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Abstract—An adaptive regenerate and forward cooperative
diversity (CD) system using quadrature amplitude modulation
(QAM) for a two-user cooperation is proposed. The proposed
system can achieve a maximum diversity order of two. The
bit error probability (BEP) of a CD system depends primarily
on the quality of the inter-user channel and user-to-destination
channels, and the transmitted power of the cooperating users.
Expressions which characterize the asymptotic behavior of the
BEP as a function of the received signal-to-noise ratio (SNR) at
the relay and the destination are derived. The transmit power is
allocated optimally between the source and the relay according
to the channel qualities and the CD system employed to achieve
a prescribed BEP. Three power allocation strategies, each for
a specific wireless communication scenario, which optimize the
power consumption of the proposed CD system are introduced.
The cooperative region, corresponding to each power allocation
scheme, within which the partners must be located in order to
yield a specified cooperative energy gain, is determined.

Index Terms—Cooperative diversity, maximum ratio combin-
ing, power allocation, quadrature amplitude modulation, bit
error probability, cooperative region.

I. INTRODUCTION

OOPERATIVE diversity (CD), which emulates a mul-

tiple transmit-antennas situation in multiple input and
multiple output (MIMO) systems, is used where the trans-
mitting device is simple and can only have a single transmit
antenna. The cooperation between two or more users in a
wireless communication system can yield diversity gain [1]-
[11]. By user cooperation, it is meant that when the sender
transmits to the destination, it also sends the same signal to
other users, called partners, for relaying to the destination.
The antennas of the sender and the partners together form
a multiple transmit antennas situation. In a CD system, the
cooperating partners are geographically separated. Therefore,
the spacing between any pair of users, and hence their an-
tennas, is wider than that of a conventional MIMO system.
CD systems are thus immuned not only against small scale
channel fading but also against large scale channel fading, i.e.,
if the source experiences shadowing, the relay that do not have
any shadowing can be selected to mitigate the shadowing. On
the other hand, CD systems are more sensitive to inter-user
(between sender and partner) transmission errors.

Manuscript received January 16, 2007; revised July 23, 2007 and October
29, 2007; accepted January 11, 2008. The associate editor coordinating the
review of this paper and approving it for publication was S. Kishore.

This work has been supported by the Natural Sciences and Engineering
Research Council (NSERC) of Canada under Grant No. RGPIN7779.

V. Mahinthan, J. W. Mark, and X. Shen are with the Centre for Wireless
Communications, Dept. of E&CE, University of Waterloo, Waterloo, ON,
Canada, N2L 3Gl (e-mail: {mveluppi, jwmark, xshen} @bbcr.uwaterloo.ca).

Digital Object Identifier 10.1109/TWC.2010.03.070065

In general, CD systems can be divided into two categories
based on the forwarding schemes employed by the partner:
amplify and forward (relaying) and regenerate and forward
(regenerative repeat). For amplify and forward schemes, the
partner simply amplifies the signal received from the sender
and retransmits it to the destination. For regenerate and
forward schemes, the partner detects the received signal and
transmits a regenerated version of the detected signal to the
destination. CD systems can also be fixed or adaptive. In fixed
CD systems, the partner always forwards the information to
the destination. In contrast, the partner of an adaptive CD
system decides whether or not to forward the received signal
based on knowledge of the cyclic redundancy check (CRC)
error detection of the received message, the inter-user channel
quality, or the feedback from the destination. If the partner
decides not to forward, then it may repeat transmitting the
information sent in the earlier time slot, or remain silent. Thus,
the term adaptive as applied to CD systems here refers to
the adaptation whether or not the relay should forward the
received information.

With the currently available radio frequency (RF) circuitry,
simultaneous transmission and reception in the same fre-
quency is not feasible. Therefore, the orthogonality of the
transmitted signals should be maintained at the relay to handle
the transmission and reception of the uplink signal. In the
works reported in the literature, orthogonality is achieved
by dividing the available channels into sub-channels. In the
scheme discussed in [6] and [7], the channel is divided into
two sub-channels in the time domain. The division into two
sub-channels means that the transmission requires twice the
bandwidth; otherwise the signal can only be transmitted at half
the data rate of a non-cooperative diversity (NCD) scheme.

