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Convolutional-Based Distributed
Coded Cooperation for
Relay Channels






In this chapter, we consider a distributed coded cooperation scheme where the
source and relays share their antennas to create a virtual transmit array to transmit
towards their destination. While the relays may use several forwarding strategies,
including AF and DF, we focus on coded DF relaying. It is assumed that the source
is equipped with two encoders, where the output of the first encoder is referred to
as the first frame (of length N; bits) and the output of the second encoder is
referred to as the second frame (of length N, bits). Each relay is equipped with an
encoder similar to the second encoder at the source. The cooperation scheme under
consideration may be summarized as follows. In the first phase, using the first
encoder, the source node sends the first frame to the relays and destination node. If
a relay successfully decodes the received frame, i.e., the corresponding CRC
checks, then the relay encodes the message before transmission. Otherwise, that
relay keeps silent. In the second phase, the source and relay nodes (whose CRCs
check) transmit the second frame on orthogonal channels (e.g., TDMA, CDMA, or
FDMA) to the destination, and the received replicas are combined using
maximal-ratio combiner (MRC). The information bits are detected via a Viterbi
decoder for the two frames (N = N; + N, bits). Assuming M -PSK transmission,
we analyze the performance of the above distributed coded cooperation scheme
and show that it achieves large coding gain and full diversity relative to the coded
non-cooperative case. We remark that perfect synchronization is assumed, as is the

case in most papers published on this topic.

3.1 Proposed Coding Scheme

The model of the proposed convolutional encoded transmission system is
shown in Figure 3.1. In this model, instead of using a centralized convolutionally

coded system at the source node, one can design a distributed coding scheme at
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both the source and relay nodes where the encoding process is divided over two

frame transmissions. To improve the overall performance through diversity, the

coded cooperation operates by sending two code words via L+1 independent

fading path, where L is the number of relay nodes that can be used for cooperation.

In what follows, we denote the source, m™ relay, destination nodes by S, Rm, and

D, respectively. Consider the relay channels shown in Figure 3.2 where data is

sent from S to D with the assistance of Ry. All nodes are equipped with single

antenna transmitters and receivers. Throughout the book, we assume that a node

cannot transmit and receive simultaneously.

Convolutional
code

Ro=K/N

Convolutional Encoder 1 wit
rate Rg=K/N,

ey L LB LT]
. WEN  EEE 1 tansmited by
s . S5>R,,D

.

] .

N, I EE- EEN

h

Frame 2 transmitted by

S,R,>D

Convolutional Encoder 2 with

rate Rg,=K/N,

Figure 3.1 Convolutional code designed for distributed coded cooperation.
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rate
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rate !

i
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- i
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Figure 3.2 Proposed distributed coded cooperation scheme.

Let b = [by, by, -+, bg] be the information sequence at the input of the

40
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convolutional encoder at the source, and let C = [cq,cp, -, cy] be the
corresponding code-word. The coded bits are then mapped into a modulated signal

word. The coded bits are then mapped into a modulated signal x = [xq, x5, -+, x;, |

the code rate in this case is R, = K/n where n = LM M is the constellation
2

log
size. According to our coding scheme, codeword C is partitioned into two sub-code
words, namely, C; and C,, of lengths N; and N, , respectively, where
N; + N, = N. Hence, the modulated signal x is partitioned into two modulated
signals, namely, x; and x,, of lengths n; and n,, respectively, where

n +Tl2 =n.

