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Abstract

A non-regenerative dual-hop wireless system based on dbdistd space-time coding strategy is
considered. It is assumed that each relay retransmits aopgtely scaled space-time coded version
of its received signal. The main goal of this paper is to itigese a power allocation strategy in relay
stations, which is based on minimizing the outage prokgblin the high signal-to-noise ratio regime
for the relay-destination link, it is shown that a threshbltked power allocation scheme (i.e., the relay
remains silent if its channel gain with the source is lesa tharespecified threshold) is optimum. Monte-
Carlo simulations show that the derived on-off power altmrascheme performs close to optimum for
finite signal-to-noise ratio values. Numerical results dasirate a dramatic improvement in system
performance as compared to the case that the relay statiowsarfl their received signals with full
power. In addition, a hybrid amplify-and-forward/detectd-forward scheme is proposed for the case
that the quality of the source-relay link is good. Finallyetrobustness of the proposed scheme in the

presence of channel estimation errors is numerically exatl
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. INTRODUCTION

A primary challenge in wireless networks is to mitigate thiea of the multipath fading.
Exploiting techniques such as time, frequency and spaasity are the most effective methods
to combat the channel fading. Due to the dramatic reductiothe size of wireless devices
along with the power and the cost limitations, it is not picadtto install multiple antennas on
mobile stations. A heuristic solution to this problem is 8&wa collection of distributed antennas
belonging to multiple users [2]-[4]. This new diversity some, referred to as cooperative
diversity (also known agooperative relaying), has attracted considerable attention in ad hoc
and sensor wireless networks in recent years. In particthas approach is considered as an
option in many wireless systems; including IEEE 802.16j reomultihop relay-based (MMR)
networks. Unlike conventional relaying systems that fooe received signal in a relay chain,
cooperative relaying takes one step further; i.e., mdtigllay nodes work together to achieve
a better performance.

Cooperative relay networks have been addressed fromdiff@erspectives; including capacity
and outage probability analysis [2]-[7], resource allamaie.g., power allocation [8]), coding
[9], relay selection [4], [10], etc. Central to the study obperative relay systems is the problem
of using distributed space-time coding (DSTC) technique as well as efficient power allocation
schemes in regenerative and non-regenerative configasafttd, [11]—[18].

The first study on using DSTC scheme in cooperative relay arswvas framed in [5] where
several relay nodes transmit jointly to the same receiverder to achieve full spatial diversity
in terms of the number of cooperating nodes. Reference [&lyaas the outage capacity in the
high signal-to-noise ratio (SNR) regime. Nalshmal. [11] analyze the pairwise error probability
of an amplify-and-forward (AF) single-relay system whialies on a DSTC scheme. In [12],

the authors investigate the high SNR uncoded bit-error (BER) of a two-relay system using



a switching scheme for QPSK modulation. Scutari and Badsa$14] analyze the performance
of regenerative relay networks with DSTC where the error @ dource-relay link propagates
into the second phase of the transmission in the relayradgin link. They show how to
allocate the transmission power between source and relayinionize the average BER. The
BER of single and dual-hop non-regenerative relay systeitts WSTC has been analyzed in
[15] where different transmission policies are inveskghin order to maximize the end-to-end
SNR. The BER of regenerative relay networks using the DSTie2rse, along with different
power allocation strategies over non-identical Riceamobkés is analyzed in [17]. Zhaet al.

[8] introduce two power allocation algorithms for AF relagtworks to minimize the outage
probability without the DSTC scheme.

In this paper, we consider a dual-hop wireless system domgisf a source, two parallel relay
stations (RS) and a destination. Assuming that each relay&rnts channel with the source,
the RSs collaborate with each other by transmitting a spage-coded (STC) version of their
received signals to the destination. In such configuratiibthe instantaneous received SNR of
the relays are unbalanced, the performance of the systenadksgsubstantially. To overcome
this problem, an adaptive distributed space-time codinrgSAC) method is proposed, in which
instead of transmitting the noisy signal at each relay with power, the RS retransmits an
appropriately scaled STC version of the received signat. mhin goal is to optimize the scaling
factor based on the channel-state information (CSI) avigilat each relay to minimize the outage
probability.