In [12], a bandwidth and energy efficient CD system using
quadrature signaling for two-user cooperation is proposed.
Quadrature signaling is achieved by transmitting in the in-
phase and quadrature components of a quadrature amplitude
modulation scheme. Therefore, it can be applied to fixed
multiple access schemes such as TDMA and FDMA. Since
each user employs its own multiple access channel to send
both its and the partner’s signals to the destination, quadrature
signaling eliminates the need to use the partners’ multiple ac-
cess channels, thereby reduces the additional synchronization
normally required in schemes such as distributed space-time
block coding (DSTBC) in which the signal from both users
should be received coherently [2].

With quadrature signaling, instead of expanding the band-
width or reducing the effective data rate of the cooperative
system, the signal constellation of the modulation scheme is
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expanded to accommodate the transmissions by the partner.
The CD system in [12] employs fixed relaying at the partner,
which means that the relay forwards whatever information
received from the source to the destination without any error
checking. It is shown that the CD system in [12] can achieve
diversity order of two if the inter-user channel is better
than that of source-to-destination channel. In addition, the
cooperative region within which cooperation can achieve a
specified amount of energy gain over an NCD system is
determined.

However, employing adaptive relaying at the partner can
provide more diversity gain without the constraint that
the inter-user channel should be better than the source-to-
destination channel at the expense of increased device and
signaling complexity. In this paper, we consider an adaptive
regenerate and forward CD system which employs cyclic
redundancy check (CRC) in the partner’s device to check the
correctness of the received frame before making a decision
whether or not to regenerate and forward. The asymptotic
behavior of the bit error probability (BEP) of the proposed
scheme is derived for QAM modulation as a function of the
received SNR at the relay and at the destination. The tightness
of the derived analytical upper bound of BEP is validated using
simulation. Advantages of the proposed quadrature signaling
based CD system include minimal modification of existing
point-to-point systems, implementability using selection relay-
ing [1] and bandwidth efficiency in terms of spectral utiliza-
tion. In addition, the performance analysis and the numerical
results in this paper are unique to the proposed adaptive CD
system and quite different from the fixed CD system of [12].

The quality of service (QoS) parameters such as BEP,
frame error rate, packet error rate, etc. of a CD system
primarily depend on the quality of the inter-user channel
and user-to-destination channels, and the transmitted power
of the cooperating users. To minimize the power needed for
a guaranteed BEP, the transmit power should be allocated
optimally between the source and the relay according to
the channel qualities and the CD system employed. The bit
energies of the source’s and relaying bits of our proposed
QAM CD system should be equal in order to reduce the I-Q
imbalance in the RF circuitry. Since most of the CD systems
in the literature do not have this constraint, previous works of
power allocation for CD systems do not apply to the proposed
system. Thus, we are motivated to study power allocation
strategies in Section I'V.

In this respect, we introduce three power allocation strate-
gies for our proposed CD system, namely, optimal power
allocation (OPA), equal power transmission (EPT) by users,
and equal SNR reception (ESR) at the BS, to address wire-
less communication in different networks. The OPA strategy
satisfies the guaranteed BEP with the lowest power for the
symmetric QAM constellations. Even though optimally allo-
cating the power between the source and the relay, it would
not be enough for some applications that have some additional
power allocation constraints. For example, in a sensor network,
maximize the lifetime of the network is an objective. This
can be achieved by allocating equal transmitting power to the
cooperative users under the EPT strategy. On the other hand,
system performance of cellular networks is limited by inter-
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cell interference. It can be mitigated by allocating power that
provides equal SNR reception (ESR) at the BS.

