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Abstract

In wireless networks, reducing aggregate transmit power and in many cases, having even power
distribution increase the network lifetime. Conventional direct transmission (DTX) scheme re-
sults in high aggregate transmit power and uneven power distribution. In this paper, we consider
location-aware cooperation-based schemes namely immediate-neighbor cooperation (INC), max-
imal cooperation (MAX), and wireless network cocast (WNC) that achieve spatial diversity to
reduce aggregate transmit power and even power distribution. INC utilizes two-user cooperative
communication, resulting in good reduction of aggregate transmit power and low transmission
delay; however, power distribution is still uneven. MAX utilizes multi-node cooperative com-
munication, providing incremental diversity to achieve even power distribution and substantial
reduction in aggregate transmit power. Transmission delay in MAX, however, grows quadratically
with network sizes. As a result, the novel WNC is proposed to achieve incremental diversity as in
MAX and low transmission delay as in INC. In WNC, mobile units acting as relays form unique
linearly-coded signals from overheard signals and transmit them to the destination, where a mul-
tiuser detector jointly detects the symbols from all received signals. Performance evaluation in
uniformly distributed networks shows that INC, MAX, and WNC substantially reduce aggregate

transmit power while MAX and WNC also provide even power distribution.

Keywords: Location-aware, cooperative communication, incremental diversity, cocast, amplify-

and-forward, decode-and-forward, multiuser detection.
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1 Introduction

In conventional direct transmission (DTX), where mobile units directly transmit their information to
a common destination, the distant mobile units require more transmit power to provide a comparable
quality of service (QoS) to that of the closer ones. Consequently, high aggregate transmit power,
which is the sum of all transmit power of individual mobile units, and uneven power distribution
among them exist in the network. These two issues result in low network lifetime, which is defined in
this paper as the time until the first mobile unit dies. It is well-known that diversity techniques such
as time diversity, frequency diversity, and spatial diversity result in reduction of transmit power and
thus can be used to improve network lifetime. Among these techniques, spatial diversity achieved by
cooperative communication [1], [2] has recently been studied.

Cooperative communication makes use of broadcast nature of wireless transmission. Nodes in a
network acting as relays can retransmit overheard information to a destination, where the intended
information from the source signal and the relay signals is jointly detected. 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 [3]-[8]. Decode-
and-forward (DAF) and amplify-and-forward (AAF) protocols for cooperative communication are
explained in [3]. In DAF protocol, 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. Symbol error rate (SER) for single- and multi-
node DAF protocol was analyzed in [4] and [5], respectively. In [6] and [7], 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 [8].

Much research in cooperative communication has considered symmetric problems, in which a
pair of nodes help each other in their transmission to a common destination [9]-[13], or different
source nodes in a network receive assistance from the same group of relays to achieve the same
diversity order [14]. However, practical networks are asymmetric in nature. Node distances to a
common destination vary based on node locations, and thus some nodes are disadvantageous in their

transmission in comparison with others. Therefore, the node locations, which can be obtained using



network-aided position techniques [15], [16], should be taken into consideration to improve network
performance. In this work, we consider a number of location-aware cooperation-based schemes that
achieve spatial diversity to reduce aggregate transmit power and achieve even power distribution
in a network, where mobile units with known locations transmit their information to a common
destination. The first proposed scheme, namely immediate-neighbor cooperation (INC), utilizes two-
user cooperative communication [4] in a network. In INC, each mobile unit, except the closest node
to the destination, is assigned a single relay, its immediate neighbor toward the destination, and thus
a fixed diversity order of two is achieved. Consequently, INC achieves good reduction in aggregate
transmit power with the expense of (2N — 1) time slots for a network of N mobile units. However,
distant users still require more power than the closer ones and power distribution is still uneven as
in DTX.

The fundamental cause of high aggregate transmit power and uneven power distribution attributes
to the dependency of transmit power on the distance between the source and the destination. There-
fore, incremental diversity, a measure of diversity order of mobile units that varies incrementally in
terms of node location, should be leveraged in a network to provide high diversity orders for dis-
tant units to compensate the high required transmit power. The second proposed scheme, namely
maximal cooperation (MAX), provides incremental diversity to a network by means of cooperative
communication. Multi-node cooperative communication [5] is utilized in MAX, where each mobile
unit is assigned a group of mobile units locating between itself and the destination as relays. Thus
the more distant the mobile unit, the higher diversity order to compensate the high required transmit
power. Furthermore, the higher transmit power is shared and compensated by the larger group of
relaying mobile units. Consequently, MAX with the incremental diversity achieves great reduction
of aggregate transmit power and even power distribution.

The major drawback in MAX is the large transmission delay since each relay requires a time slot
for its transmission. For a network of N mobile units, MAX incurs a delay of N(N + 1)/2 time
slots, which grows quadratically with the network size, defined as the number of mobile units N.
Therefore, our main focus in this work is to introduce a novel concept of wireless network cocast!

