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ABSTRACT

Cooperative communications (CC) have received a great deal of attention recently as an efficient way to obtain the spatial diversity
without physical arrays. Thus, space-time block codes (STBC) which are well-known for use in co-located multi-antenna systems can be
still utilized for single-antenna users in a distributed fashion. In this paper, we propose a cooperative signaling structure using the 3-rate
STBC and derive closed-form BER expression which takes the effect of network geometry and transmit power constraint into account. A
variety of simulated and numerical results demonstrated the cooperation considerably outperforms the direct transmission when partners are
located in appropriate positions.

Key Words : Cooperative Communications, Rayleigh Fading, AWGN, Network Geometry, STBC

1. Introduction

Broadcast nature of wireless medium makes many
wireless users be able to receive the same signal
Relaying the
signals they obtain to an intended destination forms a virtual
antenna array by chance and thus, a spatial diversity is

achievable. Such kind of diversity is called cooperative

simultaneously from a certain transmitter.
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diversity [1]-[14]. Different from co-located multi-antenna
systems where the antenna spacing is usually insufficient to
eliminate the correlation between transmitted signals,
cooperative communications among single-antenna users far
apart to each other makes it possible (the receiver gets
several copies of the
independent paths).

original information through
Moreover, the intermediate users are
normally located near the source or the destination and so,
path-loss reduction can assist the information transmission
more reliably.

Space-time block coding (STBC) can achieve full transmit
diversity specified by the number of transmit antennas while
allowing a very simple maximum-likelihood decoding
algorithm, based only on linear processing of the received
signals [15]. As a result, it has attracted a considerable
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attention in recent years as a powerful coding technique to
mitigate fading in wireless channels and improve robustness
to interference. However, its advantages are unachievable in
some cases where wireless mobiles may not be able to
support multiple antennas due to size or other constraints
[1]. An efficient way to overcome this problem is to exploit
the above mentioned cooperative communications.

In this paper, we propose a cooperative signaling structure
to take advantage of the $-rate STBC. This is possible when
two idle users, namely relays, agree to cooperate with the
source to form a distributed antenna array. In addition, we
introduce the decoding technique as well as the exact BER
expression formulation under the strict power constraint.
Moreover, the network geometry is considered. The
numerical results show that the cooperation is not always
better than non-cooperative counterpart unless the relays are
located in proper positions.

The rest of the paper is organized as follows. Section 2
presents a cooperative signaling structure as well as the
closed-form expression derivation for the error probability.
Then the numerical and simulation results that compare the
performance of the proposed cooperative communications
with direct transmission are exposed in section 3. Finally,
the paper is concluded in section 4.

2. Proposed cooperative transmission protocol

Consider a cooperative transmission in a generic wireless
network where the information is transmitted from a source
mobile S to a destination mobile D with the assistance of
two relay terminals. All terminals equipped with single-
antenna transceivers share the same frequency band and
each terminal cannot transmit and receive signal at the same
time. Time division multiplexing is used for channel access
and the signal format of each entity is shown in the Fig. 1.

Relay 1
Source Zi2| Ziy] Zia | 213
Xi1| Xa| X3 Xs Relay 2

~Z23 | 24| 224 | ~Z22

Time slot 1 Time slot 2

(Fig. 1) Proposed cooperative signaling structure

For simplicity of exposition, we use complex baseband-
equivalent models to express all the signals. During its own
time slot (represented as time slot 1), the source terminal
broadcasts four BPSK-modulated symbols X1, Xz, X3, 34

which will be received by the destination and two relays.
Assuming that the channels among users (inter-user
channels) and between the users and the destination
(user-destination channels) are independent of each other.
Moreover, all channels experience frequency flat fading and
are quasi-static, i.e. they are constant during a 4-symbol
period and change independently to the next. Therefore, the
signals received at the destination and two relays have the
common forms as follows

Vsin = EolgX, + A (1a)
Vsip = EglgiXy + g5 (1b)
Vsiy = EgQgXs + Hg; 5 (1c)
Vsig T EglgXy + g4 (1d)

where

® vy is a signal received at the terminal { from the source
S during the fh symbol duration (i=I, 2, D mean relay I,
relay 2 and the destination D, respectively); j=1, 2, 3, 4.

® g5 is a fading realization associated with each link from
the source S to the target i which is assumed to be a
Rayleigh-distributed random variable with average fading

2
power Asi.

. . . . . 2
® 1, is a zero-mean additive noise sample of variance s
at terminal i in the j* symbol interval.

o &%=vE isan amplification factor at the source where

Ps is average source power.