The location of the cooperating partner who requires mini-
mal energy to achieve a given BEP is unknown for a particular
power allocation strategy. For a given energy gain over an
NCD system, the relay’s location can be specified by drawing
contours in a two-dimensional plane and the shape of contours
may differ for each power allocation strategy. In other words,
for a given energy gain over no cooperation and a given BEP,
a contour of the relay’s location relative to those of the source
and the destination, referred to as the cooperative region [4],
[12], [13], can be determined. The cooperative region gives a
clear picture of the relative location of the partner to achieve a
guaranteed energy gain by user cooperation for a given power
allocation strategy.

The main concern of this paper is to attain cooperative diver-
sity gain of the bandwidth efficient quadrature signaling based
CD system and to optimally allocate the power between the
source and the relay by minimizing the total requested power.
The major contributions of this paper are (i) the proposal of
bandwidth efficient adaptive relaying of the sender’s signal by
the cooperating partner in a quadrature signaling regenerate
and forward CD system, (ii) the derivation of an analytical
upper bound of the BEP that shows its degree of tightness
and (iii) a framework of power allocation that minimizes the
total energy consumption by considering the physical layer
aspects and operating environment of the CD system.

The remainder of the paper is organized as follows. Section
IT describes the system model under consideration. Section
IIT analyzes the performance of the proposed CD system. In
section IV, optimal power allocation strategies, applied to
different wireless communication scenarios, are introduced.
These power allocation strategies are assessed based on con-
tours of cooperative regions. Finally, concluding remarks are
given in section V.

II. SYSTEM MODEL

We consider an M-QAM signaling cooperative diversity
scheme in which a mobile user (the sender) cooperates with
another mobile user (the partner) to transmit signals in the
uplink of an infrastructure based network. In each cooperative
mobile device, both its own and its partner’s signals are
simultaneously transmitted using quadrature signaling! [12].
In this paper, we are concerned with the transmissions of M-
QAM signals with adaptive relaying at the partner using the
quadrature signaling based CD system described in Fig. 1. The
base station (BS) and each of the mobile devices has a single
antenna, so the cooperative diversity scheme emulates a “two-
input one-output” (2I110) situation. The signals transmitted by
the sender and relayed by the partner are combined at the BS
receiver using maximal ratio combining.

The transmission frame format of the M-QAM modulation
scheme is shown in Fig. 1(a), with the signal constellation
of 4PAM/16-QAM modulation shown in 1(b). In quadrature
signaling, we assign the in-phase channel to user I and the
quadrature channel to user 2. Fig. 1(a) shows frames of
information symbols transmitted by user I in multiple access

'With quadrature signaling, a user transmits the partner’s signal as well as
its own. Thus the roles of sender and partner are interchangeable.
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Channel 1

v Channel 2

vzzzzzzz) Frame of user 1's symbols

RV Frame of user 2's symbols

4 Frame of user 1's and user 2's symbols

(a) Transmission of the frame
a,(a,) b=1

(b) 4PAM/16 QAM signal constellation

Fig. 1. (a) Frame transmission format and (b) signal constellation of 4-
PAM/16-QAM using quadrature signaling.

channel I and by user 2 in multiple access channel 2. In the
first frame interval of a cooperative session, each user trans-
mits its own information only. In successive frame intervals,
each user transmits not only its own information but also the
regenerated version of the partner’s information received in
the previous frame interval. But, in the last frame interval of
the cooperation session, each user transmits the regenerated
version of the partner’s information only. Since user I and
user 2 use the in-phase and the quadrature components of
the M-QAM modulation, respectively, each user equivalently
employs I-PAM modulation, where I = /M. In the uplink
receiver of both users, the in-phase and quadrature components
are demodulated separately and the detected and regenerated
partner’s frame is forwarded to the BS if the frame is detected
error free.

Throughout the paper, we assume that the inter-user and
the user to BS channels exhibit flat Rayleigh fading, and that
the two channel are independent of each other, static over
a frame interval, and change independently from frame to
frame. In this case, each frame is comprised of N symbols. In
addition, it is assumed that channel state information (channel
fading coefficient) is available at the respective receivers to
facilitate demodulation and that proper synchronization has
been established.

