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Abstract— Cooperative communication can be used to reduce network performance. However, the constraint that source and
the transmit power of distant mobile units, compared to con- relay transmissions are over orthogonal channels such as time
ventional direct transmission, given the same quality-of-service. division multiple access (TDMA) leads to a large transmission

However, imposing the constraint of having orthogonal trans- L
mission for the source and relays leads to large delay in TDMA delay. For a network oV MUs, the transmission delay would

systems. For a network of N mobile units, the transmission delay e N (N + 1)/2. In this work, we propose a location-aware
would be N (N +1)/2. In this work, we propose a location-aware cooperation-based scheme that aims to reduce transmit power

cooperation-based scheme that aims to reduce transmit power of of distant MUs while maintaining a low transmission delay.
distant mobile units while maintaining a low transmission delay. The scheme uses network coding, where each mobile unit

The scheme utilizes a linear network coding protocol, where each o . .
mobile unit applies linear network coding to a set of transmit applies linear network coding to a set of transmit symbols that

symbols that it has received previously. At the base station, it has received previously to form a unique signal and transmits
multiuser detection is used to decouple the transmit symbols. it to the BS. At the base station, multiuser detection is used to

Both decode-and-forward and amplify-and-forward cooperative decouple the transmit symbols. Both DAF and AAF protocols
protocols are considered. We show that our proposed schemej, cqooperative communications are considered in our proposed
achieves a comparable bit-error-rate performance with the con- s .
ventional cooperation-based TDMA scheme while requiring a §Cheme. For the validation purpose, the performance an_aIyS|S
delay of (2N — 1) time slots, a substantial reduction in the IS based on BPSK modulation; nevertheless, the extension to
transmission delay. 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

In the nature of wireless communications, information froliDMA scheme while it requires a delay @N —1) time slots,
distant mobile units (MUs) to a common base station (BS) substantial reduction in transmission delays. Note that only
requires more transmit power in direct transmission. Themple detection is required at MUs in our proposed scheme.
additional transmit power is to compensate the large scaleThis paper is outlined as follows. After this introduction sec-
fading in order to provide a comparable quality of servicon, our proposed location-aware cooperation-based scheme
(QoS) to that of the close ones. Diversity techniques suéibr DAF and AAF protocols are introduced in Section IlI.
as time diversity, frequency diversity, and spatial diversity caviultiuser detection used in our proposed scheme is presented
result in reduction of transmit power. Among these techniquen, Section Il for both DAF and AAF protocols. The perfor-
spatial diversity achieved by cooperative communication hasance analysis is presented in Section IV to provide a close-
become recently attractive. form BER expression for DAF protocol and a conditional

In cooperative communication, MUs in a network actinBER expression for AAF protocol. These expressions then are
as relays can process the transmissions overheard from otms®d in Section V to obtain analytical and numerical results
units. The distributed antennas among the relays are uskdt validate our proposed scheme. Lastly, we draw some
to provide spatial diversity without the need to use multipleonclusions in Section VI.
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- We consider an uplink problem of a wireless network
tocol, each relay decodes the overheard information from thensisting ofN MUs Uy, Us, ..., Uy and a B&d (destination)
source, re-encodes it, and then forwards it to the destinatias.in Figure 1. Without loss of generality, we assume the MUs
In AAF protocol, each relay simply amplifies the overheardre numbered in the decreasing order of the distance to the BS.
signal and forwards it to the destination. The symbol error raldne purpose fot/,, Us, ..., Uy is to transmit a set of symbols
(SER) for single- and multi-relay DAF protocol was analyzed;, x,, ...,y to the BS. Due to large scale fading in direct
in [2], [3]. In [4], [5], various relay selection schemes havéransmissiong; andz y require the most and the least transmit
been proposed that achieve high bandwidth efficiency and fptbwer, respectively, to provide a comparable QoS.
diversity order. Finally, distributed space time codes for DAF This proposed scheme aims to provide distributed spatial
and AAF protocols have been proposed and analyzed in [Giversity to the network to reduce the total transmit power

