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Abstract— Cooperative communication can be used to reduce
the transmit power of distant mobile units, compared to con-
ventional direct transmission, given the same quality-of-service.
However, imposing the constraint of having orthogonal trans-
mission for the source and relays leads to large delay in TDMA
systems. For a network ofN mobile units, the transmission delay
would be N(N +1)/2. In this work, we propose a location-aware
cooperation-based scheme that aims to reduce transmit power of
distant mobile units while maintaining a low transmission delay.
The scheme utilizes a linear network coding protocol, where each
mobile unit applies linear network coding to a set of transmit
symbols that it has received previously. At the base station,
multiuser detection is used to decouple the transmit symbols.
Both decode-and-forward and amplify-and-forward cooperative
protocols are considered. We show that our proposed scheme
achieves a comparable bit-error-rate performance with the con-
ventional cooperation-based TDMA scheme while requiring a
delay of (2N − 1) time slots, a substantial reduction in the
transmission delay.

I. I NTRODUCTION

In the nature of wireless communications, information from
distant mobile units (MUs) to a common base station (BS)
requires more transmit power in direct transmission. The
additional transmit power is to compensate the large scale
fading in order to provide a comparable quality of service
(QoS) to that of the close ones. Diversity techniques such
as time diversity, frequency diversity, and spatial diversity can
result in reduction of transmit power. Among these techniques,
spatial diversity achieved by cooperative communication has
become recently attractive.

In cooperative communication, MUs in a network acting
as relays can process the transmissions overheard from other
units. The distributed antennas among the relays are used
to provide spatial diversity without the need to use multiple
antennas at the source. Various cooperative diversity protocols
have been proposed and analyzed in [1]-[6]. Decode-and-
forward (DAF) and amplify-and-forward (AAF) protocols for
cooperative communications are explained in [1]. In DAF pro-
tocol, each relay decodes the overheard information from the
source, re-encodes it, and then forwards it to the destination.
In AAF protocol, each relay simply amplifies the overheard
signal and forwards it to the destination. The symbol error rate
(SER) for single- and multi-relay DAF protocol was analyzed
in [2], [3]. In [4], [5], various relay selection schemes have
been proposed that achieve high bandwidth efficiency and full
diversity order. Finally, distributed space time codes for DAF
and AAF protocols have been proposed and analyzed in [6].

Cooperative communication with its ability to achieve spa-
tial diversity can be used to reduce the transmit power of dis-
tant MUs to a common BS in location-aware networks, where
locations of nodes are taken into consideration to improve

network performance. However, the constraint that source and
relay transmissions are over orthogonal channels such as time
division multiple access (TDMA) leads to a large transmission
delay. For a network ofN MUs, the transmission delay would
be N(N + 1)/2. In this work, we propose a location-aware
cooperation-based scheme that aims to reduce transmit power
of distant MUs while maintaining a low transmission delay.
The scheme uses network coding, where each mobile unit
applies linear network coding to a set of transmit symbols that
it has received previously to form a unique signal and transmits
it to the BS. At the base station, multiuser detection is used to
decouple the transmit symbols. Both DAF and AAF protocols
in cooperative communications are considered in our proposed
scheme. For the validation purpose, the performance analysis
is based on BPSK modulation; nevertheless, the extension to
general M-PSK and M-QAM can follow directly. We show
that our proposed scheme achieves a comparable bit-error-rate
(BER) performance with the conventional cooperation-based
TDMA scheme while it requires a delay of(2N−1) time slots,
a substantial reduction in transmission delays. Note that only
simple detection is required at MUs in our proposed scheme.

This paper is outlined as follows. After this introduction sec-
tion, our proposed location-aware cooperation-based scheme
for DAF and AAF protocols are introduced in Section II.
Multiuser detection used in our proposed scheme is presented
in Section III for both DAF and AAF protocols. The perfor-
mance analysis is presented in Section IV to provide a close-
form BER expression for DAF protocol and a conditional
BER expression for AAF protocol. These expressions then are
used in Section V to obtain analytical and numerical results
that validate our proposed scheme. Lastly, we draw some
conclusions in Section VI.

II. L OCATION-AWARE COOPERATION-BASED SCHEME

USING L INEAR NETWORK CODING

We consider an uplink problem of a wireless network
consisting ofN MUs U1, U2, ..., UN and a BSd (destination)
as in Figure 1. Without loss of generality, we assume the MUs
are numbered in the decreasing order of the distance to the BS.
The purpose forU1, U2, ..., UN is to transmit a set of symbols
x1, x2, ..., xN to the BS. Due to large scale fading in direct
transmission,x1 andxN require the most and the least transmit
power, respectively, to provide a comparable QoS.