(WNC) to resolve the weaknesses of INC and MAX. Cocast, an analogy to broadcast, unicast, and

Leocast = cooperative cast



multicast, is a newly defined transmission method that utilizes linear network coding for a number of
nodes to cooperatively transmit their information to the same intended destination. WNC achieves
the incremental diversity as in MAX with the low transmission delay of (2N —1) time slots as in INC.
Both DAF and AAF protocols in cooperative communication are considered in WNC, where mobile
units acting as relays form unique linearly-coded signals from a set of overheard symbols of different
sources and transmit them to the destination. At the destination, a multiuser detection technique
jointly detects the intended symbols from all received signals in the network. We derive the exact
and the asymptotic symbol-error-rate (SER) expressions? for general M-PSK modulation for DAF
WNC protocol. The extension to general M-QAM can follow directly. For AAF WNC protocol,
we offer the conditional SER expression given the channel knowledge. Performance evaluation in
uniformly distributed networks shows that INC, MAX, and WNC outperform DTX greatly in terms
of aggregate transmit power and power distribution. Furthermore, WNC achieves low aggregate
transmit power and even power distribution of MAX with low transmission delay of INC.

The rest of this paper is organized as follows. After this introduction section, the transmission
structure of DAF and AAF WNC protocols is introduced in Section 2. Multiuser detection used in
WNC is presented in Section 3 for both DAF and AAF WNC protocols. The performance analysis
is presented in Section 4 to provide the exact and the asymptotic SER expressions for DAF WNC
protocol and the conditional SER expression for AAF WNC protocol. Simulation for BPSK modu-
lation is provided to validate the SER performance of DAF and AAF WNC protocols. In Section 5,
expressions of aggregate transmit power and power distribution in a network and the transmission
delay for DTX, INC, MAX, and WNC are derived for BPSK modulation using the asymptotic SER
expressions. These expressions then are used to provide performance evaluation of INC, MAX, and
WNC over DTX in Section 6. In this section, performance evaluation is also provided to verify that
WNC can achieve the low aggregate transmit power and power distribution of MAX with the low

transmission delay of INC. Lastly, we draw some conclusions in Section 7.

2 Asymptotic SER performance is a performance at high signal-to-noise ratio.



2 WNC with Linear Network Coding

We consider a wireless network consisting of a destination d and N mobile units Uy, Us, ..., Uy as
shown in Figure 1. The mobile units are located within an area A € R%— at distances dy,ds, ...,dn
to the destination while the destination is at (0,0). Without loss of generality, the mobile units
are numbered in decreasing order of their distance to the destination. In this manner, U; and Uy
are the farthest and the closest to d, respectively. These mobile units Uy, Us, ..., Uyx possess their
own information represented by symbols x1, z9, ..., x, respectively, that need to be delivered to d.
Channels among the mobile units and the destination are modeled as narrow-band Rayleigh fading
with additive white Gaussian noise (AWGN). Let h,,, denote a generic channel coefficient representing
the channel between any two nodes. Then h,,, is modeled as a zero-mean circular symmetric complex
Gaussian random variable with variance 02, = d,,%, where d,, is the distance between the two nodes
and « is the path loss exponent. The transmission from the mobile units is subject to time-division
multiple access (TDMA), and we expect the same QoS, which can be represented by a SER py, in
delivering x1, z2, ...,z to d.

Figure 2 illustrates the WNC transmission structure, in which each mobile unit U; for ¢ =
2,3,...,N is allocated two time slots. In the first time slot, U; acting as a relay node forms a
unique linearly-coded signal, a linear combination of a set of overheard symbols z1,...,2;—1, and
transmits it to d. U; can either decode the overheard signals and re-encode the symbols, the so-called
DAF WNC protocol, or simply amplify the overheard signals, the so-called AAF WNC protocol. In
the second time slot, U; acting as a source node transmits its own symbol z; to U;1q,...,Uy and
d. Ui has one time slot for its own transmission since it is not required to assist other nodes. The
total time slots required to transmit a set of N symbols is 2N — 1, among which N time slots for
source transmission and N — 1 time slots for relay transmission. The transmit power P; associated
with symbol z; is distributed among the source node and the corresponding relay nodes. We have
P; = Zf\ij P;;, where Pj; is the power from U; in transmitting ;. Because the destination detects
symbol x; based on N — j+1 copies of the symbol, we expect spatial diversity orders of N,N —1,...,1
for x1, 9, ...,z N, respectively, which will be verified later in the paper.

To eliminate interference in the linearly coded version of the overheard symbols, each symbol z;



is protected by a signature waveform s;(t), where Hsj (t)|> = 1. The cross-correlation between s;(t)
and s;(t) is pji = < s;(t), si(t) >, where < f(t),g(t) >= fo t)dt is the inner product between
f(t) and g(t) with the symbol interval T and * representing the complex conjugate. We assume that
each mobile unit also knows the signature waveforms of others. In the sequel, we will present in

detail the system model in DAF and AAF WNC protocols.