The above scheme is different from the power allocationrélyos studied in [8]; primarily
we utilize an ADSTC scheme based on the CSI available at edaf, while in [8], no DSTC
scheme is used. In our scheme, no information is exchang®eeebr the relay stations. This
is to be contrasted with the algorithms proposed in [15], ol the relays need to exchange
some information with each other in order to establish whiglay transmits. In addition, our

scheme is different from the power allocation strategiefl81—[21], in which the best relays



are selected based on the feedback from the destination.

In the high SNR regime for the relay-destination link, it isos/n that a threshold-based
power allocation scheme (i.e., the relay remains silentsifchannel gain with the source is
less than a prespecified threshold) is optimum. Numericallt® indicate that the derived on-
off power allocation scheme provides a significant perfaroeaimprovement as compared to
the case that the RSs forward their received signals withplolver all the time. To further
improve the system performance when the quality of the ssrefay link is good, a hybrid
amplify-and-forward/detect-and-forward scheme is pemub

In the proposed scheme, we assume that perfect channeldahgsvis available at the receiver.
In practice, however, the performance of the system is degralue to the channel estimation
error. In the last part of this paper, we address this issukesaluate the robustness of the
proposed scheme in the presence of channel estimatiorserror

The rest of the paper is organized as follows. In Sedilbrh#, dystem model and objectives
are described. The performance of the system is analyzeadtio8[1Il. In Section 1V, the
simulation results are presented. The effect of channehasbn errors on the proposed scheme
is evaluated in SectidnlV. Finally, conclusions are drawiséttion V.

Notations: Throughout the paper, we use boldface capital and lower ledtss to denote
vectors and matrices, respectively.a || indicates the Euclidean norm of the vectar The
conjugate and conjugated transposition of a complex makriare denoted byA* and AT,
respectively. Then x n identity matrix is denoted by,. A circularly symmetric complex
Gaussian random variable (r.v.) is represented/by= X + jY ~ CN(0,0?%), where X and
Y are independent and identically distributed (i.i.d.) nakmv.'s with N/ (0, "72). Also, A — B
represents the link from nodé to nodeB. Finally, P{.} andE|[.] denote the probability of the

given event and the expectation operator, respectively.



[I. SYSTEM MODEL AND OBJECTIVES

In this work, we consider a cooperative relay system congisdf one base station (BS),
multiple relay stations randomly located within the netkvoegion, and multiple mobile stations
(MSs) (Fig.[1-a). All the nodes are assumed to have a singienaa. The relay stations are
assumed to be non-regenerative, i.e., they perform sonmesmperations on the received signals
and forward them to the MSs [15]. Also, it is assumed that farmation is exchanged between
the relays. In this set-up, each pair of the relay statiorgperate with each other to forward
their received signals from the source to the destingt(éig. [d-b).

The channel model is assumed to be frequency-flat block Rgwyfading with the path loss
effect. Let us denote the channel coefficients of the linkss RS, and RS — D as L,,, and
L,.q, @ = 1,2, respectively. In this case, the channel gain between S &@)dsRepresented by

2, wherel',,, = 10~ Y=/19 js the gain associated with the path loss

2 _
- FSTi

}lsri

Gsr; £ ‘Lsn
T, [dB], and the complex random variable,, is the fading channel coefficient. Similarly,

the channel gain of the link RS~ D is represented by, ; = |£,.4> = ['y.q 2 where

hmid

| — 10~ Tr4/19 and h..q are the gain associated with the path 185s; [dB] and the channel

fading coefficient, respectively. Under the Rayleigh fadahannel model,,.|*> and|h,. 4|* are

exponentially distributed with unit mean (and unit variendlso, the background noise at each
receiver is assumed to be additive white Gaussian noise (RYVEor this model, communication

between S and D is performed based on the following step®ata Transmission: This is

performed in two phases and through two hops. In the first@hidé® source broadcasts the
symbolsz[1] andx[2] (normalized to have unit energy) to the RSs in two conseeutive slots

and over one frequency band. The received discrete-timebbas signal at RSs given by

wi[k] = \/PoLop k] +n, K], i=1,2, 1)

wherek = 1,2, represents the transmission time indey,i$the transmit power of the source