In the first phase, the source broadcasts the first frame to the relays and
destination node using convolutional encoder | with rate R, = K/nl- If the
relays correctly decode the message they received from the source, they
re-encode it with convolutional encoder Il with rate R, = K /n,- In the second
phase, the source and those relays whose CRC checks transmit the second frame
to the destination. The received copies of the second frame are combined using
MRC and the information bits are detected via a Viterbi decoder based on the two
frames N; + N, = N. We assume that all sub-channels are independent,
orthogonal, and quasi-static fading. We consider two different convolutional
codes, whose generator polynomials in octal form are generally given by
(c1, €3, €3, €4)octar- IN this context, it is implied that encoder | employs (¢, ¢2)octa

and encoder Il employs (c3, ¢4)octal-

During the first frame transmission, the signals received at the relay and the
destination nodes at time t are given by

Tsr,, (t1) = y/Rc, Esg,, hsr,, (Ox(t) + ngg,, (¢), (3.1)

http://www.sciencepublishinggroup.com 41



Cooperative Communication Systems Using Distributed Convolutional-Based Coding

Tsp (61) = \/Re, Esphsp (€)x(t) + ngp (t), (3.2)
where x(t) is the output of the source modulator at time slott (¢t = 1,2,---,ny),
m=12,-,L,L is the number of relay channels, hgp (t) and hgp(t) are

modeled as complex Gaussian distributed with zero mean and unit variance,

representing the fading channels from S to R,, and from Sto D, Esp and Egp
are the transmitted signal energies for the corresponding link, ngp (t) and

ngp (t) represent the complex AWGN on the S—R,, and S — D links,

respectively, with zero mean and one-dimensional variance N, /2.

Now let L' denote the number of relays used for cooperation in the second
phase, i.e., they decode the received message correctly. Accordingly, the received

signals at the destination node at time t are given by

TR, 0 () = ’ CaTiany (L +1) hRmD(t)x(t) + ng, p(0), (3.3)
o (®) = [Re, 25 hsp (OX(0) + i ), (34)

where X(t) is the output of the relay modulators at time slot
t t=n+1L,n+2,,n+ny), m=12,-,L,hg p(t) is the complex

fading coefficient of the R,,, — D link, Ep_p is the transmitted signal energy for

the R,, — D link, anD(t) is the AWGN with zero mean and variance N, (L,il)
is a ratio used to maintain the same average power in the second frame. For

example, when L' = 0, the relay nodes do not transmit. That is, the relay nodes

transmit with energy (Rm and the source node transmits with energy —— ( Note

that the coefficients in (3.3) and (3.4) are functions of L', which assumes that
power control is used. In the absence of power control, L' is replaced by L and

consequently the results obtained will serve as upper bounds. However, at
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sufficiently high SNR, the difference will be small.

In the following analysis, we consider the performance of our coding scheme
over slow fading channels where the fading coefficients remain constant over the

transmission of each frame interval, (i.e., hsg (t) = hsg , hgp(t) = hgp, and

hg, p(t) = hg, p)-
3.2 Upper Bound on the Probability of Bit Error

In this section, we evaluate the performance of our proposed scheme for
L-relay channels in terms of the average BER at the destination. In our analysis,
we consider M-PSK modulation. We first consider error-free recovery at the
relays. Note that this assumption is optimistic and can only be justified under
special conditions (i.e., high SNR or un-faded channel between the source and
relays), however, it can serve as a lower bound on the BER performance. Then
we consider the effect of channel errors at the relays. Only those relays who
correctly decode the message they received from the source node using CRC
code, re-encode it with a different code and send it to the destination node, which
is more realistic to apply. The instantaneous received SNR for non-cooperative
transmission from S to D,

¥o(8) = 2R "2 [hp (DI* = ZReysp (8),
and the average SNR
7o(8) = 2Rc 22 Ellhgo ()] = 2R T (0).

The end-to-end conditional pairwise error probability for a coded system is the
probability of detecting an erroneous codeword X = [%;, Xy, **, X,,] when in fact

x = [xq, x5, -+, x,,] is transmitted. Therefore, for non-cooperative transmission,
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the conditional pairwise error probability from S to D is given by
P(x - R|ysp(t)) =

Q( [t oo (1) = @ [20rsiRe Zeen Yoo ), (35)

where gpgx = sinz(”/M), Q() is the Gaussian Q-function, 1 is the set of all t
for which X(t) # x(t), the cardinality of n is equal to the Hamming distance d

between code-words x and %, ysp (t) = LjvﬂthD (t)|?, and R is the code rate.
0

Under slow fading, hsp (t) = hgp for all t and consequently (3.5) can be written

as

P(dlysp) = Q(\/2gpsk Rcdysp).- (3.6)
In what follows, we derive an upper bound on the probability of bit error for

the coded L-relay channels.