In the second time slot, the relays are to simply amplify
the signals received from the source and forward them
simultaneously to the destination. These amplified signals
obey the format in Fig. 1. Specifically, they are given by

Zij =& Vs (2)
Here i=1, 2 represent relay 1 and relay 2, correspondingly; &
is the scaling factor at relay { which is chosen as

oo B \/ B
' El,ys:',er Ps/i‘zs:' + O';' (3)

where P; denotes the average power of the relay i and E/.7
represents an expectation operator. Selection of & as in Eq.
(3) ensures that an average output power is maintained [9].

The signal processing at terminal D must be delayed
until the relays have transmitted signal sequences zy; In
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order to avoid inter-symbol interference at the destination
terminal, we assume that the time delay between the two
propagation paths containing a relay is negligible. After
collecting all signals from the relays, the D is to simply add
the relays’ received signals synchronously together with
those from the source which are delayed a time-slot duration
on the symbol-by-symbol basis. For further simplification,
we drop the time indices. Then the signal sequence of 4
consecutive symbols received at the D are given explicitly
by

h= (_ QApZ1 ) —CypZy3 T 1y, )+ (gOaSDxI + ”so,l)

from relay 1 and relay 2 in the 2nd time-slot _from the source in the 1st time-slot

_ _alu[gl(as1gox2+ns1,z)]_ +(sa . +n )
- azu[gz(aszgox3+”sz,3)]+no,1 ospT TR

= EgspXy — E9& U pU g Xy — EoEy 0o gy Xy —

Q& Hg ) — o pEaligyy TRy 1 (4a)

= (amzu +QpZs 4t hp, )+ (goasnxz + nSD,z)

[ @b [gl (as180x1 +hg) )]+

= + (Soasoxz +h5p, )
[azo[gz (as250x4 +h54 )]*nu,zj
=EgOgpXy + EE A p A Xy T EGE Xy p A5y Xy +

Q pE N, + ypEallss s + Mspa +Hp, (4b)

= (_ QpZ 4+ AypZy i )+ (goasuxa +Hsp3 )

_alD[gl (as1gox4 + n51,4) +
%y [‘92 (aszgoxl + R, )]"' Pps

) + (goasuxs +hsp3 )

= EgQgpXs — EgE\ U g Xy T EGEL A p gy X, —

A p&\ Mgy 4+ Oy pExHg,y | T g3+ 155 (4c)

n= (alDZ],S —OpZyy tHp, )"' (goasaxzz + nSD,4)

alD[Sl (a5180x3 +n51,3) - ( )
& spXy +gp
'f'l’lDy4

(aw [52 (aszgoxz LT )]
=& AgpXy 88\ g Xy — E 8,y plgy X, +

A pE Mgy 3 — Ay 8y gy HHgp s TG (4d)

where anp are path gains of the channels between relay m
and the destination D; m=1, 2.

In the above expressions, np; is an additive noise sample
at the destination in j* symbol duration of time slot 2. The
quantities np; are modeled as zero-mean complex Gaussian

random variables (ZMCGRVs) with variance €. ;D_ Also, due
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to the assumption of slow and flat Rayleigh fading, g.p are
Rayleigh-distributed random variables with average fading

powers Ao
To take the effect of path loss into account, we reuse the
same model as discussed in [14] where

Here dj is the distance between transmitter i and receiver j
and B is the path loss exponent. For free-space path loss,
we have 5=2 and only this case is considered in the sequel.

We can rewrite the received signals r; in more compact

forms as

no=hx = hyx, —hx +n (5a)
ry=hx, +hyx +hx, +n, (5b)
r=hx,—hx, +hx +n, (5¢)
re=hx, +hyx, —hx, +n, (bd)

by letting
h =&,05, (6a)
h, = &6, 50 (6h)
hy = £06,0,p0, {6¢)
y =—QpENg 5 — Ay pEalgy 3 T gy + Ay (6d)
N, =QpE NG + 0L pEg, 4 F gy, + 1, (6e)
Ny =—Q €N 4 + Oy pE NG, | + g3 + 15 (6
Ny =0 &g 3 = Ay p&yigy 5 + gy 4 +1p (6g)

Due to the fact that all additive noise r.v.'s are mutually
independent of each other, conditional on the channel
attenuations, n; (j=1, 2, 3, 4) are also independent ZMCGRVs
with the same variance

2_ 2 22 2 2 2 2
O, = Q& Oy + 6,05, + 20y,

_ 22 2 2 2
=ag o5 the,05, +20g, (7
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where a=a/,, b=a3, are exponentially distributed r.v.'s
with mean values Aip»Aap; that is, fa(a)zﬂae_lﬂﬂ,
5HB)=4e™ i which o b = 0 and A =1/44,
Ay =1/ ﬂ;u, are pdf’s of r.v.’s g, b, respectively.