1In the sequel and for the sake of simplicity of notations, BiSand the MS are denoted by the source (S) and the destination

(D), respectively.
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Fig. 1. a) Cooperative relay network, and b) a discrete-time bawkleguivalent model of a dual-hop wireless

system.



TABLE |

TRANSMISSIONPOLICY AT RSs

RS RS,
1°¢ time slot Vare 0y [1] Vaze 3%r2.45[2]

2" time slot | —y/a1 (e % m1y1[2])" | vaz (e7%r2y2[1])”

and n,,[k] ~ CN(0,N,) is the background noise at RSThe channel gains are assumed
to remain constant over two successive symbol transmissiiso, we assume that R8as

perfect information abouk,,,. To satisfy the power constraints at the RSs, we normaljze

to \/Ex [|ui[k5]|2

h] i =1,2 [8], [16], [22]. Thus, [1) can be written as

1
lk] =~z (VPeLoralt] 1) @

for i,k = 1,2. Using the fact that:[k| is independent of.,. [k], it yields E [\yi[kHQ

h} —1.

In the second phase, the RSs cooperate with each other amdrdothe space-time coded
version of their received noisy signals to the destinativarahe same or another frequency
bang (Table 1). In such configuration, RSnultiplies y;[.] by the scaling factor,/a;, where
0 < a; < 1. It should be noted that the phase of-SRS; link, denoted byd,,., is compensated

at RS through multiplying the received signal by the factof’: = |Z| [15], [16]H. In general,

due to the different distances between each RS and D, thalaime of the received signals at
D may be different. The cyclic prefix added to the orthogomagifiency-division multiplexing

(OFDM) symbols mitigates the effect of the time delay, angri¢gserves the orthogonality of
the tones. Thus, we can apply the above scheme in each tone.

In each time slot, D receives a superposition of the traristhignals by RSs. To this end,

%It is assumed that RSs use the same transmission protoced lmesthe IEEE 802.16j time division duplex (TDD) frame

structure [23].
3We will explain the main reason for using the phase compi@rsatortly.



the received signals at D in the first and the second time aletgjiven by

rall] = ane iy [1y/Pr Loy + Vase 7072y5(2]\/Pry L1y + nall], (3)

ral2l = —var (e myl2]) VP Lea+ Vo (€7 l]) VP Loa + nal2], (4)
respectively, where P is the transmit power of RSand ny4[k] ~ CN(0, Ny) represents the
background noise at the destination. It should be noteddbatto the large distance between

S and D (or due to the strong shadowing), we ignore the regeignal of the direct link S~

D. Substituting[(R) in[(B) and {4) yields

ral] = Lya[l] + Lyz[2] + za[1], (5)
ral2] = Lyx*[1] — Li27[2] + za[2], (6)

where

s p [ CPPger
L, =L, q Pogu + No’ 1=1,2, (7)
and
L L.
1] & L p 1 2 n,.[2 1], 8
Zd[] \/58£8T1n1[]+\/ﬁ8£87“2n2[]+nd[] ( )
L L.