3.2.1 Distributed Coded Cooperation with Error-Free Relays

Under the assumption of free errors at the relay nodes, the instantaneous
received SNR for the channel from S to D for the first frame is given by

E
Yo (®) = 2R, NLS lhsp (O)]* = 2Rc,vsp(0), t=1,2,-,my, (3.7)

and the instantaneous received SNR for the channels from S to D and Rm to D for

the second frame is given by

2R;
yD(t)—(LH)( |hSD(t)|2+Z - IhRmDmI)

yp(t) = (Vso(t) + 2k lyRmD(t)) t=n+1,n +2,-,n +n,; (3.8)

@+1)

E 2 . . .
where yp p(t) = ’;V"(;D |hr, p(t)|". To maintain the same average power in the
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second frame, the relay and source nodes split their powers according to the ratio
1/(L +1).

When the fading coefficients hgp, and hp  are constant over the codeword,

the conditional pair-wise error probability is given by

Re,d
P(dlySDrleD"" :VRLD) =Jq <\]29P5K <R61d1VSD +ﬁ(V5D + Xt VRmD)>>’ (3.9)

where m, is equal to the Hamming distance d; for the two frames,

i=1,2andd; +d, =d.

Using Craig’s formula for Q(x) [59]

M-Dm 2

X
Qx) = —f M exp (— m) de. (3.10)
we can rewrite (3.9) as
P(dlySD'yR1D"" vyRLD) =
p D ~9PsK (RCllerR(fif)Z)ySD L 9psk Rcyd2Y Ry D
;fo M exp oy i exp (—Wsm . )d@. (3.11)

The average pairwise error probability is then given by

M- R d
M o) R d Cz 2
1 gPSK a1t (L+1) Ysp 4
P(d) =—
(d) - f fexp Ssin%o Pysp (Ysp)dYsp
0 0
o —9psk Rcyd2YRy D
£n=1f0 exp (—(L+1)Zsin29 )pyRmD(yRmD)dyRdeel (3-12)

where average p, (y) = Lexpity) isa chi-sequare probability density function
g€ py 7 EXpA

(PDF), and v is the average SNR per information bit.
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Given the moment generating function (MGF) of y [60]

1

by (=) = [ exp(=sp)p, )y = - (3.13)
One can show that (3.12) can be expressed as
M-1)m —1
S R, d
M %2 \ -
1 9rsk (Rcl d; + ﬁ) Ysp
J sin“@
L 9psk Repd2¥Ry 0\ 1
where 7ep = B2 E[|hep|2], and 7p p = SEm2 g |h |2 are the average
Vsp No spl”1, VR,,D No Ry D g

SNRs. If we assume ysp, and yg _p to be large, then (3.14) can be written as

| TTN\T2L2 Rczdz - Rczdz ! N1
P(@) = (sing;) <(L + 1)) Radit o) )
L = —1p DT 2L+2
11k 21 (¥r,,0) ;fo M (sin 6)%+248, (3.15)

which suggests that the diversity order achieved is L + 1 when the channels
from S to the L relays are error-free. Having obtained the pairwise error
probability in (3.15), the BER probability can be upper bounded assuming Gray
mapping as [60]

1 1

< - -
Pb (e) " logy M k¢

724, c(dP(), (3.16)

Where k. is the number of information bits encoded into a trellis transition,
c(d) is the sum of bit errors for error events of distance d, and dy is the free

Hamming distance of the code.
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3.2.2 Distributed Coded Cooperation with Errors at Relays

In this section, we consider the more realistic case in which some of the relays
may fail to correctly decode the message they received from the source, that is,
when their CRC does not check. Obviously, the number of cooperating relays
ranges from zeroto L. Let Q denote the set of indices of the cooperating relays, i.e.,

Q= {jl!jZ' '“!j["} c {1: 21 Y L} (317)
Note that the cardinality of Q is L .