2.1 DAF WNC Protocol

In DAF WNC protocol, U; in its first time slot decodes the overheard symbol and includes the symbol
in its transmission only if the decoding is successful [4],[5]. The received signals at the destination

from Uj; in its first time slot is
i—1
yi?i'r(t) = hiq Z \/ R:ijij (t) + nzlz)ir(t% (1)
j=1

fori=2,....,N and j =1,...,i — 1, where

pD — P;; if U; decodes x; correctly . @)
0  otherwise
We defer the discussion of detection at mobile units acting as relays and power allocation among

cooperative nodes to Sections 3 and 4.2, respectively. The received signals at the destination from

U; in the second time slot is
yz‘do =/ Piihiawisi(t) + nzdo( )- (3)

In (1) and (3), nD, (t) and n) (t) are modeled as independent and identically-distributed (i.i.d.)
zero-mean AWGN with variance Ny. Note that the signal from U; follows (3) with ¢ = 1 since it
transmits its own symbol only. Note further that in the second time slot, other mobile units Uy, for

k=1i+1,...,N also receive the signal from U; as

yik‘o =V Zlhlk‘xlsl + nzko( ) (4)

For notational convenience, we denote ag = PiJD h;q and ag = +/P;;h;q as signal coefficients and

rewrite (1) and (3) as

yidr Z QL5 SJ + nzdr( ) (5)



and
Yigo(t) = afiwisi(t) + nf,(t), (6)

respectively.

2.2 AAF WNC Protocol

The difference between AAF and DAF protocols is that U; simply amplifies the overheard signals
and forwards a linearly coded version of these signals to d in its first time slot. In this time slot, the

received signals at the destination is

ir — Il iio(t +7"L;47,t, 7
Vi dz )+ () @)

where

ij Vv hﬂxj S] + ngw(t) (8)

is the received signal at relay i corresponding to transmit symbol z; fori =1,..., Nand j = 1,...,i—1.

The received signal at the destination from U; in its second time slot is

yido =/ Piihiawisi(t +nzdo() (9)

In (7)-(9), nf,.(t), n4, (), and nZl (t) are modeled as i.i.d. zero-mean AWGN with variance Ny. The

jt0

signal from U; follows (9) with ¢ = 1. As in the case of DAF, other mobile units Uy for k = i+1,..., N

also receive the signal from U; in the second time slot as

yiko =V zzhzkxzsz + nzko(t) (10)

Substituting (8) into (7), we have

i—1
A 1t ggrige A
S () = hy S5 —I—h Niioll) + 15 5.(T
yzdr( ) id E ij|hj¢|2 TN J id E P |hﬂ| TN Jw( ) 1dr( )

i—1
A ~A
= a;;85(t) + Mgy (t), (11)
j=1
where we denote af]‘. = ﬁi’;‘hid, in which

54 __Diybijlhgil®
Y Pyjlhgil® + No



as a signal coefficient from U; in association with x;. The resulting noise ﬁ%r(t) has power spectral

density Ny f;, where -
z fi =§P”‘hid2 +1 (13)
' = Pijlhjil® + No

is a factor representing the noise amplification impact at U;. Likewise, we denote aﬁ = +/P;;h;q and
rewrite (9) as

A A A
Yido(t) = ajiwisi(t) + nigy(t)- (14)

2.3 A General System Model for WNC Protocols

We see that DAF and AAF WNC protocols share the same system model with different parameters.
For notational convenience in subsequent analysis, we denote the transmit signals from U; in the first

and the second time slots as

i—1
Yiar (t) = Z a;jx;s;(t) + nigr(t) (15)
j=1
and
Yido(t) = asixisi(t) + nigo(t), (16)

respectively, fori = 1,..., N and j = 1,...,7— 1. In the above equations, a;; = /P;;hiq, a;j = ]Bijhid
where f’ij follows (2) and (12) for DAF and AAF, respectively, and the power spectral density of

Nido(t) and n;q-(t) is Ny and Ny f;, respectively with

fi= Zi—l Pijlhial? +1 for AAF

{ 1 for DAF
J=1 Pjjlhjil*+No

3 Signal Detection in WNC

Since we assume each mobile unit knows the signature waveforms of other mobile units, the detection
of symbol x; at mobile unit U; for j = 1,..., N and ¢ = j + 1,..., N in DAF WNC protocol follows

matched-filtering that is applied to the received signal ijiO(t) as

Bji & < yho(t), s;(t) > = \/Pjjhjizj + nys, (18)

where nj; ~ N (0, Ny). Here no multiuser detection is required at mobile units.



Signal detection at the destination in DAF and AAF WNC protocols is performed by first ap-
plying matched-filtering to the received signals with respect to signature waveforms. Then multiuser

detection is followed to obtain a set of desired symbols. In the sequel, we explain these steps in detail.

3.1 Matched Filtering

Given the system models in Section 2, the destination receives N direct transmissions in the odd time

slots and (IV — 1) relaying transmissions in the even ones. Matched-filtering with respect to signature

waveforms is applied to the received signals to produce a total of M = w discrete-time signals
of the forms
i—1
Yigi =< Yiar(t), 5;(t) > = aijzj + Y aipjpti + nigs (19)
k=1
k#j
and
Yidi =< Yido(t), 8i(t) > = asix; + nigi (20)

fori=1,..,Nand j=1,...,i— 1. In (19) and (20), n;q ~ N (0, No) and n;q; ~ N (0, No f;) are the
AWGN.