22 & ———nr 2]+ 2_n’ (1] + na[2]. (9)

VR.Ly, " VPRLY,
It is observed that,[1] is independent of,[2] andE[\zd[l]P’h] = E[|zd[2]\2’h] = o2, where

h = [hsm, hsr27 h?"1d7 hrgd] and

"2 "2 N,
Gsri  Ysra ) Ps

ii) Decoding Process. Amplify-and-forward relay networks require full CSI at thestination

to coherently decode the received signals. The requirednghanformation can be acquired by

transmitting pilot signal& According to the Alamouti scheme [24], we have

ral2] Ly —Ly || =2 zq[2]

4 Channel estimation can be done in two steps. In the first &8ptransmits a pilot sequence to provide, 4 to D. In the

second step, S transmits another pilot sequence to praigdeto RS and L, £,.q to D. In this step, RSs work as usual.



or equivalentlyr; = £x + z4. It is worth mentioning that due to the conjugate termdin (A&

.
R,

heuristic phase compensation at RSs (g% = ‘hwq) is done to preserve the orthogonal

property of the processing matrig, i.e., £C = (|£}]> +|L£5]%) Is £ Al,. Thus, we can use
the Alamouti scheme. Also, upon this phase compension gdsamand the AF scheme at the
relay nodes, the above scenario is converted to the origh@l problem. Hence, the mentioned
decoder is maximum likelihood (ML) optimal. For this configtion, the input of the ML decoder

is given by [25]

I~'d =S ACT ry (11)

= Ax+ 74, (12)
wherez, £ L'z,. In this case, the two-dimensional decision rule used inMhedecoder is
% = arg min [[F, — AK|, (13)

whereS? denotes the corresponding signal constellation set.

Let us denote the average signal-to-noise ratios of BS and RS — D by SNR,., = ;_erm

P,

e [.q4, 7 = 1,2, respectively. Here, we assume that SNRRnd SNR,; are known

and SNR ; =

at RS. Assuminghs,, is available at RS the main objective is to select the optimum factQr

such that the outage probability is minimized.

IIl. PERFORMANCE ANALYSIS

In this section, we characterize the performance of the aekeribed in Section]ll in terms
of the outage probability. For this purpose, we first obtdia instantaneous end-to-end SNR.
Then, we derive an expression for the outage probabilithenttigh SNR ; regime.

Since, matrixC|h is deterministic and noting that [zdzg|h] = o?l,, we conclude from[(12)
that

E |77h| = E |£izlelh| = A%, (14)
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In fact, the noise vectoz,|h is a white Gaussian noise. Denotingas the instantaneous end-

to-end SNR and using (1L2), we have

A L7+ L)
v |c’|2| 115’\2‘ QJ‘VO ' (13)
(EELER X
Gsri Gsra ) Ps

In the outage-based transmission framework, the outager®aghenevery is less than a

thresholdy; > 0. In this case, the outage probability can be expressed as
Pout é P{’}/ < ’}/t} (16)

The goal is to minimize the objective function defined[in] (§@pject tod < a; < 1,7 =1, 2.
The global optimal solution can be obtained through cem@dl algorithms. This is in contrast
to the distributed scheme proposed in Secfion Il. Sinces difficult to directly compute the
exact expression for the outage probability, we first presiem outage probability in the high
SNR,,; regime. Then, we propose an optimum distributed power afioo strategy for the RS
to minimize the objective function in_(16).

Defining g £ [\hsm|2 = vy, [her|? = ’U2:|, and using the fact that the link S» RS, is

independent of the link S» RS,, the outage probability is given by

Pt = Eg[Q(g)] = /0°° /O N Q(g)e e dvydvsy, (17)

whereQ(g) £ P{vy < v]g}. It is concluded from[{7) and_(15) that

X X
Q(g) = P L B P (18)
(2L 22Ny
Ty, Ty, Py 0

where X; 2 .Z (v;)|h,,q|> with

A aiPsPrianFmd
B Psrsmvi + NO 7

7 ( i=1,2. (19)

Ui)

Under the Rayleigh fading channel mod&l,

v; IS exponentially distributed with paramet%
and the probability density function (pdf)

1
F (v;)

o (23]0:) = T U (x;), (20)
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where U(.) is the unit step function. In the high SNR regime (i.e., RI',.;, > P,[';,, and

P.Ta> Ny, i =1,2), (18) can be simplified to

X1U1+X21)2
Q(g) ~ P )(1 Xg % <79 (21)

SO T

= P{(Ul—rg )X1< (Fg —’UQ)XQ

where¢ £ Yoo, Depending on the values of andw,, we have the following cases:
P, |

g} | (22)

Case 1: v; < = andvy <
— srq srg

In this case,[(22) can be written as

Q(g) = P{Z > olg} 2 1, (23)
whereZ £ % and
£ — U
Tory 2
¢S (24)
Lo

In the above equationga) follows from the fact that fors, < £~ andwv, < &, ¢ is
S’l‘l ST2

negative and this results IA{Z < ¢|g} = 0.

