the accuraclgeoFER model is principally determined by

the value of the given SNR threshold.

B. Related Works

In [41], the SNR threshold-based FER approximation modeagplied to the iteratively decoded

systems with turbo codes. It is shown that the optimal SNRsiwld coincides with the convergence



threshold of the iterative turbo decoder. Furthermore,ShiR threshold-based FER model is extended
to non-iterative coded and uncoded systems in [42], [43¢ fimimum absolute error sum criterion is

adopted in[[4R2],[[483] to minimize the sum of absolute error

¢ = arg min { / “1B ) - By (1. 9) d’v} , (11)

v

wherey denotes the average SNR, and the SNR threshold is given as

1 p¢ -
([

Since theminimum absolute error sum criterion does not consider the fact that the FER decreases
more quickly at high SNR region in high diversity order syste it needs to be improved for general

diversity order systems.

C. Improved SNR Threshold

A new SNR threshold-based FER approximation model is deeeldor the diversity systems based
on two important aspects.

Firstly, a minimum relative error sum criterion, which taking into account the fact that the FER
decreases quickly when SNR increases and minimizing theafurdative error, is used instead of the
minimum absolute error sum criterion in Eq. (11) as

¢ = arg min {/00 ‘Pfﬁ)_ ITW(%W) ‘ dﬁ} . (23)
v 0 Pr(¥)
In the AppendiX A, we will show that theinimum relative error sum criterion will lead to aminimum

relative error criterion at high SNR as

v =arg lim {Pr(3) - F(7,7) = 0. (14)

Secondly, the calculation of SNR threshold should take atcount the factor of the diversity order.
We note that in a Rayleigh fading channel, the CDF of SNR iemivy F,(v,7) = 1 — /7,
then we havelims_,o F(v,5) = 7 1. Similarly, in a Nakagamin fading channel, the CDF of

SNR is F,(v,7) = w whereT'(m) denotes the Gamma function, aldm, ) denotes the

lower part incomplete Gamma function given bym,x) = fox tm~le~tdt. At high SNR, we have

m—1

limy o0 Fy (7,7) = T(m)=* [T =1t — " Generally speaking, the CDF of a system

with a diversity order ofd at high SNR can be approximated as|[43]+[45]:

lim F,(y,7) = G(3)7", (15)

F—r00



whereG(%) represents a constant relatedijto
Combining Eq.[(B), Eq[{14) and Eq. (15), we derive the clef®edh improved SNR threshold as

wa=ag tm { [*f0.0P G - G =0}

£, —+00

Yt,Y—00

=arg_lim {%d = d/ vd‘lpf(v)d’y}
0

Yt , Y00

0o 1/d
=<d/0 vd‘leG(v)d7> :

Note thatPfG(y) can be calculated in closed-form for uncoded systems. Fampie, for linear

—arg i { [ 6ot pE ) - Gt =0}
’ (16)

modulation,Pf(fy) is given as([40],[142]

PE(y) =1 (1-Q(yen)*, (17)

where ¢ represents modulation constant£ 2 for binary-phase-shift-keying (BPSK)J)(-) represents
the Q function, andL denotes the frame length.

Substituting Eq.[(17) into EqL(16), the SNR thresheglg for uncoded systems is given as:

Ved = <d /OOO P (1= - Q") dv) " (18)

In Table[l, we present the SNR thresholds by using Egl (18)ttier systems with different diversity
orders where = 2.

We note that when substituting= 2 (BPSK), L = 1 andd = 1 into Eq. [18) and with the help of
[46, Eq. (6.313.2)], we have, ; = % and Py =1— e i A % which is equivalent to the average BER

of BPSK over Rayleigh fading channel at high SNR:= (1 — ) ~ % [4Q].

D. Smple Example of MIMO Systems

Let us use a MIMO system as a simple example to illustrate siage of the developed SNR threshold-
based FER model. Assume that the MIMO system Nasinputs andNy outputs, and the transmitter
uses space-time block coding (STBC)I[47]. The receiver uB&ENEechnique to combine th€ = Ny Np
independent fading paths, and the PDF and CDF of the instaotes SNR, represented fyat the output
of the combiner are given by [40], [43]:

_ fYN_le_’Y/(:Y/NT)
f’y(% ’7) = 7= N 1’
(¥/Nr)N (N = 1)!