]T, where T denotes transpose,

Let y = [y1d17y2d17y2d27~--ayid17---yyidjy---ayidi7-~-73/Nd17-~-73/NdN

be the M x 1 received signal vector and R; = < sy, S{I > be the cross-correlation matrix where

si = [51(t), s2(t), ..., si(t)]T. We can write
y =RAx+n, (21)
where x = [z, z9, ...,xN]T is the N x 1 transmit symbol vector,
R = diag {1,R{,1,Ry,1,.... Ri_1,1, ..., Ry_q, 1}

is the M x M cross-correlation matrix, and

[ diag(a11) 01x(v-1)
diag(az1, azo) 025 (N—2)
diag(as1, asz, as3) 035 (N-3)

A= :
diag(ai1, -, @ij, .-, @is) 0% (N—i)
| diag(aNl,...,aNj,...,aNN) i




is the M x N signal coefficient matrix. In the above equations, diag {.} and 0,x, denote a diagonal
matrix and a u-by-v matrix of zeros, respectively. Also in (21), n ~ AN(0, N(]ﬁ,) where O isan M x 1

vector of zeros and

R = diag {1, R, 1Ry, 1,...Ri1,1,...Rn_1, 1}

with f{i_l = f;R;_1. Let us define

F £ diag 1,f2, 1,f3,f3, 1, ceey fi, ,fl ,1, ceey fN,...,fN, 1 y
—— ——
(i—1) times (N—1) times

then R = FR and n ~ NV (0, NoFR).

3.2 Multiuser Detection Scheme

Assume R; is invertible with the invert matrix R;l. Then the inverse of R exists with R™! =
diag {1, Rl_l, 1, R;l, L,..R74.1, .., R]_Vl_l, 1}. Multiuser detection is applied to the received signal

i—10 Ly -

vector in two steps. First the vector y is pre-multiplied with the inverse R™! to obtain
y=R ly=Ax+n, (22)

where n ~ A (0, NoR™'F). Then y is grouped into (N — j + 1) x 1 signal vectors in association with
the desired symbols z; as

Yj = ajxj +ny, (23)
where a; = [ajj,...,aij,...,aNj]T for j = 1,..,N and ¢ = j,...,N and n; ~ N(0,K;). We have

— 2 2 2
K, = diag {O'jj, ey O ...,JNJ-}, where

1 ifi=j
2 _ J
(’ij_NO{ firij ifj<i<N - (24)

In (24), f; follows (17) and r;; £ (Ri_—ll)jj represents the interference impact on the symbol z; in

the linearly-coded signal of overheard symbols from U;. For the case of pj; = p for all i # j, it can

be shown [17] that
1+ (@ —3)p A

o A, 25
A0 -2 (%)
independent of j. Now let us define
T
a | Gj Qij aNj
b] - [O_Qa 7?7 70_2] (26)
JJ 1] Nj



Then the desired symbol is detected based on

i?j £ b;lyj = a;T; + ny, (27)

A pH, N ol 2) with o2 = SN layl®
where a; = bj a]—z_] =) andnj—b nJN./\/' 0,03 w1thaj—zi:j =

4 Performance Analysis of WNC

The detection in (27) provides the maximal conditional signal-to-interference-plus-noise ratio (SINR)

7, corresponding to the desired symbol z; as

2 N = 2

a; |azy| ij‘hyd’ Pij|hid| (
=2 . 28)

12 Zj z] l;l firijNO

In the sequel, we derive the exact and the asymptotic SER expressions for the use of M-PSK
modulation in DAF WNC protocol; a similar approach can be used to obtain SER expressions for
the case of M-QAM modulation. We also provide simulations to validate the SER performance of

both DAF and AAF WNC protocols.

4.1 SER Expression for WNC Protocol

For DAF WNC protocol, let 3;; € {0,1} for j =1,...,(N —1) and i = j+1,..., N represent a success
or a failure in detection of x; at U;. Because U; forwards x; only if it has successfully detected the
symbol, ]51.]. = P;;3;;. All B;;’s form a decimal number S; = Zfiﬂl Bij 2N=i which represents one
of 2(N=J) detection states of (N — j) mobile units Uji1,...,Un acting as relays in association with
x;. Because the detection is independent from one mobile unit to the other, 3;;’s are independent
Bernoulli random variables with a distribution
1—pg if G, =1
G (6i) = oY , 29
) = { P ] 29
where pj; is the SER in detection of z; at U;. Hence the probability of detecting x; in state S is
N
IT ¢Giy)- (30)
i=j+1

Given a detection state S;, we rewrite the conditional SINR in (28) for DAF WNC protocol as

N
b Pjjlhjal N Py;Bijlhial?

ils; =
J .
NO i1 ’I"UNO

(31)