Cooperative communication with its ability to achieve spawhile maintaining a low transmission delay. In this schetig,
tial diversity can be used to reduce the transmit power of diaith farthest distance seeks help from all hopping terminals,
tant MUs to a common BS in location-aware networks, whel&, with the second farthest distance seeks help from all
locations of nodes are taken into consideration to improv®pping terminals other thali;, and so onUy with closest

I. INTRODUCTION

L OCATION-AWARE COOPERATIONBASED SCHEME
USING LINEAR NETWORK CODING
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Fig. 2. Transmission structure of location-aware cooperative communication
using linear network coding.

i—1
Fig. 1. A wireless network consisting ¥ mobile unitsUy, Ua, ...,Ux ~
and a base statiod. Yiar(t) = i Z \V Pi?Ij s;(t) + niar (1), 2
j=1
Yido(t) = V Pihiazisi(t) + nig,(t), 3)

distance operates under direct transmission mode. We consider . ) )
both DAF and AAF protocols with the use of network codin%‘zSpe_Ct'Vely' Note that the rei)celved 3|gngl fromfollows (3)
at MUs to achieve this objective. Following are system mode th i = 1. In (2) and (3),njy,.(t) andng,(t) are modeled

for the DAF and AAF protocols used in our proposed schem@S I.1.d. adaptive white Gaussian noise (AWGN) with power

spectrum densityVy. Now we denoteag = \/fg?hid for
A. DAF Linear Network Coding Protocol i=1,..,Nandj=1,..4i—1anda? = /P;hi as signal

Each MUU; for i = 2,3, ..., N is allocated two time slots. CO€fficients and rewrite_ (2) and (3) as

In the first time slotl; applies a linear network coding on the b i1 . b

overheard symbols,, ..., z;_; that it has successfully decoded yie(t) = Y abzs;(t)+nl, (1), 4)
previously to form a linearly coded version of these symbols J=1

and transmits it tod. In the second time slot/; transmits Yoo(t) = afwsi(t) +nl,(t), (5)

its own symbolz; to U;14,...,Ux andd. U; has one time )

slot since it transmits its own symbol only. The total timéespectively.

slots required to transmit a set 8f symbols is(2N — 1). In

this proposed schemé]; receives assistance from all MUsB. AAF Linear Network Coding Protocol

while Uy receives nonel/y operates in direct transmission The difference between AAF and DAF protocols is that
Imode_z. Figure 2 illustrates thehtransmlssmnhgtructure of t}stead of decoding and re-encoding the overheard symbols in
ocation-aware cooperative scheme. From this structure, We, first time slot,l/; simply amplifies the overheard signals
expect spatial dlver3|'gy cl)rders Of, N —1,..., 1 allocated for 54 forwards a linearly coded version of these signald.to
1, L2, .. LN, TESPECtively. In the second time slof/; also transmits its own symbal;

To eliminate interference in the linearly coded version of tht% Ui Ux andd. Other assumptions for DAF protocol
PR .

overheard symbols, each symhglis protected by a signature .o main the same in AAF protocol.

waveforms;(t). The cross-correlation between(t) ands; (t) The received signals at the destination frd for i —

. . DD (7
IS pji = < s(t), si(t) >. Let ;7 ("D" for DAF) be the power o n in the first time sloty?, (t) (A" for AAF) and the
allocated atU; in delivery of z;. Then [3] second time sloty?} (¢) are

\/Pij

®
A ) =higy ——L i (t) + 0 (t), (6
Vi) = s Y — e io0) + 1y (1), (O

pD _ P;; if U; decodese; correctly
W~ 1 0  otherwise ‘

Power allocation and detection at MUs acting as relays will
be described Ia}\?r. Note that the total transmit power to deliMghere

xzj is P; = Y ... Pj;. Also let h,, be a generic channel A _ A

coefficient re%;esjenti]ng the channel between any two nodes. Yiio(t) = v/ Pishiijs;(8) + nio(t) (7)
huv 1S modeled as zero-mean circular symmetric compl%rj -1 i—-1 and

Gaussian random variable with varianeg,. Consequently, T '

the channel gainh,,| is modeled as Rayleigh random vari- YA (1) = / Piihigzisi(t) + ni (1), 8)
able [7]. Furthermore, the square of channel g#in,|?