Case 2: v; > = andvy <
ST'l 57'2

From (22), we have

Q(9) =P{Z < 9|9}, (25)

where ¢ is positive. It can be shown that the pdf of the random vagigblconditioned on the

vectorg is obtained as [26]

Fautelg) = T ), (26)
Thus, [25) can be written as
¢
2 = [ falclop: (27)
F (v2)¢ (28)




In this case,[(22) can be written as

12

g = P{Z>¢lg; (29)
= 1-P{Z < ¢lg} (30)
(a) Z (v1)
& 31
ﬂ(vg)qb—‘—ﬁ(’l}l)’ ( )
where ¢ is positive and(a) comes from[(26) and (28).
Case 4: vy > ¢ andw; > ; =
In this case, since is negative, we have
Qg =P{Z < ¢lg} =0. (32)
Now, we can use the above results to simplify the outage itityegiven in (17) for B. T4 >
P,I,.. and R,T,.q > Ny, i = 1,2. Using [23), [(28),[(31) and(32), we have
P = / / Q(g)e e 2 dviduy (33)
_ F.srl Farg _'Ul —vz g d arl —v2 d _vld
/0 0 E U2+/ [ ?w ¢+?(U1) 1)2]6 o
Tory  F(vy)pe™ 2 R
+ dvy | e”"dvy + Oe~ e 2 dvid 34
/ [/ Flowo+ (o) 2| ¢ T o f O T B8
e ) (1—e ™ e < d “d
- ( ¢ )( ¢ )+/ /Fifwz)asw(v)”z Fln)e ™ dn
£
Tory | [ pe _
F Y2 dvy. 35
+ /0 [/;j (02>¢+y<vl) ] (U2>€ ) ( )

Now, the main objective is to find the optimum scaling factofor equivalently.% (v;) defined in
(@19)) that minimizes the outage probability obtained[in)(¥nce forv; < FL andvy > %
—_7_2 > 0, it is concluded that the second term [n1(35) is a nonnegatalee. With

v Tsrq

a similar argument, the third term in_(35) is nonnegative &dl.wAlso, we use the fact that

= ]F\,’O% > (0. Hence, to minimize[(35), it is sufficient to have
e ¢ -
Tory & e V2
dvy | F “dv; = 0 36
/0 /FL Fw)d+ Fw) (e v ’ (59)
L S’I‘2 -
c -
Tory | [ pe _
dvy | F(v)e dvy, = 0. 37
/0 /e F(2)d + F(u) 1_ (v2) ’ (37)



13

[ st
w5 Z(0)b+ Z(0)
tion .7 (v;) that satisfies[(36) and(37) (or equivalently minimizZes Y3§)

( )d’Ug and dv, are positive, the optimum func-

Noting that [ EACATESA)
ST'2

F(v:) =0, for 0 < v; < Fi i=1,2 (38)

In this case,

__£ __£
min P, = <1 —e€ Fsrl) <1 —e FSW) (39)

2 (1 — e_SNjTtTl) (1 — e_SNiTtW) : (40)

—

where (a) comes from¢ = {2y, and SNR,, = £=T',,.. Using [19) and[(38), we come up with
the following result:

a; =0, 0<gs <& 1=1,2, (41)

where @; is the optimum scaling factor that minimizes the outage abdliy. In other words,
the relay remains silent if its channel gain with the sourcdess than the threshold levgl
Note that we are not concerned with the computation of thetexaues of the scaling factors
at the relay nodes, i.eq; for v; > FL aslongas PI';.s > Py, and B.T'..; > Ny, i =1, 2.
Remark 1- The case of high SNR is similar to the traditional STC problem. Therefore, the

optimum power allocation policy for relay stations is thél fuower transmission.