This proposed scheme aims to provide distributed spatial
diversity to the network to reduce the total transmit power
while maintaining a low transmission delay. In this scheme,U1

with farthest distance seeks help from all hopping terminals,
U2 with the second farthest distance seeks help from all
hopping terminals other thanU1, and so on.UN with closest



Fig. 1. A wireless network consisting ofN mobile unitsU1, U2, ..., UN

and a base stationd.

distance operates under direct transmission mode. We consider
both DAF and AAF protocols with the use of network coding
at MUs to achieve this objective. Following are system models
for the DAF and AAF protocols used in our proposed scheme.

A. DAF Linear Network Coding Protocol

Each MUUi for i = 2, 3, ..., N is allocated two time slots.
In the first time slot,Ui applies a linear network coding on the
overheard symbolsx1, ..., xi−1 that it has successfully decoded
previously to form a linearly coded version of these symbols
and transmits it tod. In the second time slot,Ui transmits
its own symbolxi to Ui+1, ..., UN and d. U1 has one time
slot since it transmits its own symbol only. The total time
slots required to transmit a set ofN symbols is(2N − 1). In
this proposed scheme,U1 receives assistance from all MUs
while UN receives none;UN operates in direct transmission
mode. Figure 2 illustrates the transmission structure of the
location-aware cooperative scheme. From this structure, we
expect spatial diversity orders ofN,N − 1, ..., 1 allocated for
x1, x2, ..., xN , respectively.

To eliminate interference in the linearly coded version of the
overheard symbols, each symbolxj is protected by a signature
waveformsj(t). The cross-correlation betweensj(t) andsi(t)
is ρji = < sj(t), si(t) >. Let P̃D

ij (”D” for DAF) be the power
allocated atUi in delivery of xj . Then [3]

P̃D
ij =

{
Pij if Ui decodesxj correctly
0 otherwise

. (1)

Power allocation and detection at MUs acting as relays will
be described later. Note that the total transmit power to deliver
xj is Pj =

∑N
i=j Pij . Also let huv be a generic channel

coefficient representing the channel between any two nodes.
huv is modeled as zero-mean circular symmetric complex
Gaussian random variable with varianceσ2

uv. Consequently,
the channel gain|huv| is modeled as Rayleigh random vari-
able [7]. Furthermore, the square of channel gain|huv|2
is modeled as an exponential random variable with mean
σ2

uv, i.e., the probability density function (PDF) of|huv|2 is
[7] f|huv|2

(|huv|2
)

= 1/σ2
uv exp

(−|huv|2/σ2
uv

)
U

(|huv|2
)
,

whereU(.) is the unit step function.
Based on these assumptions, the received signals at the

destination fromUi in the first time slot,yD
idr(t) (”r” for

relaying) and in the second time slot,yD
ido(t) (”o” for own)

are

Fig. 2. Transmission structure of location-aware cooperative communication
using linear network coding.

yD
idr(t) = hid

i−1∑

j=1

√
P̃D

ij xjsj(t) + nD
idr(t), (2)

yD
ido(t) =

√
Piihidxisi(t) + nD

ido(t), (3)

respectively. Note that the received signal fromU1 follows (3)
with i = 1. In (2) and (3),nD

idr(t) and nD
ido(t) are modeled

as i.i.d. adaptive white Gaussian noise (AWGN) with power

spectrum densityN0. Now we denoteaD
ij =

√
P̃D

ij hid for

i = 1, ..., N and j = 1, ..., i− 1 andaD
ii =

√
Piihid as signal

coefficients and rewrite (2) and (3) as

yD
idr(t) =

i−1∑

j=1

aD
ijxjsj(t) + nD

idr(t), (4)

yD
ido(t) = aD

ii xisi(t) + nD
ido(t), (5)

respectively.

B. AAF Linear Network Coding Protocol

The difference between AAF and DAF protocols is that
instead of decoding and re-encoding the overheard symbols in
the first time slot,Ui simply amplifies the overheard signals
and forwards a linearly coded version of these signals tod.
In the second time slot,Ui also transmits its own symbolxi

to Ui+1, ..., UN and d. Other assumptions for DAF protocol
remain the same in AAF protocol.