is modeled as an exponential random variable with meagspectively. Note that the received signal frdm follows
04y €., the probability density function (PDF) ¢f,.,|* is  (8) with i = 1. In (6) - (8), nf},.(t), n4i,(t), andnf, () are

(7] finwop2 (|huwl?®) = 1/02, exp (—|huwl?/02,) U (|huo|?),  modeled as i.i.d. AWGN with power spectral density.

whereU(.) is the unit step function. Let us take a close look at the signg],.(¢). Substituting
Based on these assumptions, the received signals at (hginto (6), we have

destination fromU; in the first time slot,y2 (¢t) ('r" for i—1 B P hes

relaying) and in the second time slat?_(¢) ("0” for own) yA (1) = hidz VW IIIE

are =1V Pjjlhgil* + No



Njio(t) + nig, (t)

”’Z P, |hﬂ| TN,
ZGZJ$JS]

where we denota{‘j = w/ﬁi?hid as a signal coefficient from
U; in association withr; with

+ nzdr (t) (9)

Pjilh;il?
PA — J=Jjlrye , 10
Y Pylhyil* + No (10)
and the noiséiZ,, (t) with power spectral densityVy, f;,
i—1
Pijlhial?
[ s LT an

= Pijlhsil* + No

a factor representing the noise amplification impactUat
Likewise, we denotezg = +/P;;h;q and rewrite (8) as

yﬁlo( ) 2( ) + nzdo(t)
C. A General Form for DAF and AAF Protocols

= anZ

12)

We see that DAF and AAF protocols share the same systéidg § 1, f2, 1, .oy fis oo fi ) 1o 1
In general, the transmit

models with different parameters.
signals fromU; in the first and the second time slot are

E : aijzjs;(t

auxzsz(t) + niao(t),

Yidr (t) + Nidyr (t) (13)

Yido(t) (14)

respectively. In the above equations; = v/ Piihiq, ai; =

\/Ejh,»d fori=1,..,Nandj =1, ...,i—1 whereﬁij follows

(1) for DAF and (10) for AAF, and the power spectral density

of n;40(t) and n;q,-(t) is Ny and N; = Nof;, respectively,
where

for DAF

+1 for AAF (15)

F 1
i = i—1  Pijlhal?
Zj:l P;;Th;: 2+ No

IIl. DATA DETECTION AT BASE STATION

In this section, we use multiuser detection at the BS foliag {a
our proposed scheme. Data detection is performed by figst =  for all i # j, r; 2 (R;_ll)

fori=1,..,Nandj=1,..,i—1.In (16) and (17)n;q; ~
N(O,N()) andnidj NN(O,N()fZ) are the AWGN.

Let y = [Y1d1s Y2dis - Yidj» - Ynan) e the received
signal vector andR; = < s;, s! > be the cross-correlation

matrix wheres; = [s1(t), s2(t), ..., s;(t)]*. We can write
y = RAx +n, (18)
where x = [ml,x27...,wN]T, R = diag{l,Rq,1,..,
R;,1,...Ry_1, 1}]W><1\4’ and
[ diag(a11) O1x(n-1) 1
diag(as1, az2) 02 (N—2)
A= . ’
diag(ai1, .., @ij, ..., Qi) 0;x (N—4)
| diag(an1,...,anj, ..., ann) 1 vren
Also in (18),n ~ (0, NoR) whereR = diag {1, Ri.1,..,
ﬁ,z 1,1, ... RN 1, } with ﬁ»i—l = fiR'L—l- If we let F =
, thenR = FR.
(i—1)times
B. Multiuser Detection Scheme
Assume R,; is invertible with the invert matrix
R;'. Then the inverse ofR exists with R™' =
diag {1,R7",1,.., R, 1, .., Ry, 1} Multiuser

detection is applied to the received signal vector in two
steps. First the vectoy is pre-multiplied with the inverse
R~! to obtain

y=R ly=Ax+n, (19)
wheren ~ A(0, NoR™!F). Theny is grouped into signal
vectorsy; in association with the desired symbals as

y]' = ajxj —|—Ilj, (20)

where a; = [ajj,...,aij,...,aNj}T for j = 1,...,N

and ¢ = j,.,N and n; ~ WN(0,K;) in which

K; = Nodlag{l Ji(RZ 1)]]""fN(RN—1)jj} =
IR ,afy, . O'Nj} It can be shown that for the case