IV. NUMERICAL RESULTS

In this section, we present some Monte-Carlo simulationltego evaluate the impact af;
on the system performance. We use the propagation modelntéimediate path-loss condition
(i.e., terrain type B for suburban, above roof top (ART) tdoleroof top (BRT)) provided by

WIMAX Forum and IEEE 802.16j relay Working Group (WG) [27]e],

47Tdi‘ ’
201log ( b\ J) , dij < d,
Tij = d:
K+ 108 loglo (d—lg) + ATf + ATht, dij > d,O,
whereY;; £ —10log,, I';; is the path loss between nodeand j expressed in dB, and

. d;; is the distance between nodeand j,
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TABLE I

SYSTEM EVALUATION PARAMETERS[27]

Parameters Values
Carrier frequency 2.4 GHz
SNR.4, 7 = 1,2 0 — 40 dB

do 100 m

Antenna height

BS=32 m, RS=15 m, MS=1.5m

Distance between S and RS

dsr, =5 km, dsr, = 8 km

Distance between RS and O

d7-1d =2 km, d,-zd =1 km

Path loss exponent paramete

rs a =4, b=0.0065, c=17.1

A is the wavelength,
5 is the path loss exponent,

dy 1s the reference distance,

AT p+AT,
108

dy = do10”~
AT, is the correction factor for the carrier frequengty

ATy, is the correction factor for the RS/MS BRT antenna height

K 2 20log,, <47;d0) .

For this model,5, AT; and AT,, are given as [27]

20— bhe+ S
B=a b+hb,

f(MHz)

ATf é 610g10 (W

)

)7 htggm

hy

—10log;, (3
ot

h
—20log;, ( 5

respectively, wheré, represents the height of BS/RS ART antenna. Using the systeameters

AT, 2
), h; >3 m,

P,
0 1

i

listed in Table I, the desired SNR and SNR,; are obtained through adjustinfét and

respectively.
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We consider some forms of the scaling factarsin terms ofg,,,. In the full power scheme,
each relay retransmits its received signal with full pows. («; = 1), regardless of the value of
gsr- For theon-off power scheme, RSwith g,,., above certain threshold transmits at full power,
otherwise it remains silent, i.ea; = 0. We also consider thpiecewise linear function scheme,

in which the scaling factor; is defined as

(

07 gsri < 1
A 1 1
Q; = sr; y T1 S gsri < T2 (42)
T2 — T T2 — T
1, Gsr; Z T2,

where the optimum values af, and r, are obtained using an exhaustive search to minimize
the outage probability. This function can approximate @gdaclass of appropriate functions
by adjustingr; and 7. In addition, we use the ML decoder at D to fully exploit theeafsity
advantage of the proposed scheme.

Fig.[2 compares the outage probability of the aforementgo@ver schemes versus for
different values of SNR; =SNR.,; #SNR.;. The results are obtained by averaging oveft
channel realizations. We can observe a significant perfioceanprovement for the on-off power
scheme in comparison with the full power scenario, as SNiRreases. For instancH) dB gain
is obtained using the on-off power strategy for SNR 40 dB and B, = 102 with respect to
the full power scheme. Also, it can be seen that the optimmecdewise linear function performs
close to the on-off scheme. Table Il shows the optimum tiwksk level of the on-off power
scheme expressed in dB for different valuesyond SNR;, and SNR,;, =SNR;,, = 25 dB. It
is interesting to note that the optimum threshold valuesiokbtl by exhaustive search are close
to £ (dB) = v, (dB) — SNR,,, (dB) obtained in Section lIl.

In Fig.[3, we plot the outage probabilities of the centraliseheme, iterative algorithm and the
on-off power allocation strategy with the threshglabtained in Sectiof ll. In the centralized

approach, the optimum; and a, are obtained through an exhaustive search to minimize the

5The optimum function should have small values when the oflaisnweak and should increase up to 1 as the channel gain

increases.
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SNR
sr.