The received signals at the destination fromUi for i =
2, ..., N in the first time slot,yA

idr(t) (”A” for AAF) and the
second time slot,yA

ido(t) are

yA
idr(t) = hid

i−1∑

j=1

√
Pij√

Pjj |hji|2 + N0

yjio(t) + nA
idr(t), (6)

where

yA
jio(t) =

√
Pjjhjixjsj(t) + nA

jio(t) (7)

for j = 1, ..., i− 1, and

yA
ido(t) =

√
Piihidxisi(t) + nA

ido(t), (8)

respectively. Note that the received signal fromU1 follows
(8) with i = 1. In (6) - (8), nA

idr(t), nA
jio(t), andnA

ido(t) are
modeled as i.i.d. AWGN with power spectral densityN0.

Let us take a close look at the signalyA
idr(t). Substituting

(7) into (6), we have

yA
idr(t) = hid

i−1∑

j=1

√
PijPjjhji√

Pjj |hji|2 + N0

xjsj(t)



+ hid

i−1∑

j=1

√
Pij√

Pjj |hji|2 + N0

njio(t) + nA
idr(t)

=
i−1∑

j=1

aA
ijxjsj(t) + ñA

idr(t), (9)

where we denoteaA
ij =

√
P̃A

ij hid as a signal coefficient from
Ui in association withxj with

P̃A
ij =

PijPjj |hji|2
Pjj |hji|2 + N0

, (10)

and the noisẽnA
idr(t) with power spectral densityN0fi,

fi =
i−1∑

j=1

Pij |hid|2
Pjj |hji|2 + N0

+ 1 (11)

a factor representing the noise amplification impact atUi.
Likewise, we denoteaA

ii =
√

Piihid and rewrite (8) as

yA
ido(t) = aA

iixisi(t) + nA
ido(t). (12)

C. A General Form for DAF and AAF Protocols

We see that DAF and AAF protocols share the same system
models with different parameters. In general, the transmit
signals fromUi in the first and the second time slot are

yidr(t) =
i−1∑

j=1

aijxjsj(t) + nidr(t), (13)

yido(t) = aiixisi(t) + nido(t), (14)

respectively. In the above equations,aii =
√

Piihid, aij =√
P̃ijhid for i = 1, ..., N andj = 1, ..., i−1 whereP̃ij follows

(1) for DAF and (10) for AAF, and the power spectral density
of nido(t) and nidr(t) is N0 and Ni = N0fi, respectively,
where

fi =

{
1 for DAF∑i−1

j=1
Pij |hid|2

Pjj |hji|2+N0
+ 1 for AAF

. (15)

III. D ATA DETECTION AT BASE STATION

In this section, we use multiuser detection at the BS for
our proposed scheme. Data detection is performed by first
applying matched-filtering to the received signals with respect
to signature waveforms. Then multiuser detection is followed
to obtain a set of desired symbols.

A. Matched Filtering

Given the system models in Section II, the BS receivesN
direct transmissions in the odd time slots and(N−1) relaying
transmissions in the even ones. Matched-filtering with respect
to signature waveforms is applied to the received signals to
produce a total ofM = N(N+1)

2 discrete-time signals of the
form

yidj =< yidr(t), sj(t) > = aijxj +
i−1∑

k=1;k 6=j

aikρjkxk + nidj ,

(16)
yidi =< yido(t), si(t) > = aiixi + nidi (17)

for i = 1, ..., N and j = 1, ..., i− 1. In (16) and (17),nidi ∼
N (0, N0) andnidj ∼ N (0, N0fi) are the AWGN.

Let y = [y1d1, y2d1, ..., yidj , ..., yNdN ]T be the received
signal vector andRi = < si, sT

i > be the cross-correlation
matrix wheresi = [s1(t), s2(t), ..., si(t)]

T . We can write

y = RAx + n, (18)

where x = [x1, x2, ..., xN ]T , R = diag {1,R1, 1, ...,
Ri, 1, ...,RN−1, 1}M×M , and

A =




diag(a11) 01×(N−1)

diag(a21, a22) 02×(N−2)

. ..
...

diag(ai1, ..., aij , ..., aii) 0i×(N−i)

. ..
...

diag(aN1, ..., aNj , ..., aNN )




M×N

.

Also in (18),n ∼ N (0, N0R̃) whereR̃ = diag
{

1, R̃1, 1, ...,

R̃i−1, 1, ..., R̃N−1, 1
}

with R̃i−1 = fiRi−1. If we let F =

diag





1, f2, 1, ..., fi, ..., fi︸ ︷︷ ︸
(i−1)times

, 1, ..., 1





, thenR̃ = FR.