At the BS, the signals received from both users are com-
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bined using a maximal ratio combiner (MRC). To decode the
information of user I, the received signal from channel 1 is
delayed by one frame interval and combined with the received
signal from channel 2 at the MRC. Similarly, to decode the
information of user 2, the received signal from channel 2 is
delayed by one frame interval and combined with the received
signal from channel 1. The output of the MRC is sent to a
decision device which converts it to a binary format.

Let the baseband equivalent received signals from user i,
i = 1,2, at the BS be denoted as r; p(t). Similarly, user i’s
uplink signal received by userj, j = 1,2 and i # j, is denoted
as 7; ;(t). From the system model, r; g(t) and r; ;(t) can be
written as

ri,8(t) = hi B(t)si(t) + ni,5(t)
7ij () = hij(8)si(t) + 15 (t),

where the channel fading coefficient between user ¢ and the BS
is denoted by h; g (t) and that from user i to user j by h; ;(1).
When the inter-user channel is symmetric, h; ;(t) = h;;(t).
The processes 7; g(t) and 7; ;(t) are additive noise at the
respective receivers and modeled as zero mean circularly sym-
metric, complex Gaussian distributed with variance Ny/2 per
dimension, where Ny is the one-sided power spectral density
of white Gaussian noise. s;(t), chosen from the M-QAM
signal constellation similar to that shown in Fig. 1(b), is the
transmitted signal from user i. Therefore, s1(¢) and sa(t) can
be written as s1(t) = \/logaM - Ep1/2(a1(t) + jaz(t — T))
and s2(t) = y/logaM - Eya/2(a1(t — Ty) + jas(t)), respec-
tively, where a;(t) is the I-PAM information symbol of user
i and a;(.) is the corresponding reproduced symbol at the
partner. T’y is the frame duration and Ej; is the energy spent
for a bit using NCD transmission at user . To have a power
consumption equal to that of an NCD system, the CD system
equally shares the power in transmitting the user’s and the
partner’s information bits at each mobile device.

At the BS, if each user relays the partner’s information, the
signals received from both user channels are combined using
MRC and decoded using the maximum likelihood (ML) rule
[14]. The decoded symbols are given by

d) = arg min (%{h’{,B(t —Ty)r1,8(t — T¥)
a1€E0g
+ b3 p(t)ra,5(t)} — (|h1,B(t — Ty)[> + \hz,B(t)\Q)él)
2 = arg min (S{h3 p(t — Tp)rap(t - Ty)
al1€eES]
+ 15 p(6)r1,s(8)} — (hys(t)? + |ho,p(t - T.f>|2>a22,
)

(
where the notations R{Z} and ${Z} denote the real and the

imaginary parts of the complex number Z, respectively. S is
the set of I-PAM information symbols.

ey

III. PERFORMANCE ANALYSIS

The performance measures of the CD system described in
Section II are the inter-user frame error probability (Prgp),
the BEP at the output of the MRC (Pjsrc), when the partner
helps, and the BEP of the MRC output (Pyg), when the
partner does not help. In addition, we also present the BEP
of the NCD (conventional I-PAM) system from [17]. Finally,
analytical and simulation results are presented to demonstrate
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the tightness of the analytical upper bound and to study the
performance characteristics of the proposed CD system.

Since the roles of sender and partner in quadrature signaling
are interchangeable, in the derivations to follow, we consider
user 1 as the sender and user 2 as the relay. For quasi-static
fading channels among the users and the BS, hq 2(n) = hy 2,
hi(n) = hy and ho(n) = hg within a frame of N sym—
bols and Varying independently between frames. Let 4, 2 =
= ZWwE{|h?} and 7, = Z2E{|h[?}
be the 1nter—user signal- to -noise ratio (ISNR), user I-to-BS
SNR and user 2-to-BS SNR, respectively, where E{.} is the
expectation operator.