(19)
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and
Fy(v,7) = ”M”E:VNNV, (20)

respectively, where represents the average SNR per receive antenna.
It should be mentioned here that the approximation in Eq) £t holds for the MIMO system.

Proof: With the fact thatlimy—_, e~ "Nr/7 = 1, we have

Jim £y (7,7) = lim / f2(t,7)d
- d
/o <v/NT> <N—1>! ' 1)
_ 1 N
= (/NN
=GN,

WhereG(:}/) — W |
In the following, with the derived SNR threshotd » in Subsection IlI-C, the FER of the MIMO

system in quasi-static fading channel is approximatelguated as

Pr(7) = Ey(v,n,7)

(22)

=1—e NNt /5 Z /Vt NNT/’V

In the simulation section, we compare the proposed SNthtés;)btalned in Eq[(16) and the optimal
SNR threshold obtained in Ed._(Z8py using numerical method for the MIMO system. Simulation
results show that the proposed SNR threshold convergeswithlithe optimal SNR threshold especially
at medium and high SNRs, which justifies the proposed FERo&ppation model.

T = E N (Pr(9),7)- (23)

So far, an improved SNR threshold-based FER approximatimeetris developed for diversity systems.
In this developed FER model, the average FER is approxignatdtulated as an outage probability as
Eqg. (10), the improved SNR threshold can be calculated ugog(16) for general systems and can be
calculated using EqL(18) for uncoded systems. In the nestiose we will apply this model to the FER
analysis of the SCHCN scheme for cooperative systéfisshould emphasize that our analysis in this
work can be easily extended to the coded systems. Howeeecotnesponding details for coded systems

are omitted here because of limited space and please ref88Jio[52] for details.

* F'(-,7) represents the inverse function Bf (v, ) with respect toy.
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IV. FER ANALYSIS

We first apply the SNR threshold-based FER approximationahtm calculate the closed-form ana-
lytical FER of the SCHCN scheme in Subsection TV-A. We theespnt the asymptotic FER expression
for the SCHCN scheme in Subsection 1V-B.

A. Closed-form analytical FER

The following properties for the SCHCN scheme are first distadd before performing FER calcula-
tion.
Property 1. The CDF of the end-to-end SNR of the indirect litk — R; — D for the SCHCN

scheme can be expressed as

() = PO, Wy <, (24)
1 — e Aerdmae= A if oy > g,
For simplicity, Eq. [[24) can be further approximated by apanential function to extend the range of
v from 1 10 14
Fy(y)ml—e7, 0<y <y, (25)

where the lower bound and upper bound\ef are A, ve1/7e,d + Ara @nd Ag + A,q, respectively. From
Tablefl, we note that; 1 /v 4 ~ 1 which implies that either the lower bound or upper bound camised
to approximate Eq[(24) and the approximation is tight.

Proof: Please see AppendiX B. [ |
Property 2: Let {;}, be i.i.d. exponential RVs, representedfy~ &(\¢y)- Letyqy > v =+ 2>
Yy denote the order statistics obtained by arranging{the:"_, in a decreasing order. According to
Eq. (6), the CDF ofyscrcn in closed-form expression is derived for the two cases ofi Bgt# A,

and Ay = A, as follows
a) Case of A\ # A¢q:

N.
(07 _ e 7
F’YSCHCN 77 Z )\T )\mﬂ Z L
i=1 "¢
NG (1+) (26)
+ (1 - e IR

jz::l (1+ 3-)Aeq
Bo Y
=1 - oY

+ )\O( e )7
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Wher@ c = XA 6 NN ! , O = L — o =

7N INN Ve 0%eq - [(1+;—;)Aeq—Ao] [= () Xea 0] T = e (B Aeal”
90( )NC c N— N 0 —1)N ( 90 . — 09]
o | et T i A, } Bo = o, Sy and By = —x -

b) Case of A\ = A¢q:

Nt o (A 7
, “h 0
F’YSCHCN (77 )‘eq) = /\Z‘Z [ - Aoy Z ]
i=1 "~
N_N. . (27)
+ J" ( e (1+ ))\0’7)’
= (1 + Jefc))\o
. o N! N+1 s _ 1 * _ * N—=N. 05(=1)Net1 = (N, +1-4)!
wherd = SRR SR E= v R L [ k=1 TR
x c*-0;
Proof: Please see AppendiX C. |

According to the SNR threshold-based FER approximationehodSectior 1], the average FER of
the SCHCN scheme can be expressed as an outage probahititarwappropriate SNR threshold. Thus,
the average FER of the SCHCN scheme, denotedhyis given as

Pf ~ F’YSCHCN (fYt,da )‘eq)7 (28)

where d denotes the diversity order of the cooperative system u#iiegSCHCN scheme and the
calculation methods of parameteys; are presented in Sectibnllll. The accuracy of the derivesiesform

FER expression, i.e., EJ.(28), is verified through simalatiesults in the next section.