Assuming that ysp, ¥Ysg,» **» ¥sr,» YR,p» " Yg,p are all mutually
independent, the expression for the conditional pairwise error probability can be
decomposed into three parts. The first part corresponds to the case of no
cooperation; the second part corresponds to the case when some of the relays
cooperate (L of them); and the third part corresponds to the case of error-free
relaying, i.e., all relays cooperate. As such, the conditional pairwise error

probability can be expressed as

P(dlySDv]/SR1t"'tySRLtleDt"'tyRLD) =0 <\/2gP5K(R(Jld1 + Rczdz)YSD>

L
. l_[ Q ( /ZQPSKRcldIVSRm>

m=1
L1
+ Z 1_[ Q < /ZQPSKRcldWSRj) 1_[ (1 -q < ’ZgPSKRQ leSR].))
L'=1 JE€Q JEQ

JEQ

|

/ d R, d \
Q\ 2gpsk RCldl ﬁ) (Lci ;)ZVRD )
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+ ﬁ (1 -Q ( ’ZgPSKRcldIYSRm)>
m=1

Rc,d2
(L+1)) Vsp

.Q \/ZgPSK <(Rcld1 +

(3.18)

(L+1)

fnl)’Rm ) .

Now, using (3.10), (3.18) can then be written with the help of [6] as

(M-1m

M
1
0

L
gpsi (Re,dy + Re, dz)Vsn) 1_[ 1
L ag | |=

sin“@ T

.exp <_

m=1

- 2
sin 9]-

RCde
—Jpsk <Rc1 di + T+ 1)> Ysp
sin%g

.exp

sin“@

Rc,d2
—gpsk (Rc1d1+(L2T1))ysn
.exp — exp (

48

—9psk Re, d1V5Rj

—9psk Re, d1Vsg,

—9psk R, d1Vsr,,
sin6,,

—gpsk Repda o,
(L+1)sin’6

M-1m

—9psk Re, dﬂ’szem)
sin%6,,

\

g

- 2
sin 9]-

’d91
jn

—gpskRc,dz Z y 40
(L' + 1)sin®6 Rib

)

M-

/

S

)ao.  (3.19)

m=1VYRyD
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Assuming ¥sg_, Vg, p, and ysp to be large and using the results of Appendix
A, the average pairwise error probability can be simplified to
M-1)m

M
f sin‘0do
0

-2
N (sin%) Fsp) ™' 1
" (Re,dy +Reydy) ™

in“e,,do,, |

(M—-1)m

(o) (1) "1

! f sin6.do
Re dy T N6
0

(sin2) " (7o) 1 jM R (s
T R¢,d;
0 (Rets + %)

-2 B 1
% fM sinzel_[ (Sin%) Z(L +1)(YRJD) sin’6 d9|
0

jeq Re, dz J

M-1)m

\-2L-2
(SIHM)
Re,d;
(Reves + 755)

+ ﬁ 1- (sin %)_2 (Fsr,) "

M
1 f in%e, do
— Sin
RCldl Vs 5 m m

L _ M-1)m
( e ) (Fsp) ™! Hﬁq:1(]7RmD) I%fo M (sin 8)2L*2d0. (3.20)

RCde

When ygp ~is very large (i.e., ysg — ), all the relay will have perfect
detection, and thus (3.20) will be the same as (3.15). This is true since the first

two terms of (3.20) go to zeros. However, it should be noted that when ysp is
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very small, there will be a loss in diversity but the system still offers large coding
gains relative to the non-cooperative case. By substituting (3.20) into (3.16), one
can obtain an upper bound for the probability of bit error.