10



where we have used f; = 1 for DAF WNC protocol.
In general, the conditional SER. for M-PSK modulation with conditional SNR ~ for a generic set

of channel coefficients {hy,} is given by [18]

v | -D)m/M by o
P =¥ 2 1 exp (v ) b (52)

where b = sin?(7/M). Based on (18), the SNR, in detection of z; at U;, given the channel gain is

(1>

vji = Pj;|hjil*/No. By averaging (32) with respect to the exponential random variable |hj;|?, the

SER in detecting z; at U; can be shown as [18]

bPjjoj;
o F 14— , 33
Pyt ( T Nosin26 (33)

where

(M-1)n/M  {

F(z(0)) = — / —df. 34
COEEY =0 (34)
Given a detection state Sj, which can take 2(N=39) values, the conditional SER in detecting xj at

the destination can be calculated using the law of total probability [19] as

o(N—j) _1
D - . o ‘
Pilthayyy, = > Prd; # ls)) Pr(S)), (35)
S;=0
where Pr(S;) follows (30) and
Pr(z; # x|S;) = ¥ <7ﬁsj) (36)

with ’yﬁsj following (31). By averaging (35) with respect to the exponential random variables
{]hidP}ij\ij, the exact SER in detecting z; at the destination can be given by [5]

2(N=3) _1 2 N N
bP: o2 bP-ﬂ--U-2
D 13~ jd 1 i3 Y4d
= F 14+ ——— 14+ —2% G (6i;), 37
Pi Z ( + Ny sin? 9) H < + 7 No sin® 9> H (Big) (37)

5;=0 i=j+1 i=j+1
where G(.) and F(.) follow (29) and (34), respectively.

Our next objective is to obtain the asymptotic SER performance, i.e., performance at high SNR,
in detecting x; at the destination. A number of approximations are needed. First, we expect that
SER pj; is sufficiently small compared to 1 at high SNR. Thus we assume that (1 — pj;) ~ 1 and

rewrite (37) as

2(N=j) 1 2 N N 2
bPjaj0% bP:cvis o2 bP:cvsio2
D J%93% 5d 75954 7293 90
D~ E Fl|l14 —=2 || 14— d || Fl1+ —=L), (38
Pi ( No sin? 9) ( rijNgsin29> Nosin 6 (38)

5;=0 i=j+1 i=j+1
A B

11



];fjj denotes the fraction of power P; allocated at U; in forwarding x;. Secondly, because of

where a;; =
high SNR, we can ignore the 1’s in the argument of F'(.). Let ;0 and §2;; denote subsets of the indices
of mobile units that decode x; erroneously and correctly, respectively. Then Q0 = {i: £;; = 0} and
Q1 = {i: Bi; = 1}. Furthermore, |Qjo| and [Q;1| € {0,1,..., (N — j)}, and Q0| + |Q;1| = N — j for

any detection state S;, where |.| denotes the size of a set. Hence in (38), we can show that

14]Q;
A~ (No) Hl g+ 190) 39)
B ; o2,
bFy ;i3 e, @i o
Q; .
o (Mo )™ Lo (40)
— \bP; ool I o2
77 iEQjo 7t
where
1 [(M=D)m/M )
g(z) =+ / fsin(0)]% do. (41)
T Jo
Consequently, (38) can be rewritten as
(N—i 2(N=4) 1 .
b (bB\ WY 1 g (1+1Q5)) [g(1)] %
pP ~ > . (42)
J Ny o2 14|90 Th 2
jd S;j=0 ajj HiEle Qi ( > HiEQjo Uji

le

The diversity order of a communication scheme is defined as

div = — lim M, (43)
v—oo  logry

where p(7) is the SER associated with the SNR v £ P;/Ny. From (42) and (43), the interference
impact r;; does not affect the diversity gain, and it is clear that x; achieves full spatial diversity with
an order of N — j+ 1. Hence DAF WNC protocol provides the incremental diversity to the network,
as expected.

Now when j = N, because xy is directly transmitted to d, the exact and the asymptotic SER

can be given by

bPyo?
D Nd
=Fr({1+ -—%< 44
PN ( Ny sin20> ’ (44)
and
bPy\ ! (1)
D N g
~ 45
PN ( Ny > U?Vd’ (45)

respectively, where F'(.) and g(.) follow (34) and (41), respectively.

For AAF WNC protocol, the conditional SER is

D5 s iy = ¥ (7)) (46)

12



where W(.) is defined in (32) and 734 follows (28) with f; in (17) for AAF protocol.

4.2 Performance Validation of WNC Protocols

In this subsection, we perform computer simulations to validate the SER performance analysis for
both DAF and AAF WNC protocols. The exact and asymptotic SER expressions in (37) and (42) are
used for analytical results in DAF WNC protocol. For AAF WNC protocol, (46) is used to provide
numerical results.

For simulation setup, BPSK modulation is used. The number of mobile units is N = 4, and the
variance of the noise is Ny = 1. We assume unit channel variances, i.e., JJQ.d = O'JQ-i =1lforj=1,...N
and ¢ = j + 1,...N and transmit power P; = ZZ]\L] P;; corresponding to x; is the same for all j.
Furthermore, we assume equal power allocation [5] for z; for j =1,..., N —1, i.e.