A. Average BEP of the CD system
The average BEP of the CD system, P,, can be written as
P, = (1 — Prgp)Pyvrc + PrepPNE ©)

where the derivations of Prrp, Pyro and Py are given
in the Appendix. From (27), Prgp can be written as

(1—2"™)I—1 N
Z S MImi) Y (1

=0 Ne‘myzl

1)2Ne|m'7172 >

Prep < Ilog I

3log, I.(2i +
2(I%2 — 1) + 3log,
From (31) in the Appendix, the Py;rc for similar (71 = 72)

and dissimilar (73 # 72) channel towards the BS can be
written as

I.(2i +1)2Nejm1,2

logo I (1—27™)I—1

Pyre = [log I Z Z: M) )]
(1—%1(12)) (2 + (I, 1))
and
logy I (1—2-™)I—1
b 110g21 Z z; A(I,m, i)
T o .
1— 1,1 - —(1 - b

3log, I.(2i41)%27
2(I7—1)+3log, I.(2i+1)%v1

respectively, where pi(7,1%)

. log, I.(2i 24
and po(I,i) = \/2(1251)_%310{:2?1()%121)2%. The parameter
igm—1 : om—
MI,m,i) = (~1)— ) (@2m=t — |22 4 1)) where the

symbol |-| denotes the integer greater than or equal to its
argument. Py can be written as

logo I (1—27™)I—1

22

=0

I, m, i) (1 — puy(1,4)).

(7

By substituting (4), (5) or (6) and (7) into (3), BEP can be
written for similar and dissimilar channel towards the BS.

For the CD system with 4-QAM signaling, i.e., 2-PAM per

user, by substituting (32) or (34) and (36) into (3), the BEP

P
NH = Ilog 1

“
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can be written for similar and dissimilar channel towards the
BS as

Py = (1- Prpp) (HE) B (1_ 211%)}2

1 T
+ Prgp= (1-
FEP2( 2+%)

gk (1 _ gk )
M1 — Vo 247
Y2 Y2 1 ot
2 (1- _ } 4 Prgp- (1— ),
V2—V1< 2+V2> FEPQ( 2“‘71)

)
respectively. By substituting (33) or (35) and (37) into (3),
a closed-form solution can be derived for BEP of the 16-

QAM adaptive CD system for similar and dissimilar channels
towards the BS as

®)

and

1
Py, =(1- PFEP)§[

Py =(1- PFEP)%{% (1= 11(4,0))* (2 + 111 (4,0))

+5 (1= u(4,1)* 2+ m(4,1))

(10)

»-l>|>—‘ D] =

(1—p1(4,2)" (2+ i (4,2)) }

+PFEP8(4 3p1(4,0) — 2p1(4,1) + 11(4,2)),

and

X é{%v 7 (4 3p1(4,0) — 2u1(4,1) + pa (4, 2))

+ 72’?_ 7 (4 3u2(4,0) — 2ua(4,1) + pa(4, 2))}

+PFEP8(4 3/1,1(4 0) — 2u1 (4, 1)+M1(4 2))
(11)

respectively.

B. Average BEP of NCD system
The average BEP of the NCD system is given by [17]:

logo I (1—2"")1—1

ZZ

AT, m, i) (1 — i (1,4)),
(12)

Pvep = 1 log 1

3log, I.(2i+1)°71
(I>—1)+31log, I.(2i+1)°71

where fi1(1,4) =

C. Tradeoff between power and data rate

In any cooperative system, the cooperative diversity gain
is achieved at the expense of radio resources, i.e., time,
frequency, data rate, etc. In our system, we expand the signal
constellations which indirectly reduces the rate. At this point, a
fair comparison can be done in two ways. (i) the CD and NCD
transmissions are compared for the same rate (spectral effi-
ciency) for each user. For example, the resultant modulation
for the CD and NCD systems with 2 bits/Hz/s are 16-QAM
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BEP
7