Eq. (5) is actually equivalent to the analytical expressions

of the STBC of code rate $ with transmission matﬁx given
by

XX, X X,
-X, X —X, X

-X; X, X —X,

As a consequence, the maximum likelihood decoding can
be applied and results in the decision statistics for the
transmitted signals x; as [15]

X = Z;vigj(i)rjh¢j(,.)

jexli

8

where (= 1, 2, 3, 4, x(i) is the set of columns of the
transmission matrix in which x; appears; @i} represents the
row position of x; in the j"h column and the sign of x; in the
7™ column is denoted by sigj(i). Specifically, we have
X, =nh +nh, +rh,
= (B2 + B2 + 12 Y, + Bn, + hony + By,

=Ax + N, o (9a)

X, =~rh, +r,h —r.h,
= (2 + B2 + 12 Jx, —hym, + by — o,
=Ax, + N, (9h)

X, =-nh+rh +rh,
=(n2 + B2 + 12 Yo, by, + my + By,
=Ax, + N, {Sc)

X, =rhy —rnh, +rh
= (B2 + B2 + B2 Y, + hyn, — hymy + By,
=Ax, + N, (9d)
Here
N, =hn +hn, + hyn,
N, =-hn +hn,—hn,
Ny =-hn +hn, + hyn,

N, =hn, —hyn, + hyn,

A=hl+h+h

=u+v+k
U= g0 (108)
V= 535120‘120“;1 = ggglzaaéz‘l (10W)
k=e58505,05, = g,6,bag, (10c)

Eq. (9 shows that the proposed cooperative transmission
protocol can provide exactly performance as the 3-level
receive maximum ratio combining.

It is straightforward to infer that N; (j=1,234) is also
independent ZMCGRYVS, given the channel realizations, with
the same variance

oy =40, (11)

By observing Eq. (9), we find that x; are attenuated and

corrupted by the same fading and noisy level, their error

probability is equal. As a result, BER (bit error rate) of x; is

sufficient to evaluate the performance of system, For BPSK
transmission, the recovered bit of x; is given by

% = sign(Refz, })

where sign(.) is a signum function and Re{.} is the real part
of a complex number.

Then the error probability of x; conditional on channel
realizations is easily found as

P =027) (12)

where 7 =2/ 0'1%/ =A/ 0'3 can be Interpreted as the
signal-to—noise ratio at the output of Gaussian channel.

To find the average error probability, we must know the
pdf of Y. Expressing Yy explicitly results in the following

formula
A _u+tv+k
o, o,

Since & . is a function of only two r.v.s a and b, we can
find the pdf of utv+k given a and b. From Eq. (10), we
realize that u, v and k have exponential distribution with

mean values 53@0, 535120/1;, £56:b%5;  that is,
fw)=AeH ,fv(V) =A™ ,fk(k) =4e™ i which
A, =Wei ), A =1leietaky), 2 =1e0e3b%s) and o
v, k=0, are pdf’s of r.v.'s u, v, k, correspondingly.

The pdf of w=utv is computed by using convolution
theorem
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Then repeating that process, we can obtain the pdf of
A=wtk as

£:(A)= £ (A)= £,(2)

= j'u A e—lvl _ j'v
a-A PR

v

Ao :| ° (l,‘e‘m)

—u]_ A _AA [e-m_ e-m]

A,
Fhern A=Ay A=Ay

/1 -4, l /1
_ A AL A, = 2) - (4, =2 ) e (4, ~ 4,)]
- (=44 =27, — &) 13)

where is the convolution operator.
Finally, the pdf of ¥ given ¢ and b is easily found as

e‘ixaz}’ (ﬂ‘u - J'v )_
e“v”i?’ (;{’u - /’i’k )+

e_}mg’%y (ﬂ’v - ﬂ'k )

ol A A,

Fyas(Hasb)= (4, =404, = A4 XA - 4)

Now we can calculate the average error probability as
follows

P = I J.R?frlavb(ﬂa,b)d}/:lfa(a)fb(b)dadb (14)

where the integral inside the square bracket can be reduced
as

?Q(ﬁ)ﬁfzkﬂw-——___l ;)é o
| E——

J (A4, -4, X4, ,1)
“ iy A,
JQ(M)Uflue Ao md

1/1)(/1 1{1\/:}

Ay [l
204, -4, XA - A)| 1+o:/1u (15)

By replacing the term in Eq. (15) into Eq. (14), we obtain
the closed-foom BER expression for the proposed
cooperative transmission scheme. The integrals in Eq. (15)

o HEAINM # STBCE AT 3Nz TR0 2ot 17 869

can be approximated as sums [16].
For the case of non-cooperation (without relays), the
average BER is given by [17]

P =l 1_ RY/?'?S'D/O-;D
a2 1+ P Ag, /G;D (16)

3. Numerical Results

For a fair comparison, it is essential that the total
consumed energy of the cooperative system does not exceed
that of corresponding direct transmission system. This is a
strict and conservative constraint; allowing the relays to add
additional power can then only increase the attractiveness of
cooperation. Therefore, complying this energy constraint
requires P1:Pz:Ps/2.