5 ifi=j
P"j:{;(fjfj) ifj<]z'§N (47)
since this strategy is optimal in the case of lacking channel state information at transmitters. For
zn, Pyy = Py since it is transmitted directly to the destination. We also assume that the cross-
correlation pj; = p for all i # j, and we use p = 0 and p = 0.5 in our simulations. The mobile
units are numbered in the decreasing order of their distance to the destination; therefore, we expect
a diversity order of 4, 3, 2, and 1 for x1, x2, 3, and x4, respectively.

Figures 3 and 4 present the SER performance for DAF and AAF WNC protocols. In each figure,
SER versus SNR (P;/Ny) for each information x; is presented. It is clear from the figures that
WNC provides the expected diversity orders in both DAF and AAF protocols. In other words, using
nonorthogonal code, WNC still achieves full diversity as shown in (42) for the case of DAF protocol.
In addition, the figures show that for the case of p = 0.5, the gap at high SNR between orthogonal

and nonorthogonal code is about 1dB, given the same SER.

5 Aggregate Transmit Power, Power Distribution, and Delay

In this section, we derive the expressions of aggregate transmit power and power distribution in a

network at high SNR for the four considered schemes DTX, INC, MAX, and WNC. We also provide
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the transmission delay for each scheme. These expressions are used to provide performance evaluation
of INC, MAX, and WNC in the next section.

We consider a network consisting of NV mobile units and a destination as described in Section
2, where transmissions from mobile units to a common destination are subject to TDMA and the
same QoS represented by a SER py. BPSK modulation is assumed for the demonstration purpose.
For cooperation-based schemes INC, MAX, and WNC, we consider DAF protocol with equal power
distribution strategy. Power P; to transmit z; is equally distributed between U; and Uj; in INC.

For MAX and WNC, power P; distributed among Uj, Uj41, ..., Un follows (47).

5.1 DTX

In DTX, each mobile unit U; directly transmits its information to d. The asymptotic SER expression

for BPSK modulation can be given by [20]

No

’ 48
4‘7]2‘dpj (48)

pj =~

where Ny is the variance of AWGN, P; is the transmit power, and UJQ-d = dj_"‘ is the variance of channel
fading between U; and d with the path loss exponent a. Consequently, given SER py, transmit power

associated with mobile unit U; is
No

P ~ , 49
J 40?dp0 ( )
and aggregate transmit power for DTX is
N
Pprx =Y P (50)
j=1

Because transmission from each mobile unit requires one time slot, transmission delay in DTX is IV

time slots for a network of N mobile units.

5.2 INC and MAX

INC and MAX apply two-user cooperative communication [4] and multi-node cooperative commu-
nication [5] in a network, respectively. Note that two-user cooperative communication is a specific

case of multi-node cooperative communication [5]. Multi-node cooperative communication considers
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a problem of single source s transmitting its information to a destination d with the assistance of A/

relays g, ug, ..., unr. The asymptotic SER for M-PSK modulation can be expressed as [5]

N+1 N+1 0 (n—1)
DS (No> Lz g(N +2)[ ()] (51)

bP el O H Qw0 oy Jsuk
where b and ¢(.) are defined in Section 4.1, Ny is the variance of AWGN, P is the transmit power,
as and ay,, are the fraction of transmit power P allocated at source s and relay u,, respectively, and
o2, for generic nodes u and v is the channel variance of the link between u and v.

1
For BPSK modulation (M = 2), we can show that b = 1 and g(x) = ﬁ%, where I'(.) is
the Gamma-function. Because x takes integer values in (51), we can further show that I’ (% + :B) =
ﬁw and I'(1 +x) = z!, where (.)! and (.)!! are single factorial and double factorial operations,

respectively. If we consider equal power allocation strategy, then the SER for detecting the source

information is given by

No\VHE 1
DPSER = <> —, (52)
P O-sz,d,eff
where
2 ‘72d
S
Tsd,eff = E/\/—H WV —n+2)-1)!! NN —nt+1 (53)
(N —n+2)! 2”]_[ M. uldH

Suk}

is the effective channel variance between the source and the destination in N -relay multi-node coop-

erative communication. From (52), the transmit power for a given SER pg at high SNR is

For two-user cooperative communication, (52)-(54) can be applied directly with A/ = 1. Tt can

also be shown that

1 3\ !
Ugd,eff = 4o, ((72 + 2> ; (55)
d

sSu Ul

where u denotes the relay unit.