B. Asymptotic FER

In this subsection, we derive the asymptotic FER for the SEFCheme at high SNR.

Property 3: The asymptotic CDF ofiscycon at high SNR can be written in closed-form as
Aodeg Ny N+

(N + )N NN N

Proof: Please see Appendix D. [ |

F’YSCHCN (77 /\eq) ~ (29)

With the help of Properti]3, we can obtain the asymptotic FERession of the SCHCN scheme as

>\0/\eqN’7£\il+1 (30)
(N—l— 1)Nc!NcN N

pf ~ F“/SCHCN (7t7d7 )‘eq) ~

°Note that as a special case df. = N, the following parameters are reduced do= \AL, 6o = 1, 0 = 0, a; =
c 0, 1N i
(N=3)! (O&eqLAO)N 1+)1} Bo = 7>\)N andg; = 0.

8It is noteworthy that as a special case ¥f = N, the following parameters are reduceddo = /\Q’“, 0; =0, a; =
0(@#N+1), ayy =c", andg; = 0.
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From Eq. [(3D) it shows that full diversity order @f + 1 can be achieved in the SCHCN scheme,
and thus,y; g = v:,nv+1. We should emphasize that the asymptotic FER is more simmpdeirzuitive
compared with the FER expression in Hg.1(28).

V. SIMULATION RESULTS

In this section, the analytical and the simulated resukspovided for the SCHCN scheme. Without
specific mention, all simulations are performed by a BPSK utetttbn and a frame size df)0 symbols
over block Rayleigh fading channels_[53]-[55]. We consitlee multiple relay nodes scenario, e.g.,
N = 1,2,3. Specifically, N. = 0 corresponds to the direct transmit case, and thus, no reldg s
selected N, = 1 denotes the best RS, and all the relay nodes are particifatelde transmission when
N. = N. Without specific mention, we assume that a fixed total en@gysymbol constraint in the
network and equal power division among cooperating nodesf; = &, ; = ﬁ), andXe; = A+ g
We also take into account the relay’s location as: 1).gjmametric case, where relays are placed halfway
between the source and destination and 2).adyenmetric case, where relays are close to the source or
destination. In Tabl€l I, we show the SNR thresholds derive8ectior 1l for the systems of different
diversity order. The simulation scenarios in this sectios hown in Tabl&]l.

In Fig.[2, we compare our proposed FER model in Sedtidn llhulie FER model in‘[42] for case 0.
For case 0, the SNR thresholds are found tatlsé dB based on the FER model in [42], i.e., Eq.1(12),
and are found to b&.10 dB, 5.36 dB and5.89 dB for N = 1, 2,4, respectively, based on our proposed
FER model, i.e., Eq[(16). Fifl 2 shows that our proposed mwodéches well with the simulated FER
as the SNR increases while the gap between the FER modeljirafdthe simulated FER cannot be
ignored even at high SNR. We also note that, as the diversitgrancreases, our proposed model is still
accurate; however the FER results based on the modelin E&jrbe less accurate.

In Fig.[3, we present the optimal SNR threshold, i.e., Eq),(@Btained by using the numerical method,
when the FER well matches the outage probability. We alsloidiecthe proposed SNR threshold, i.e., Eq.
(18), and the SNR threshold of [42], i.e., EQ.](12). It can bseyved that our proposed SNR threshold
converges to the optimal SNR threshold at medium and high 8Rnes quickly, which validates our
analysis in Sectioh1lI.