—— user 2 (ISNR=15dB, simulation), '~
107+ = user 2 (ISNR=15dB, anlaysis)
—O— user 1 (ISNR=15dB, simulation) ~

® user 1 (ISNR=15dB, anlaysis) ~,
—&— user 2 (ISNR=30dB, simulation)|
-5 4 user 2 (ISNR=30dB, anlaysis)
== user 1 (ISNR=30dB, simulation)|

Y user 1 (ISNR=30dB, anlaysis)

user 1 NCD
' user 2 NCD
10’6 L L L
0 5 10 15 20 25 30
SNR, (dB)

Fig. 2.  Bit error probability of the CD system with 4-QAM/QPSK for
dissimilar channel towards BS (SN Ry = 15dB).

and 4-PAM, respectively, where the same bit energy of the 4-
PAM transmission is used for 16-QAM transmission as well.
That means the symbol energy required for the NCD is shared
for the CD transmission. (ii) The CD and NCD systems are
compared with the same signal constellations. For example,
the resultant modulation for CD and NCD systems are 16-
QAM where the systems have different rate but same symbol
energy. To have a fair comparison, we have to normalize
the SNR by the minimum SNR required for each system to
achieve a given rate R per dimension. The minimum SNR
is given by 2 — 1 where R = 2 for 16 QAM NCD and
R =1 for 16 QAM CD. In this paper, we consider the first
comparison method. The second method is utilized in [12] for
fixed CD systems.

D. Numerical Results

In this subsection, we present numerical results to demon-
strate the performance of the proposed CD system. The BEP is
evaluated analytically and via simulation. In our simulation, a
frame consisting of 128 information symbols is transmitted
through a Rayleigh flat fading channel. In a cooperative
session, 100 frames are considered. The noise is assumed to
be a zero mean complex Gaussian process with variance N /2
per dimension. The channel is also considered as slow fading
that remains constant over a frame interval. We assume that
channel state information (CSI) is available at the respective
receivers for decoding the received signal.

1) BEP of the CD system with dissimilar channel towards
the BS: The BEPs as a function of user I’s SNR of the pro-
posed CD system with 4-QAM/QPSK for dissimilar channels
are plotted in Fig. 2. Here, 7 is fixed at 15dB and %; varies
from O to 30 dB for the cases in which the inter-user SNR
(ISNR) is %1,2=15dB and 30dB. The proposed CD system
provides better bit error performance not only for user I but
also for the stronger user 2 over the NCD system (standard
BPSK) for ISNR=15dB. The BEP of the CD system gradually
decreases when ISNR increases because the partner’s help
tends to increase with ISNR. For clarity of the figure, we
only show two cases such as ISNR=15dB and ISNR=30dB

1241

BEP
5

—O— user 2 (analytical, ISNR=15 dB)
| —@— user 2 (simulation, ISNR=15 dB)

—o— user 1 (analytical, ISNR=15 dB)
—&— user 1 (simulation, ISNR=15 dB)
user 1 & user 2 (analytical, ideal cooperation)
------ user 1 & user 2 (simulation, ideal cooperation)
= = = user 1 no cooperation
‘‘‘‘‘ user 2 no cooperation

0 5 10 15 20 25 30
SNR, (dB)

Fig. 3. Bit error probability of the CD system with 16-QAM for dissimilar
channel towards BS (SN R2 = 15dB).

in Fig. 2. Furthermore, the figure shows that the analytical
results for upper bound virtually coincide with the simulation
results. This is due to the fact that the difference between the
exact FEP and the upper bound of FEP is insignificant in the
calculation of the overall BEP by (3).