Monte Carlo simulations are performed to verify the
accuracy of the closed-form BER expression in Eq. (14).
The results are shown in Fig. 2 where the locations of
entities in the network are depicted in Fig. 3 and D1=D2=05.
The direct path length S-D is normalized to be 1 and the
angle between the S-D path and S-R; (or S-Ry) path is h’.

In addition, the noise variances at the relays and destination
2
=05 =1 In all relevant

figures, the x-axis represents the global signal-to-noise

2 2
are set to be equal@sp =Os

ratio SNR=Ps/ .

Fig. 2 reveals that the simulation results are consistent
with the theoretical ones in Eq. (14). This proves that the
analysis is completely exact. Also, Fig. 2 compares the
performance between non-cooperation and the proposed
collaboration with respect to different relay positions. We find
that the network geometry -which is closely related to the
path-loss significantly impacts on the quality of the received
signal. Scenarios where the relays lie near the direct link S-D
h < &P provide the considerable benefit for the cooperation
over the whole range of SNR since the cooperation achieves
both possible advantages of spatial diversity (diversity order
of 3) and path loss reduction in comparison to the direct
transmission. Moreover, because the slope of BER curve of
steeper than that of
non-cooperation, the BER enhancement keeps dramatically

the cooperative scheme is
increasing proportionally to the increase in SNR. However in
other cases where the relays are far away from the source
and the destination, the cooperation can be negligibly
beneficial or even worse than the direct transmission. As an
illustration, the case of A=8P shows the cooperation’s
inferiority to non-cooperation for the low values of SNR.
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Fig. 2 BER performance of the proposed model for D1=D2=05

DI % D2

RS

Fig. 3 Network geometry for BER evaluation in Fig. 2

Cooperation performances for some typical relay positions
D1=0.1 (both relays are on the half plane close to the source)
and D1=09 (both relays are on the half plane close to the
destination) are demonstrated in Figs. 4 and 5, respectively.
For DI1=01, the cooperation is superior to the
non-cooperation over the whole range of SNR and for any h.
In addition, the cooperation performance is slightly degraded
with respect to h. However as D1 increases (D1=0.9), the
cooperation is significantly deteriorated with h and even is
worse than non-cooperation for h greater than 60° at the low
SNRs. This comes from the fact that when the relays are far
away from the source, the path loss increases and the noise
amplification at relays is considerably enhanced, leading to
the performance degradation at the destination.

In general, the relaying cooperation is usually expected to
reduce the path loss, corresponding to the situation that the
relays are placed closely to the source or the destination, and
make use of spatial diversity at most. Therefore, it is better
to cooperate with the relays on the direct link S-D. Fig. 6
investigates the performance degradation of collaborative
communications in the signal attenuation due to the path
loss when the relays move apart from the source (LI and L2
change where Ll=dsm1 and L2=dsge). It shows that the

symmetric scenarios; that is, L1 approximates L2, such as
(L1=01-L2=09), (L1=03-1.2=06), (L1=03-12=0.7) and
(L1=05-1.2=05), offers the better performance for the
cooperation than the others ((L1=0.1-1.2=0.3),
(L1=0.1-1.2=05) and (L1=0.1-12=06)). Although the
performance is deteriorated due to inappropriate locations of
relays, the cooperation always outperforms non-cooperation
for any value of SNR.

v Noncooperatlon
©  Cooperation:h=20
Cooperation:h=40
~—O--- Cooperation:h=60 |
Cooperahon h= SOJ

1
%
1
|
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1
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w
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) 3 6 9 12 15 18 21 24
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Fig. 4 BER performance of the proposed model for D1=0.1
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Fig. 5 BER performance of the proposed model for D1=0.9

4. Conclusion

$-rate STBC in the
cooperative transmission scenario was presented and its

Performance analysis of the

closed-form error probability expression was also derived.
Under the Rayleigh fading channel plus Gaussian noise, the
numerical results demonstrate that the proposed cooperation
considerably improves the performance over the non—
cooperation regardless of the faded noisy inter-user
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channels. Moreover, the receiver structure with ML detector
can be implemented with negligible hardware complexity.
Therefore, deploying STBCs in the distributed diversity
manner is feasible and is a promising technique for the
future wireless networks where there exist idie users to take
advantage of system resources efficiently.
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Fig. 6 Performance comparison between non-cooperation and
proposed model with relays on the direct path
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