10° / 9

,=25 [dB], SNR _,=15 [dB]

Outage Probability
=
o
b

—©— SNR =0 dB, Full Power

=0~ SNR ;=0 dB, On-Off

—— SNer=20 dB, Full Power

- =A~ . SNR =20 dB, On-Off

—— SNer:4O dB, Full Power

+ == SNR ;=40 dB, On-Off

—_— SNer:4O dB, Piecewise Linear

0 5 10 15 20 25 30 35
y, [dB]

Fig. 2. Outage probability versug for different strategies.

TABLE 11l

OPTIMUM THRESHOLDLEVEL FOR THE ON-OFF POWER SCHEME

SNR.q =0dB | SNR.q =10dB | SNR.4 =20 dB | SNR.; =30 dB | SNR.; = 40 dB
v =0dB -25 -25 -25 -25 -25
v+ =10 dB -13 -15 -15 -15 -15
¢+ = 20 dB 0 -15 -5 -5 -5
v+ = 30 dB 0 0 0 0 0

outage probability. In the iterative scheme, the algorithtarts from an initial value ofy; for
every gs,,. Then, for each value o2, oy is obtained such that the outage probability is
minimized. This process continues until the algorithm @yges. The results in Figl 3 show that
the difference in performance between the proposed onafifep scheme and the centralized
approach is small. Therefore, the on-off scheme obtaineth&yasymptotic analysis in Section
[Tis almost optimal.

Fig.[4 plots the uncoded BER versus SNRor different power schemes and BPSK constel-
lation. We observe an error floor in the figure for the high $NRhis can be attributed to the

amplified noise received at the destination through the B link. In this case, the performance
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SNR
e

,=25 [dB], SNR _,=15 [dB] and SNR =20 [dB]

10

10 F

=
o\

Outage Probability

= © = On-Off with the threshold &

= @ = On-Off with Optimum Threshold
—&— Iterative Algorithm

Centralized Approach

0 5 10 15 20 25 30
v, [d8]

Fig. 3. Outage probability versug for different power schemes.

is governed by SNR,, i = 1,2.

It should be noted that by using the on-off power allocatitnategy at RSs, we can save
the energy in the silent mode. However, simulation resutiglies that the power saving gain
in the on-off power scheme is negligible. This is due to the that for mid-SNR,, region,

P

N 2 Pr{gs, > grn} > 0.95, where gz, is the optimum threshold level that minimizes the

BER.

Fig.[B-a illustrates the frame-error rate (FER) verstig/N,),;, energy per bit to noise density
ratio, using the standard turbo code [28] with the ratd 6f and for different functions ofy;,
BPSK constellation and the frame length @7 bits. Also, Fig.[b-b illustrates the FER versus
(Ey/Ny),, using the convolutional code (introduced in secttn.9.2.1 of the IEEE 802.16e
standard [29]) with the rate @¢f.5 and the frame length df76 bits. Compared to the full power
scheme, the simulation results show a significant improvenmethe system performance with

the on-off power scheme. Also, it is observed from the sithhethat the trend of the FER for
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Fig. 4. Uncoded BER versus SNRfor different power schemes.

higher order constellations is similar to the BPSK case.[26]

Up to now, we have shown that the near-optimal power allooati each relay in the AF mode
is the threshold-based on-off power scheme. To further angithe system performance when
the quality of S»RS is good, the detect-and-forward (DF) scheme is suggesteadirtonate
the amplified noise at the RS. Bybrid threshold-based AF/DF scheme characterized by two
threshold levels; andT; is described as follows:

1- Forg,, < T, RS performs the on-off power scheme developed in Sedtian 111
2- For g, > Ty, RS detectsz[k|, k € {1,2}, from the received signal and forwards the
detected symbat|[k] to the destination.