3.3 Outage Probability Analysis

The outage probability, P,,,, is another standard performance criterion for
systems operating over slow fading channels [61]. With quasi-static fading, the
elements of the sequence {y} of block SNRs are exponentially independent and
identically distributed (i.i.d.) with average SNR y. We assume that each
codeword is divided into two sub-codewords which may not be of equal length.
We denote by S the fraction of time that the source transmits in the first frame
and by (1 — B) the fraction of time that the relays and source transmit in the
second frame. During the first frame, the source transmits with rate

R¢, = R¢/PB code, while during the second frame, the source and relays transmit
with rate R, = R¢/(1 — pB) code, where the ratio § (0 < 8 < 1). Therefore,

in this section, we derive the outage probability of the proposed scheme for

L-relay channels.

First, let us consider non-cooperative direct transmission between the source
and destination. During this transmission, the instantaneous capacity
C(ysp) = log,(1 + ygsp) [27]. If arate R, code is used, then the channel will be
in outage whenever C(ysp) < R¢, where {C(ysp) < R} is called the outage
event. The outage probability is found by integrating the PDF of ys, over the

outage event region, that is

2Rc—q

Poue = Pr{C(ysp) < Rc} = Priysp <2fc -1} = f Pysp (Vsp)d¥sp
0
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= IOZRC_liexp (_VVS—S;) dysp =1—exp (liZRc)' (3:21)

Ysb YSD
In what follows, we derive the outage probability for both error-free and

erroneous detection at the relays.

3.3.1 Distributed Coded Cooperation with Error-Free Relays

If we consider ideal source-relay links, i.e., no errors at the relays, then the
destination node will receive a transmission from source and relays. Thus, outage
occurs whenever

C(VSnyRmD) <Rg, (3.22)

Where

a-)
C(¥sp) Yk,p) = l0ga [(1 +vsp)’ (1 + (ZSTDD + X1 ]Effli;) ] (3.23)

The outage probability, P,,;, can then be evaluated over the outage region in
(3.23) as

)(l—ﬁ)

YRm
Py = Pr {(1 +vsp)P (1 + (Zibn + Xk (SHL;

< ch}. (3.24)

Since vsp,Yr,p,Yr,0, "> YR, p 1N (3.24) are always greater than or equal zero,

then
Ysp < R =D)L +1) £ 4y, (3.25)
Yoo < (2(1%) _ 1) L+1) 24, (3.26)
where m = 1,2,---, L.

Now using (3.25) and (3.26) in (3.24), the outage probability is given by
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Aq

out _f Eexp sp )d]/SD
L
l_[ ()71210) o ( ]]:iz ) 1_[ Veno
L /42 1 v
- ~VRpnD
(- GO (5o
= (1 —exp (%)) L <1 —exp <$)). (3.27)

To show the diversity in (3.27), we consider Taylor series expansion of exp(x).

In particular, we consider the first two terms of this expansion. As such, P, ,

can be approximated as

L
4 Az

Ysp o 5 VRmD

Pour =

Rc L -1
z(2RC—1)(L+1)[(2(ﬁ)—1)(L+1)] Fsp) " Tt (7, 0) " (3.28)

which suggests that the diversity order is L+1 when the channel from S to Rm is

error-free.

3.3.2 Distributed Coded Cooperation with Errors at Relays

When a relay is successful in decoding the received message, then that relay
will not be in outage, which translates into the following event:
C(¥sr, ) = Bloga(1 + ¥sg, ) > Rc. Otherwise, the relay will be in outage. Thus,

we can write the end-to-end outage probability at the destination given the two

phases of transmission as

52 http://www.sciencepublishinggroup.com



Cooperative Communication Systems Using Distributed Convolutional-Based Coding

Rc
P = Pr{(L+y5p)f (L +y5p) 0 < 2%} [ pr {VSR,,, <2F - 1}

m=1
L-1 Re Re
+ Z nPT{VSRi<2ﬁ —l}nPr{ySRj>2/3 —1}
=170 |jed je
a-pg)
B 1 R
Pri(@+ysp) |1+ T+D Ysp + ZVRD <27
JEQ
L
+1_[P {ySR >23 —1}
m=1
a-p)
Pr {(1 + ¥sp)P ( (L+1) [VSD +Xho 1YRmD ]) < ZRC}- (3.29)

Note that the first term in (3.29) corresponds to the case when all relays are in
outage; the second term corresponds to the case when some of the relays are in
outage; and the third term corresponds to the case when none of the relays are in
outage. It should be clear here that in all three cases the destination is in outage.