1+(i=3)p
= apara-op 8l

applying matched-filtering to the received signals with respegldependent ofi. Thus
to signature waveforms. Then multiuser detection is followed 1 if i =
2 =
O—ij_NO{ firi |fj<ZSN ’

to obtain a set of desired symbols.

A. Matched Filtering wheref; follows (15). Note that; in (21) represents the cross-
Given the system models in Section II, the BS receides correlation impact due to the suj[n of transmit signals fildm

direct transmissions in the odd time slots ddd—1) relaying | etb, = %4, .. % . azzw} . Then the desired symbol

oz, Ny

transmissions in the even ones. Matched-filtering with reSp?g’tdetected as &

(21)

to signature waveforms is applied to the received signals to —blHy. —
. : i T; =bj'y; = a;z; +nj, 22
produce a total ofif = YFL) discrete-time signals of the oo e 22)
form . where a; = bila; = ZZVJ l%é‘ , andn; = bifn; ~
Yiai =< Yiar(t),s;(t) > = ai;x; + Z apirzi + nig, N (0,07) with 0% = Zf\’] ‘“”yl Thus for BPSK modulation,
k=1;k#j the detectlon rule is

(16

Yidi =< Yido(t), 5i(t) > = i + Nja; (17)

& =sgn{bly;}. (23)



C. Detection at Mobile Units for DAF Protocol Thus the transmit poweﬁ.lj? allocated atU; to deliver x;

In DAF, MUs decode the overheard symbols, re-encodégyrji =2..Nandj = 1..i-1 can be expressed as

and forwards it to the BS. To re-encode the symbols, a MU fs; = Pijﬁij; o
assumed to know all signature waveforms from MUs before it, NOW: the instantaneous SINR at the destination can be
and this knowledge is used to detect the overheard symbols 4Pressed as

U;, matched-filtering is applied to the received sigyﬁg(t) Py lhjal? N o p Biilhial?
produce the desired symbo} as yP = Sy N SuR L (31)
J NO =11 ’I"iNO

D
i =< Yiio(t),85(t) >= /Pjjhjiz; +njy,, 24 )
Yius Yrio(t), 5 (1) 3385 ¥ e (24) where we have usefi = 1 for DAF. Based on (31), it can be
wheren;,, ~ N (0,Np). Thus for BPSK modulation, the shown that the BER in detecting; at the BS is [3]
detection rule is

o(N=j) _q P o2
Tjqy, =sgn {< yﬁo(t)7 5;(t) >} . (25) p;'j = Z F ((1 + 2]\7221?9)
Note that only a simple detection is used at MUs. ?,70 ) N
< ]I (1 + M) IT ¢ @32)
IV. PERFORMANCEANALYSIS =41 Ti4Vo SiLL i=j+1

In this section, we analyze the performance of our prevhere _
posed scheme that is introduced in Section Il. The detec- G (B) :{ L=pju;, If fij =1 (33)
tion in (23) provides the maximal instantaneous signal-to- Dju; if Bij =0
inte.rference—plus—noise ratio (SINR); corresponding to the 4 F(.) follows (30). From (32), we expect that; will
desired symbolk; as receive a spatial diversity order 6fV — j + 1).

ol _ Piglha” |~ Pylhial® .
v=y e =N N S22 (26)  B. BER Expression for AAF Protocol

— o7 No = firilNo - .