B. Multiuser Detection Scheme

Assume Ri is invertible with the invert matrix
R−1

i . Then the inverse ofR exists with R−1 =
diag

{
1,R−1

1 , 1, ...,R−1
i−1, 1, ...,R−1

N−1, 1
}

. Multiuser
detection is applied to the received signal vector in two
steps. First the vectory is pre-multiplied with the inverse
R−1 to obtain

ỹ = R−1y = Ax + ñ, (19)

where ñ ∼ N (0, N0R−1F). Then ỹ is grouped into signal
vectorsyj in association with the desired symbolsxj as

yj = ajxj + nj , (20)

where aj = [ajj , ..., aij , ..., aNj ]
T for j = 1, ..., N

and i = j, ..., N and nj ∼ N (0,Kj) in which
Kj = N0 diag

{
1, ...fi(R−1

i−1)jj , ..., fN (R−1
N−1)jj

}
=

diag
{
σ2

jj , ..., σ
2
ij , ..., σ

2
Nj

}
. It can be shown that for the case

ρji = ρ for all i 6= j, ri ,
(
R−1

i−1

)
jj

= 1+(i−3)ρ
(1−ρ)(1+(i−2)ρ) [8],

independent ofj. Thus

σ2
ij = N0

{
1 if i = j
firi if j < i ≤ N

, (21)

wherefi follows (15). Note thatri in (21) represents the cross-
correlation impact due to the sum of transmit signals fromUi.

Let bj =
[

ajj

σ2
jj

, ...,
aij

σ2
ij

, ...,
aNj

σ2
Nj

]T

. Then the desired symbol
is detected as

x̂j = bH
j yj = ajxj + nj , (22)

where aj = bH
j aj =

∑N
i=j

|aij |2
σ2

ij
, and nj = bH

j nj ∼
N (

0, σ2
j

)
with σ2

j =
∑N

i=j
|aij |2
σ2

ij
. Thus for BPSK modulation,

the detection rule is

x̂j = sgn
{
bH

j yj

}
. (23)



C. Detection at Mobile Units for DAF Protocol

In DAF, MUs decode the overheard symbols, re-encodes,
and forwards it to the BS. To re-encode the symbols, a MU is
assumed to know all signature waveforms from MUs before it,
and this knowledge is used to detect the overheard symbols. At
Ui, matched-filtering is applied to the received signalyD

jio(t)
produce the desired symbolxj as

yj,ui =< yD
jio(t), sj(t) >=

√
Pjjhjixj + nj,ui , (24)

where nj,ui ∼ N (0, N0). Thus for BPSK modulation, the
detection rule is

x̂j,ui
= sgn

{
< yD

jio(t), sj(t) >
}

. (25)

Note that only a simple detection is used at MUs.

IV. PERFORMANCEANALYSIS

In this section, we analyze the performance of our pro-
posed scheme that is introduced in Section II. The detec-
tion in (23) provides the maximal instantaneous signal-to-
interference-plus-noise ratio (SINR)γj corresponding to the
desired symbolxj as

γj =
N∑

i=j

|aij |2
σ2

ij

=
Pjj |hjd|2

N0
+

N∑

i=j+1

P̃ij |hid|2
firiN0

, (26)

and (26) will be used to provide BER expressions for DAF
and AAF protocols.

A. BER Expression for DAF Protocol

Let βij for i = j+1, ..., N be a binary number representing
the detection correctness atUi in detectingxj . Thenβij is a
Bernoulli random variable, which is distributed as

βij =
{

1 w.p. 1− pj,ui

0 w.p. pj,ui

, (27)

where pj,ui is the BER in detection ofxj at Ui. For each
information xj , the βij ’s form a decimal numberSj =
β(j+1)j ...βij ...βNj , which represents one of

(
2(N−j)

)
detec-

tion states of these(N − j) MUs acting as relays.
Based on (25), the conditional BER of detectingxj at Ui

can be written as [9]

p
hji

j,ui
= Q

(√
γj,ui

)
=

1
π

∫ π/2

0

exp
(
− γj,ui

2 sin2 θ

)
dθ, (28)

where γj,ui = Pjj |hji|2/N0 is the instantaneous signal-to-
noise ratio (SNR) atUi in detection ofxj . By averaging (28)
with respect to the exponential random variable|hji|2, the
unconditional BER is calculated as

pj,ui = F

(
1 +

Pjjσ
2
ji

2N0 sin2 θ

)
, (29)

where

F (x(θ)) =
1
π

∫ π/2

0

1
x(θ)

dθ. (30)