The expression in (3.29) can be written in a more compact form as

L Re - Rc
1-28 1-28
Py =111_[ 1—exp Z 1—exp| —
Vsr;

m=1 =1 ;en

H]egexp< )Iz(])

where Iy, I;(j), I3, using Appendix A, are given by

Rc
+ I3 1 = exp (1__2 i ), (3.30)

YSRm

L =1—exp ((1:2&) (3.31)

Ysb
—2Re ([
L) = (1 ~exp ((1 2 _)(L + 1)>>
Vsp

http://www.sciencepublishinggroup.com 53




Cooperative Communication Systems Using Distributed Convolutional-Based Coding

<1 Z(R_CB)>(L'+1)

Jljea| 1 —exp o , (3.32)
— 72Rc
L= (1 ~exp ((1 2 _)(L + 1)))
Vsp
<1 z(R_Cﬁ)>(L+1)
met| 1—exp| ~———t—r (3.33)

YRm D

Upon applying Taylor series expansion of exp(x), and considering only the
first two terms of this expansion, the outage probability in (3.30) is given by

L

Rc L _
Py = (2Rc —1) <2F - 1) Fsp) 7! 1_[()75}2,”) '

m=1
R¢
L-1 ke 9 <1 — 27)
+ Z 1_[<2F— 1) (7sr,) n 1+~ | @re )@ +1)
=10 |jea jea Vs
Rc
Re [0
'()75[))_11;1[((2(7)_1) @ +1) (7,0) ) +11n_=[1 14~ 2~ -~

L
(2R —1)(L + 1)((2(@ ~1)e+ 1)) Tso) " T (7o) ™. (3.34)

Similar to the argument used for (3.20), when ysp ~are very large, (3.34)
reduces to (3.28), which proves that the diversity is L + 1 with perfect detection
at the relays. When ygp ~ are very small, however, the diversity gain diminishes

and the system will only offer SNR gains relative to the non-cooperative case.
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3.4 Simulation Results

In our simulations, we assume that the relay nodes operate in the DF mode. For
simplicity, BPSK and quadrature phase shift keying (QPSK) modulations are
assumed. The different sub-channels between the source, relays and destination
are assumed to be independent flat Rayleigh fading channels. Also, we consider a
quasi-static fading channel where the channel coefficients are fixed for the
duration of the frame and change independently from one frame to another. In all
simulations, otherwise mentioned, the transmitted frame size is equal to
ny = ny = 130 coded bits.

The convolutional code used is of constraint length four and generator
polynomials (13, 15, 15, 17) ., [44]. When the relays cooperate with the source

node, the source transmits the codewords corresponding to rate 1/2, (13, 15)

octal
convolutional code to the relay and destination nodes in the first frame. The relay
nodes receive this codeword and decoding is performed to obtain an estimate of the
source information bits. In the second frame, the relay and source nodes transmit
the codewords on orthogonal channels corresponding to rate 1/2, (15, 17)octl

convolutional code to the destination node.

In the analysis, we assume different SNRs between the source and the relay
nodes, which is the most general case. This incorporates different network
topologies and distances between the source and relay nodes. However, for
simplicity, we assume in the simulations that the average SNRs for all
sub-channels  between the source and relay nodes are equal
(Vsr, = Vsr, = " = ¥sr, = Vsr = ¥Yrp)- Also we assume that the R-D and S-D
channels have equal SNRs, i.e., ¥sp = ¥rp = Ep /Ny, but the S-R SNR, y5p, can
be different.
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The union upper bounds on the average bit error probability of the proposed
coding scheme operating in the error-free DF mode at relay node for different

values of dmax are shown in Figure 3.3. The code polynomials (13, 15, 15, 17)

octal
and the free distance of this code is df,., = 13. We also include in the figure, for
comparison, the simulated BER results of the proposed coding scheme operating

in the error-free DF mode.
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Figure 3.3 Comparison of analysis and simulated BER with error-free detection at
relay node for different values of d,,,,, ; code (13, 15, 15, 17)oa With R¢, = R, = 0.5.