In Fig.[4 and Fig[ b, we show the closed-form FER, asymptoi& Fand simulated FER results of the
SCHCN scheme for symmetric case, i.e., case 1. From[Fig. 4anesee that the closed-form curves
given by Eq. [[Z2B) match well with the simulated results and. B shows that the asymptotic results

given by Eq. [(3D) converge to the simulated results at higRR§&N hese validate our derived analytical



14

FERs in Sectiof_1ll. In addition, Fid.l6 indicates that theided FER of the SCHCN scheme is also
accurate for the case 2 (asymmetric case). Case 3 is aldeddtirough simulation, but omitted here
for brevity. Hence, our FER analysis is valid for both symmneetase and asymmetric case.

Fig.[4 shows that the best RS provides superior performdrarethe multiple RS under a total transmit
power constraint, i.e&s = &,.; = NLH whereas Figl]5 shows that the multiple RS outperforms the
best RS under an individual transmit power constraint £g.= &,; = NLH Moreover, from Fig[ b
we note that the cooperative system with = 2 has very slight quality deterioration compared to
the cooperative system withV. = 3. However, the cooperative system wiffi. = 2 requires lower
implementation complexity and is more robust towards ckamstimation errors. Hence, the SCHCN
scheme has more merits than the conventional cooperatiasein the practical systems for both with
and without total transmit power constraint cases.

In Fig. [4, we compare the SCHCN scheme with the non-cooperaystem, i.e.,N. = 0. It is
obviously shown that the SCHCN scheme can provide supeddomnance than the non-cooperative
system, especially at high SNRs. This is easy to understarttieacooperative system achieves a full
diversity order ofN + 1 as long asV. > 0, whereas the non-cooperative system only has the divarsity
1. The simulation results of the SCHCN scheme with varioumé&dengths are shown in Figl 8. From
Fig. [, it shows that as the frame length decreases, the FERak®s. This finding is consistent with
[48y.

VI. CONCLUSIONS

In this paper, we have analyzed the average FER of the SCH@Bnsx in cooperative wireless
networks. Specifically, we considered a two-hop networlkhvdhe source node, one destination node
and multiple relay nodes. The closed-form average FER sgme as well as the asymptotic FER
expression at high SNRs have been derived for the SCHCN szhBEmeoretical analysis closely matches
the simulated results. Simulations also indicate that #& RS can achieve better performance than the
multiple RS under a total transmit power constraint, wherte multiple RS outperforms the best RS

under an individual transmit power constraint.

"We would refer the reader t0 [48] for more details on the chaita proper frame length.



15

APPENDIX A
PROOF OFEQ. (14)

We notice that the relative error at high SNR cannot be ighd@cause the integration in EG. (13) is

from 0 to co. Hence, we should havém;_, W‘ — 0, which leads to Eql{14).

Otherwise, suppose that existing a sufficiently big valu€d < 7' < oo) and a small enough value

Pr()—=F. (1:,9) =
50 > j,wheny > T.

Note that the sum of absolute relative error cannot be mienhiin this situation as it will approach

p gl _F’Y 7Y = (&) — .
%‘ dy > [ 6dy = oco. Thus, Eq.[(IK) is proved.

0 (0 < 0 < 0), the absolute relative error can be greater thane.

infinity: [

APPENDIX B
CDF OF ~; IN THE SCHCNSscHEME THE PROOF OFEQ. (24) AND EQ. (25)

Note that the CDF ofy; is given as
E,(y) =Pr(vi <7)
= Pr(i € Gar)Pr(vi <v/i € Gar) (31)

+ Pr(i € Gpr)Pr(v; < vli € Gpr).

In the HF scheme, the relays which decode correctly are dieclun theGpr and the rest are included
in the G4 . According to our proposed FER approximation model, a framer only occurs when SNR
is below the SNR thresholg,. If ~;; > v, theni € Gpp, and if v;; < v theni € Gap. Hence, we
have Pr(i € Gar) = 1 — e 1 and Pr(i € Gpr) = e =71, respectively.