Fig.[8 compares the FER of different transmission strategighe RSs for the convolutional
code with QPSK modulation and the frame length5@6 bits. In the pure full power scheme,
independent of the channel gain,,, each RS transmits with full power all the time. For
completeness, we also consider the threshold-based Dnschie which forg,,. less than a
prescribed threshold, R$emains silent, otherwise it switches to the DF mode. It isepbed

that the performance of the hybrid threshold-based AF/Dfese is the same as the threshold-



19

(€N, €Ny, =25 [dB]

—©— Full Power
—8— On-off
10 —F— Piecewise Linear |1

" " " .
0 5 10 15 20 25 30 35 40

(E,/Ny),y [9B]

(a) Turbo Code

(Eb/NO)SrI:(Eb/NO)SVZ:ZS [dB]

10 T T
—©— Full Power
107 —B— On-0off
—/— Piecewise Linear
107° 1
o
w
w
EL J
-5
10°F
10°° N N N N N N N
0 5 10 15 20 25 30 35 40

(E,/Ny),, [dB]

(b) Convolutional Code
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the ratel/2.

based AF on-off power scheme and both of them are better tteupure full power and the

threshold-based DF schemes.

V. IMPACT OF CHANNEL ESTIMATION ERROR

Throughout this paper, it is assumed that perfect channelladge is available at the
receiver. In practice, however, the channel estimatioh@atéceiver is often imperfect. Thus, the
performance of the system is degraded due to the channelagstn errrg. In this section, we
evaluate the FER degradation of the proposed scheme due imferfect channel estimation.
To handle that, a pilot-based channel estimation technigjuessumed, where pilot sequences
are inserted at the beginning of each block. It is assumedtiegilot sequences have the same

energy as data symbols. In this case, the channel estin@boess is performed at the beginning

Such a problem has been first studied by Alamouti [24] andKFaf80] in STC-based systems. This line of work is further

extended for different structures of the receiver (See 81] its references).
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of each block and the estimated value remains constant bedslock. This assumption is valid
under the frequency-flat Rayleigh fading channel model revtiee multipath channel coefficients
change slowly and are considered constant. Due to the iegastiannel estimation, the channel

fading coefficients can be expressed as
hsri = hsm + €sr;s (43)
iLrid = hmd + €rid, (44)

for i = 1,2, wheree,,, ande,, represent the channel estimation errors which are modaled a
independent complex Gaussian random variables with zesmsnand varianceg,,. and,,4,
respectively. We assume that the channel estimation ea®ithe variance equal to the inverse
of the signal-to-noise ratio of the corresponding link [3(32], [33], i.e., ., = 1/SNR,,, and
Vr,a = 1/SNR 4.

Fig.[7 shows the FER performance of the full power and the fop@ver schemes versus
SNR,, for perfect and imperfect CSI situations. We observe thatife low SNR,, the robustness

of the on-off power scheme is close to the full power case. &l@wr for high SNR; regime,
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the full power scheme is more robust to channel estimatimrethan the on-off power scheme.
This is due to the fact that in the on-off scheme, each rélaguires CSI of the link S+ RS

for scaling factor computation. It is obvious that in thiseaimperfect CSI further deteriorates
the performance. Note that at low SNRthe performance is governed by the second link. In

this case, CSI of the link RS— D becomes equally important in both schemes.

VI. CONCLUSION

In this paper, a non-regenerative dual-hop wireless sys@sed on a distributed space-time
coding strategy is considered. It is assumed that each felayards an appropriately scaled
space-time coded version of its received signal. In the BbIR. 4, it has been shown that the
optimum power allocation strategy in each ;Rghich minimizes the outage probability is to
remain silent, ifg,,, is less than a prespecified threshold level. Simulationltsesihow that
the threshold-based on-off power scheme performs closeptiomom for finite SNR values.
Numerical results demonstrate a dramatic improvement stegy performance as compared to
the case that the relay stations forward their receivedatsgwith full power. The practical

advantage of using this protocol is that it does not alterAlzenouti decoder at the destination,



22

while it slightly modifies the relay operation.
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