=J =i+l The conditional BER for AAF protocol given the all channel
and (26) will be used to provide BER expressions for DAFoefficients is
and AAF protocols. A {hia,h

P p et =g (o). (34)
A. BER Expression for DAF Protocol wherefyj‘.“ follows (26) with f; in (15) for AAF protocol. At the

Let 3;, fori = j+1,..., N be a binary number representing’r€sent time, it is difficult to obtain a close-form expression
the detection correctness & in detectingz;. Then/,; is a 10f fi in term of the channel variances, ando?;. Therefore,

Bernoulli random variable. which is distributed as (34) will be used to provide numerical results to validate our
proposed scheme.
1 Wp.1—pja,
51']':{ 0 Wp ] Pi, ) (27)
P Dj,u,; V. NUMERICAL RESULTS
where p; .., is the BER in detection ofr; at U;. For each In this section, we perform computer simulations to validate
information z;, the f;;'s form a decimal numberS; = our proposed scheme for both DAF and AAF protocols. In all
Bj+1)5---Bij---Bnj, Which represents one c(Q(N‘J)) detec- simulations, the number of MU& = 4 and the variance of
tion states of theséN — j) MUs acting as relays. the noiseNy = 1. We assume all channel variances are 1, i.e.,
Based on (25), the conditional BER of detectingatU; o7, =07, =1fori=1,..,N andj =1,....i—1 and the total
can be written as [9] transmit powersP; = 3_.° . P; corresponding tas; are the
. 1 (/2 " same forj. Furthermore, we assume equal power allocation
= (i) = = — 2% ) dg, (28) [3]forzx;forj=1,..N—1,ie.
Pju; Q (Vjus) 7r/O exp( 2 sin? 9> (28) [3] Zj J
P]» e
where v;.,, = Pj;|hji|*/No is the instantaneous signal-to- Pj=13 2p, '; = <N (35)
noise ratio (SNR) aU; in detection ofz;. By averaging (28) saNv—ypy TIo<is

with respect to the exponential random variable;|?,

>t ] the Forzy, Pyn = Py since it is transmitted directly to the BS.
unconditional BER is calculated as

We also assume that the cross-correlagign= p for all i # j.
ija'jzi We usep = 0.5 in our simulations. The MUs are numbered
m ) (29) in the reduction order of the distance to the BS; therefore, we
expect a diversity order of 4, 3, 2, and 1 fer, x5, z3, and
where T4.
P (o(6)) = 1 /71'/2 Ldg (30) Figures 3 and 4 present the a_nalytical qnd simulation results
o x(0) for DAF protocol and the numerical and simulation results for

Pju; = r (1 +

™
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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
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" Color code higher diversity orders, which can be used to reduce their

ol Black transmit power. Multiuser detection is used at the BS to
x3: Red : decouple the transmit symbols. Both DAF and AAF protocols
X Blue I R were considered, performance analysis was presented, and

D 5 10 o o » W simulations showed that our proposed scheme can achieve a
e comparable performance but with a substantial reduction in
Fig. 4. BER versus SNR performance for AAF protocol - A comparisogielay in comparison with the conventional cooperation-based
between the proposed scheme and the conventional TDMA scheme. TDMA scheme. The delay in our proposed scheme is only
(2N —1) for a network of N MUs while that isSN (N +1)/2
in the conventional 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. [t J._N. Laneman, D. N. C_:._Tse, and G. W. Wornell, “Cooperative diversity in
h fi BER SN N, f f h wireless networks: efficient protocols and outage behaviBEE Trans.
each rigure, versus SN’ /No) performance for eac Inform. Theory vol. 50, no. 12, pp. 3062—3080, Dec. 2004.

information z; is presented. Clearly, our proposed schenjg w. Su, A. K. Sadek, and K. J. R. Liu, “Cooperative communications in
provides the expected diversity orders in both DAF and AAF Wwireless networks: performance analysis and optimum power allocation,”

t Is. | th d . th f th l Wireless Personal Commuyrvol. 44, no. 2, pp. 181-217, Jan. 2008.
protocols. In other words, given the use or nonorthogonall A. K. Sadek, W. Su, and K. J. R. Liu, “Multinode cooperative communi-

our proposed scheme still achieves full diversity. The diversity cations in wireless networksiEEE Trans. Signal Processzol. 55, no. 1,
orders can be used to reduce the transmit power of distantPp- 341-355, Jan. 2007.

. . ... [4] A. Ibrahim, A. K. Sadek, W. Su, and K. J. R. Liu, “Cooperative com-
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