If i € Gpr, 7 = 72, then the conditional CDF of; giveni € Gpr can be expressed as
Pr(yi <4|i € Gor) = Pr(yz <) =1—e . (32)

If © € Gar, using the approximatioruac% ~ min{z,y} [25], then the corresponding conditional

CDF of v; giveni € G4 can be expressed é&s [49]
Pr(v; <~|i € Gar)
~ Pr(min{viilicg.r: 12} <7) (33)
=1— (1= Pr(y; <7li € Gar))(1 — Pr(y2; < 7)),
where the conditional CDF ofy;|i € Gar is given by

1—e—*sr i
. S Y <
Pr(yi; <Ali € Gap) = ¢ (34)

L. if v >y
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Combining Eq.[(3B) and Ed._(B4), the corresponding conaiticCDF ofi € G4 can be calculated as

—Asr — s
1-_¢ Asry _g T AsTt,1 e_)\rdfy
1—e Asr7t1 ’

if v <1,

Pr(v; <vli € Gar) = (35)

L, if v >y
Thus, after doing some substitutions in EQ.1(31), it yields £4). Wheny;,; < v < 74, We
use an exponential function to approximate Hgl (24). Let e v ¥t1e=AraY = 1 — =7, that is,
Xeg = AarVe,1/7 + Ara- HeNce, we have\,vi1/ved + Ara < Aeqg < Asr + Arg. We note that this

inequality still holds when considering the whole rangarfro to +; 4.

APPENDIXC

PROOF OFPROPERTYZ

According to Eq.[(B);yscren = 70 + Yeoops N the following, we first derive the Laplace transforms
of the PDF ofy.,.p, and+p, and then the PDF ofscrcn can be directly obtained by using the inverse
Laplace transform.

As {v;}¥, are i.i.d. exponential RVs , with the help df |50, Eq. (9.321e Laplace transform of

the PDF ofv..,, Can be expressed as

1
‘C’Ycoop(s) = s S
(1+ )Nt [Ton, (1 + £2)
NN (36)

_ N NS ~Neleq
(5 + Aeg) ™ TIASTs + (1 + ) Aeg]
and with the help of[[46, Eq. (17.13.7)], the Laplace transf@f the PDF ofy, can be expressed as

)

Ao

. 37
s+ Ao (37)

£'Yo (3) =

AS v.00p and~y, are mutually independent, the Laplace transforms of the BDfscron is given as

‘C’YSCHCN (S) = ‘C’Ycoop (S) : ‘C’Yo (S)
N! N
N Aoy (38)
(5 + Aeg)Ne (s 4+ Ao) TIn= Y [s + (1 + ) Aeq]

Note that Eq.[(38) can be rewritten for the two casgst Ao, and Ao = A, as follows.
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1) Case of \g # A\4: Applying the partial fraction expansion [51], E@. [38) cam fewritten as

N, N—N.
oy Bo
L scaen\S) = -+ + - 5 39
! ( ) ;(S—i_)\eQ)l 8+)‘0 JZ:; 3+(1+NLC))\eq ( )
where
NI
T NN Aoy, (40)
0 ! 41
0= — - ,
T [0+ 2 )Aeq — Ao (41)
1
O = = : 42
(14 ) heq + Aol Hif Ve (5] (42)
c dNe—1
Qi = N d N.—1
(N, —i)! ds (s + o) [T, [ + (1 + ) heq] | ls=-r., )
¢ | Bo(=)NTH(N, —4)! +N N g (—1)Nemi(N, — i)
(Ne =) | (= Aeq + Ag)Nemit1 e (Jéc Aeg) Ne—it1 )
C
Bo = - ; 44
(e = 200V TIEV (14 25)heg — Aol (44)
and
C
Bj = - - NoN, 1 n—j : (45)

(_NLC)‘eq)NC[_(l + NLC))‘eq + Ao] Hn:l,rf;éj[( N, ))‘eq]
Applying the inverse Laplace transforms in EQ.](39), we chtaim the PDF ofyscpon in closed

form as [46, Eq. (17.13.17)]

N NoN (46)
— 7’1 ',Yz—le—)wq'y + 506_)\0')’ + Z Bje_( +N_c) CQ'Y.
i=1 (i —1)! j=1

The CDF ofyscmon can be obtained directly by integrating the PDF@t o in closed form as

“{SCHCN / f’YSCHCN

N. N—N. j
-1 )\eqa )"’_BOQ O )‘07 + Bj g< N ))\eq77>

C

. 7= (47)
RIKAI P eq’Y B (gt
/\ [ Z ; (L + 7-)Aeq

[y

>



whereg(n, 3,~) is defined as [46, Eq. (3.351.1)]
0

e R G

= n+1
5 m=0

[y >0,Ref >0,n=0,1,2,...].
2) Case of \g = \¢;: EQ. (38) can be rewritten as

ﬁ’YSCHCN (S) = E’Ycoop (S) : ﬁ’Yo(S)