Thus the transmit power̃PD
ij allocated atUi to deliver xj

for i = 2, ..., N and j = 1, ..., i − 1 can be expressed as
P̃D

ij = Pijβij .
Now, the instantaneous SINRγD

j at the destination can be
expressed as

γD
j =

Pjj |hjd|2
N0

+
N∑

i=j+1

Pijβij |hid|2
riN0

, (31)

where we have usedfi = 1 for DAF. Based on (31), it can be
shown that the BER in detectingxj at the BS is [3]

pD
j =

2(N−j)−1∑

Sj=0

F

((
1 +

Pjjσ
2
jd

2N0 sin2 θ

)

×
N∏

i=j+1

(
1 +

Pijβijσ
2
id

2riN0 sin2 θ

)


N∏

i=j+1

G (βij) (32)

where

G (βij) =
{

1− pj,ui
if βij = 1

pj,ui if βij = 0 (33)

and F (.) follows (30). From (32), we expect thatxj will
receive a spatial diversity order of(N − j + 1).

B. BER Expression for AAF Protocol

The conditional BER for AAF protocol given the all channel
coefficients is

p
A,{hid,hji}
j = Q

(√
γA

j

)
. (34)

whereγA
j follows (26) withfi in (15) for AAF protocol. At the

present time, it is difficult to obtain a close-form expression
for fi in term of the channel variancesσ2

id andσ2
ji. Therefore,

(34) will be used to provide numerical results to validate our
proposed scheme.

V. NUMERICAL RESULTS

In this section, we perform computer simulations to validate
our proposed scheme for both DAF and AAF protocols. In all
simulations, the number of MUsN = 4 and the variance of
the noiseN0 = 1. We assume all channel variances are 1, i.e.,
σ2

id = σ2
ji = 1 for i = 1, ..., N andj = 1, ...i−1 and the total

transmit powersPj =
∑N

i=j Pij corresponding toxj are the
same forj. Furthermore, we assume equal power allocation
[3] for xj for j = 1, ..., N − 1, i.e.

Pij =

{
Pj

2 if i = j
Pj

2(N−j) if j < i ≤ N
. (35)

For xN , PNN = PN since it is transmitted directly to the BS.
We also assume that the cross-correlationρji = ρ for all i 6= j.
We useρ = 0.5 in our simulations. The MUs are numbered
in the reduction order of the distance to the BS; therefore, we
expect a diversity order of 4, 3, 2, and 1 forx1, x2, x3, and
x4.

Figures 3 and 4 present the analytical and simulation results
for DAF protocol and the numerical and simulation results for



Fig. 3. BER versus SNR performance for DAF protocol - A comparison
between the proposed scheme and the conventional TDMA scheme.

Fig. 4. BER versus SNR performance for AAF protocol - A comparison
between the proposed scheme and the conventional TDMA scheme.

AAF protocol, respectively. The figures provide a comparison
in term of BER performance between our proposed scheme
and the conventional cooperation-based TDMA scheme. In
each figure, BER versus SNR(Pj/N0) performance for each
information xj is presented. Clearly, our proposed scheme
provides the expected diversity orders in both DAF and AAF
protocols. In other words, given the use of nonorthogonality,
our proposed scheme still achieves full diversity. The diversity
orders can be used to reduce the transmit power of distant
MUs, given the same QoS with the closer ones. In addition,
the figures show that for the case ofρ = 0.5, the performance
gap is less than 1dB, given the same BER. This is significant
because the delay in our proposed scheme is only(2N − 1),
a substantial reduction in comparison with the conventional
TDMA scheme, which results in a delay ofN(N + 1)/2.

Figure 5 provides a comparison between DAF and AAF
protocols. From the figure, DAF protocol outperforms AAF
protocol. In particular, there is about 2.5dB gap in performance
between the two protocols. The figure also shows that the
gap reduces as the diversity order decreases. DAF protocol
outperforms AAF protocol because of the error propagation

Fig. 5. BER versus SNR performance between DAF and AAF protocol
(ρ = 0.5).

in AAF protocol. Nevertheless, both DAF and AAF protocols
achieve full diversity in our scheme.

VI. CONCLUSIONS

In this paper, we proposed a location-aware cooperation-
based scheme using linear network coding, where each MU
forms a linear coded version of all symbols it has received
previously. The scheme aims to provide to distant MUs
higher diversity orders, which can be used to reduce their
transmit power. Multiuser detection is used at the BS to
decouple the transmit symbols. Both DAF and AAF protocols
were considered, performance analysis was presented, and
simulations showed that our proposed scheme can achieve a
comparable performance but with a substantial reduction in
delay in comparison with the conventional cooperation-based
TDMA scheme. The delay in our proposed scheme is only
(2N − 1) for a network ofN MUs while that isN(N +1)/2
in the conventional scheme.
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