Given the network in Section 2 that consists of N mobile units Uy, Us, ..., Uy transmitting their
information 1, xa, ..., Ty, respectively, to a common destination, multi-node cooperative communi-
cation is applied in MAX as follows. MAX comprises of (N — 1) multi-node cooperative communi-
cation stages and a direct transmission stage. The jth cooperation stage involves a source node U;

and N' = N — j relays, which are mobile units Uj41, ..., Un located between U; and d. Thus diversity
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orders of N, (N —1),...,2 are expected for Uy, ...,Un_1, respectively. The effective channel variance
between U; and d, szd’eﬂ, can be directly determined using (53) with N' = N — j. Consequently,

given SER py, transmit power P; associated with x; follows (54) with o? ide

sd,e

gand N =N —j.
The power P; is distributed among U;, Uj41, ..., Uy following the equal power distribution strategy in
(47). Mobile unit Uy operates in direct transmission mode with diversity order of one and transmit
power Pyy = Py following (49). Because U; for i = 1,..., N forwards z1, z9, ..., z;—1 and transmits

its own z; to the destination, transmit power required at U; is
i
=1

Thus aggregate transmit power for MAX is
N N i
Pyax =Y PMY=3"3"py. (57)
i=1 i=1 j=1
Similarly, INC consists of (N — 1) two-user cooperative communication stages for Uy, ...,Un_1
and one direct transmission stage for Uy. The effective channel variance between U; and d, szdyeﬁ,
for j=1,...,(N —1) can be determined based on (55). From that, given SER py, transmit power P;
associated with z; is determined by (54) where N = 1. The power P; is divided equally between U;
and Ujq1. Uy operates in direct transmission mode with transmit power Pyy = Py following (49).

Because U; forwards x;_1 and transmits its own x;, transmit power at U; is

pINC _ (Pi-1) + Pi).

58
. (59)
Thus aggregate transmit power for INC is
N N
P i1 + P:
Pive =y pive -y e 2R) )
i=1 i=1

In INC and MAX, each relay requires one time slot for its transmission. Thus transmission delay
in INC and MAX is (2N — 1) and N(N + 1)/2 time slots, respectively. The transmission delay in

INC grows linearly with the network size while that in MAX grows quadratically.
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5.3 WNC

From (42), following the same procedure in Section 5.2 for BPSK modulation, we are able to show

that
D NO N—j+1 1
Py =\ p P (60)
j O%d,eff
for j =1,...,(N — 1), where
2
o“
2 jd
, = 61
T jd,eff 2(N=3) 1 (21 |+1)! (N—j)%1] (61)
5;=0 QN . o2
J (141€2510) 21+\QJO|HiEQj1 #?Hieﬂj() o3

is the effective channel variance between U; and d. From (60), given SER pg, transmit power

associated with z; is

1

P] ~ NO (p00]2~d7eff)7N7j+1 . (62)

Equal power distribution strategy is also used in WNC where P; is distributed following (47). Mobile
unit Uy operates in direct transmission mode with transmit power Pyy = Py following (49). Because
U; fori=1,...,N forwards x1, z9, ..., z;_1 and transmits its own z; to the destination, transmit power
at U; is

PI"NC = By, (63)
j=1

Thus aggregate transmit power for WNC is
N N i
Puno =3 PNC =33 P (64)
i=1 i=1 j=1
Based on WNC transmission structure in Section 2, transmission delay in WNC is (2N — 1) time

slots.

6 Performance Simulation and Validation

In this section, we perform computer simulations to evaluate and validate INC, MAX, and WNC per-
formance. We aim to verify that these schemes result in substantial reduction of aggregate transmit
power over DTX and to confirm that WNC achieves low aggregate transmit power and even power

distribution with low transmission delay. To show power reduction of scheme 2 over scheme 1, we
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define

P, - P,
Power reduction = —S¢hemel = 7 sehemed 1009, (65)
Pschemel

For simulation setup, we assume a network whose /N mobile units are uniformly distributed in an
area A = [0,2]? and the destination locates at (0,0) as shown in Figure 1. We consider the path loss
exponent a = 3, the SER pg = 5 x 1074, and the noise variance Ny = 1072. The results are obtained
over 1000 network realizations. For each network realization, we compute channel variances between

any two nodes u and v as 02, = d,® where d,, is the distance between the two nodes.

6.1 Validation of INC, MAX, and WINC Improvement over DTX

Figure 5 presents the reduction in aggregate transmit power using INC, MAX, and WNC over DTX
for various network sizes. For WNC, we take the cross-correlation p = 0.5. It is clear from the
figure that great reduction in aggregate transmit power can be achieved using INC, MAX, and WNC
over DTX, especially for large network sizes. The power reduction of 69% at a network size of two
increases rapidly as the network size increases and achieves more than 90% for network sizes larger
than five mobile units. The reason for INC, MAX, and WNC achieving substantial power reduction
is the spatial diversity used to compensate the large path loss. Mobile units other than Uy in INC
receive a diversity order of two for their transmission while those in MAX and WNC receive diversity
order incrementally based on their locations. The spatial diversity results in substantial reduction of
the aggregate transmit power in our schemes over DTX.

Figure 6 presents the distribution of aggregate transmit power in a 10-unit network for the four
considered schemes; nevertheless, the finding is unique to other network sizes. Note that mobile
units are numbered in the decreasing order of their distance to the destination. Clearly from the
figure, DTX leads to substantial power burden on mobile units away from the destination. This
is due to large transmit powers required in association with large distances. The power burden
reduction in INC is due to diversity order of two for each mobile unit and transmit power shared by
two consecutive units, a half of power for each. High transmit power for distant units, however, still
remains. Nevertheless, power distribution is much better than that in DTX as shown in the figure.
The best power distribution is found in MAX and WNC. In these schemes, incremental diversity

provides higher diversity order to mobile units with larger distances to compensate the high required
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transmit power. Furthermore, the higher transmit power is shared by the larger group of mobile

units. Consequently, MAX and WNC achieve the best power distribution as shown in the figure.