N! )\N+1
N N INN—Ne

(s + M) N TINS Y Ts + (14 )]
Hence, applying the partial fraction expansion in Eq) (48, can further simplify it as

N.+1 N—N,. 6*
L SCHCN (S) = ; + ’
v ; (S + )\0 ; N ))\0
where
oo N! N+1
NJNN-N70
1
0 =
TS e (5 Aol
i} c* dN +1—1 1
a; = . 3 — n
(Ne + 1 —a)ldsNett=i | TN Nerg 4 (1 4 7 )A0] | ls==x
e Nivc O3(—1)NH 1N + 1 — )
(Ne+1—4)! | & (Mg Nei2 ’
and
* C*
ﬁj = No+1 . n—j
( ) Hn ln;&][( ))\0]

Similarly, we can derive the expression of the PDF and CDFRfycn as follows:

N.+1 o N—-N,. )
— ; i—1 _—Xo w —(1+-1)Xo
f'YSCHCN(’Y) =L ! [E’YSCHCN(S)] = Z (’L _21)'71 16 Aoy + Z Bje ( +N°) 77
i=1 ) j=1
and
Y
F“{SCHCN(’V) = 0 f’YSCHCN(t)dt

m=0 j=1 (1 + %C))\O

Hence, Propertj]2 is proved.

N.+1 i—1 N-—N, *
- * Aoy)™ ¢ ' (e i
& [1 _ e (A07) + Z ﬁij(l _ e NC)AW).
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(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)
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APPENDIXD

PROOF OFPROPERTY[3

The Laplace transform of the PDF ofcxcn is derived in Appendix C as

o= AoAY,
Lyscnon(5) = e — (57)
(84 Aeg)Ve(s +20) [ [=7 [s+ (1 + K)Aeq]
Since the Laplace transform of the PDF and CDF@fzcon are related by
5 L
ﬁ’YSCHCN (3) = 1ocHon (3)7 (58)

S
where EA,YSCHCN(s) is the Laplace transform of the CDF ekcucn - Applying the inverse Laplace

transforms, the CDF ofiscpon can be expressed as

F’Y (,Y) — ﬁ_l |:£'YSCHCN(S):|

S

N JINN—Ne
5(5 4 Aeg) Ve (s + Xo) [TA M [s + (1 + F) Aeg]

n=

-1

N N (59)
AoAey ]

At high SNR,7, and7,, are large. According td, = 1/7, and A, = 1/7,,, we know that\, and
Aeq are small. Hence, Eq._(59) can be simplified[as [46, Eq. (12)13

N dode
NC!NCN—NC sN+2

F’YSCHCN (/7) ~ £_1 |:
(60)

1 N_N+1
= (N+ 1)NC!NCN_NC )\O)\eq Y .

Hence, Eq.[(29) is proved.
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TABLE |
SNR THRESHOLD

Diversity Order:d | Frame LengthL | Proposed SNR Threshold; 4, dB | SNR Threshold of([42]:., dB

1 100 5.10

2 100 5.36 4.61

3 100 5.62

4 100 5.89

4 200 6.45 5.50

4 400 6.97 6.24

TABLE Il
SCENARIOS
‘ ‘ System Type Number of Nodes Diversity Order:d SNRs

case 0 MIMO Nr=1,N=Nr=1,2,4 d=1,2,4 Q=1
case 1 SCHCN N=1,2,3 d=2,3,4 Qo =01, =02 =1
case 2| SCHCN N=3 d=4 Qo =1,Q,; =16, Q2 =1
case 3| SCHCN N=3 d=4 Qo =1, Q1 =1/16, Q2 =1

Ist Relay L_ “Feedback !

— I
@_ > OQ hz(l) |
M/ h Relay L2 |
D~
U — > 28 |
< @
...... »Z hz(.i) |
N-th Relay o |
(9]
%_ — % h
Source My p > 2ANe) Des‘%ﬁon
v :
Ist phase transmission (I]]]) Source
2nd phase transmission @ Relay

— » Feedback & relay selection @ Destination

Fig. 1. Block diagram of the SCHCN scheme.
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Fig. 4. Closed-form and simulated FER results of the SCHChes® under a total transmit power constraift: = 3,
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