Figure 3.4 shows a comparison of the simulated BER and the analysis in (3.15)
and (3.16) for L = 1, 2 relay channels, and M = 2 (BPSK) operating in the
error-free DF mode at all relay nodes. In the figure, we include the performance
of non-cooperative system as a reference. In non-cooperative case, the source
uses convolutional code (13, 15, 15, 17) Of rate 1/4. As shown from these
results, for SNR values as high as 10 dB, the analysis is quite tight when
compared to simulated results. Also, the diversity gain achieved using different

number of relays is evident from these results.
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Figure 3.4 Comparison of the simulated BER and analysis for the proposed coding
scheme for L = 1, 2 relay channels, and M = 2 (BPSK)
with error-free detection at relay nodes.
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Figure 3.5 The BER performance comparison of proposed coding scheme and the
schemes I, Il in section 2.2 for L = 1 relay, M = 2 (BPSK)
with error-free detection at relay node, and 75z = 8 dB with relay errors.
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Figure 3.5 shows the BER performance comparison of the proposed coding
scheme and the schemes I, Il in section 2.2 for both erroneous and error-free
detection at the relays. In this figure, we assume L=1 and M=2 (BPSK). To
maintain the same average power in the second frame, the source and relay nodes
divide their power according to the ratio 1/ (L + 1)=1/2. As shown in the figure,
the performance of the proposed coding scheme is 3 dB better than the scheme 1.
The performance of the scheme Il is 0.5 dB better than the scheme I. The 0.5-dB

penalty incurred is due to the use of RCPC code.

Intuitively, when the links between the source and relays are error-free, the
system mimics a MIMO system with L+1 transmit antennas where full diversity
is always achieved (assuming independent fading channels). On the contrary,
when the transmissions from the source to the relays are subject to channel errors,
the loss in diversity is mainly a function of yg. This is clear from Figure 3.6,
where we show the same performance plots as a function of ysp with equal
transmit power from the relay and source nodes (i.e., in the second frame). The
BER curve when the relay is error-free, having diversity order two, is also shown
for comparison. The loss of diversity can be clearly observed when the relay is

relatively far from the source, resulting in a low ysp.

Figure 3.7 shows a comparison between the simulated and the BER upper
bound corresponding to (3.16) and (3.20) for L=2 relay channels, and M=4
(QPSK) as a function of ygg with equal transmit power from the relay and

source nodes (i.e., in the second frame).

Figure 3.8 shows the outage probability in (3.28) for the proposed transmission
scheme (see Figure 3.2) for L =1, 2, 3 relay channels. In this figure, we consider
error-free recovery at the relays. As shown, the diversity gain achieved using
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different number of relays is evident from these results.
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Figure 3.6 Comparison of analysis and simulated BER for slow Rayleigh fading,
L=1 (one relay), M=2 (BPSK), and different . with relay errors.
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Figure 3.7 Comparison of analysis and simulated BER for slow Rayleigh fading,
L=2 (two relays), M=4 (QPSK), and different ys, with relay errors.
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Figure 3.8 Outage probability for slow Rayleigh fading for L = 1, 2, and 3 relay

channels with error-free detection at relay nodes, ysp = yrp = —b.
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Figure 3.9 Outage probability for slow Rayleigh fading, L = 1 (one relay),
S = 0.5, and different y5; with relay errors.

Finally in Figure 3.9, we present the outage probability in (3.34) when the
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effect of channel errors at the relay is considered. In this figure, we assume L=1
relay), and g = 0.5. It is clear from this figure that ys, as gets larger, the
performance converges to the ideal error-free case. We noted that for
Vsp > 25dB the diversity order is approximately two. However, for
¥sr = 25 dB this diversity order is slightly reduced. Also when ysp decreases

to 5 dB, the overall diversity order drops to one.
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