6.2 Validation of WNC over INC and MAX

It is clear from Figures 5 and 6 that WNC for the case of p = 0.5 results in a comparable performance
with MAX. In particular, Figure 5 shows that power reduction of WNC over DTX is less than 1%
lower than that of MAX while Figure 6 reveals that WNC and MAX have the same power distribution
profile.

Now let us take a close look at INC, MAX, and WNC performance. Figure 7 illustrates the
aggregate transmit power using INC, MAX, and WNC in a 10-unit network for various values of the
cross correlation p; nevertheless, the finding is unique for other network sizes. As shown in the figure,
when p is chosen appropriately, for example p € [0,0.6] in this setup, aggregate transmit power in
WNC and MAX is not much different. It is also clear from the figure that WNC outperforms INC
in terms of aggregate transmit power for a wide range of p values (p € [0,0.85] in this setup) and
WNC performance becomes no longer better than INC only for very high values of p (p > 0.85 in
this setup). Here high values of the cross correlation p associate with high interference, caused by the
linear combination of overheard symbols at relay, that overcomes the benefit of incremental diversity
and causes high aggregate transmit power in WNC.

Lastly, Figure 8 provides the power distribution among mobile units using INC, MAX, and WNC
for various values of p for the same network in Figure 7. We see that WNC provides the same power
distribution profile as MAX for any p < 0.9. Moreover, WNC outperforms INC in terms of power
distribution for a wide range of p values. Even for p = 0.95, WNC power distribution profile is still
better than that of INC (the node power varies within 2 units in WNC while that is about 3.5 in INC)
although WNC with this p value results in much higher aggregate transmit power as shown in Figure
7. Incremental diversity in WNC, where higher diversity order are allocated for more distant mobile
units to reduce the high transmit power, provides the balance in power distribution. Furthermore,
transmit power is shared among many mobile units by cooperative communication, where higher

transmit power is shared by a larger group of relays, providing further balance in power distribution.
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6.3 Remarks

From the performance evaluation presented in this section, a number of remarks are noteworthy.
First, the jump in transmit power at Uy, the closest mobile unit to the destination, in INC, MAX,
and WNC in Figures 6 and 8 is due to the fact that this unit does not receive assistance from others
and the transmission of its own information is in direct mode. Also the most distant unit U; may
require less transmit power than others in INC and WNC since it is not required to assist any unit.
Second, as we have seen, INC, MAX, and WNC outperform DTX greatly in terms of aggregate
transmit power and power distribution. Higher gain in power reduction and even power distribution
of INC, MAX, and WNC over DTX is expected when higher QoS, equivalently lower SER, is desired.
A similar notice is given for the case of using MAX and WNC over INC. Third, MAX achieves the
lowest power aggregation and the best power distribution, as shown in Figures 5 - 8. However, the
transmission delay in MAX is very high, compared to WNC and INC, as illustrated in Figure 9. For
a network of N mobile units, MAX incurs a delay of N(N +1)/2 time slots while both WNC and INC
have the same transmission delay of (2N — 1) time slots. On the other hand, although INC incurs a
low transmission delay, it requires much higher transmit power and the power is distributed unevenly,
as revealed in Figures 6 and 8. Clearly, WNC achieves the advantages of both MAX and INC, which
are characterized by low transmit power, even power distribution, and low transmission delay. Lastly,
WNC requires no multiuser detection at mobile units while it employs a simple multiuser detection
method at the destination, as shown in Section 3. These characteristics make WNC be the best

candidate to improve network performance.

7 Conclusions

In this paper, we have considered a number of location-aware cooperation-based schemes, namely
immediate-neighbor cooperation (INC), maximal cooperation (MAX), and wireless network cocast
(WNC) that achieve spatial diversity to reduce aggregate transmit power and achieve even power
distribution in a network. INC utilizes two-user cooperative communication in a network, resulting
in good reduction of aggregate transmit power; however, the issue of uneven power distribution still

remains. MAX utilizes multi-node cooperative communication, providing incremental diversity to
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solve the uneven power distribution and achieves substantial reduction in aggregate transmit power.

However, transmission delay in MAX grows quadratically with the network size. For a network

of N mobile units, the transmission delays in INC and MAX are (2N — 1) and N(N + 1)/2 time

slots, respectively. The novel WNC utilizes cocast to resolve the weaknesses of INC and MAX. In

particular, INC, MAX, and WNC can result in more than 90% reduction in aggregate transmit power

over DTX. Moreover, WNC can achieve low aggregate transmit power and even power distribution

of MAX with low transmission of INC.
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Figure 1: A uniformly distributed network with a destination d and N mobile units Uy, Us...,Un

numbered in decreasing order of their distance to the destination.
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