The simulation and analytical results of the proposed CD
system for 16-QAM are given for ISNR=15dB and 30dB in
Figs. 3 and 4, respectively. For the curve shown in Fig. 3, ¥,
is fixed at 15dB and 74 varies from 0 to 30 dB. It can be seen
that the BEP of both users is enhanced significantly by the
proposed scheme. This means that cooperation enhances not
only the performance of the user far away from the BS but
also the user near to the BS. In addition, the BEP improves
with the inter-user channel quality, as shown in Fig. 4 for
ISNR=30dB. Thus, the BEP performance of the proposed
scheme improves as the ISNR increases. For ideal cooperation
(assuming that the partner’s information is perfectly decoded),
the performance of the proposed scheme is the same as that of
the case with one transmit antenna and two receive antennas
using MRC. For the CD system with 16-QAM, the BEP upper
bound is very close to the simulation results.

From all of the above figures, we can observe that the BEP
of user 2 is saturated at one point because 7 is fixed at 15dB.
The level of saturation is a function of the inter-user channel
quality.

2) BEP of the CD system with similar channel towards
the BS: In the case of similar channel towards the BS
(71 = 72), due to symmetric nature, both users experience
the same error performance as shown in Figs. 5 and 6 for 4-
QAM/QPSK and 16-QAM, respectively. In Fig. 5, the BEPs
of the proposed scheme with 4-QAM/QPSK for three different
ISNR values are compared with those of the non-cooperative
diversity scheme and the ideal cooperation scheme. Since
the power allocated for cooperative transmission is half of
the non-cooperative transmission, the CD system performs
similar to the NCD system when ISNR=10 dB. The BEP
performance of the CD system improves as ISNR increases,
and approaches the ideal cooperation performance when ISNR
is above 30 dB. In the ideal cooperation situation, the proposed
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BEP
<)

—O— user 2 (analytical, ISNR=30 dB)
10" | —@— user 2 (simulation, ISNR=30 dB)
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------ user 1 & user 2 (simulation, ideal cooperation)
= = =user 1 no cooperation
''''' user 2 no cooperation
I

‘
0 5 10 15 20 25 30
SNR, (dB)

Fig. 4. Bit error probability of the CD system with 16-QAM for dissimilar
channel towards BS (SN R2 = 30dB).
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Fig. 5. Bit error probability of the CD system with 4-QAM/QPSK for similar
channel towards BS.

CD system provides a diversity order of two. In addition, from
the simulation results, we show that the BEP upperbound is
tight.

The BEP performance of the CD system with 16-QAM and
similar channel towards the BS is plotted in Fig. 6. In contrast
to 4-QAM/QPSK, the performance of the CD system with
16-QAM is 2 dB worse than that of the NCD scheme when
ISNR is 10 dB. This is due to the fact that expanding the
signal constellation reduces the Euclidean distance between
constellation points hence more susceptible to symbol error.
On the other hand, the BEP decreases when ISNR increases.
Furthermore, the CD system achieves a diversity order of two
when ideal cooperation takes place; similar performance can
be achieved when ISNR is 30 dB. In contrast to the fixed
regenerate and forward CD system in [12], the proposed CD
systems shows that cooperation is beneficial even when the
inter-user channel is worse than the channel between the user
and the BS.

In summary, the derived analytical upper bound of the BEP
follows the simulated BEP and the proposed CD system shows
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Fig. 6. Bit error probability of the CD system with 16-QAM for similar

channel towards BS.

a similar behavior regardless of the size of the QAM signal
constellation. It is conjectured that the proposed CD system
can achieve similar BEP performance for higher order QAM
modulation.

IV. POWER ALLOCATION

From Section III, the BEP of a CD system primarily
depends on the quality of the inter-user channel and user-
to-destination channels, and the transmitted power of the
cooperating users. As stated in Section I, to minimize the total
requested power for a guaranteed BEP, the transmitted power
should be allocated optimally between the source and the
relay. In this section, we consider power allocation strategies
to achieve a prescribed BEP.

Although optimally allocating transmit power to the sender
and the relay can enhance system performance, it is done
at the expense of increased system complexity. It is thus
important to consider power allocation strategies that offer
a good performance-complexity tradeoff by imposing certain
suitable constraints. Implementation complexity of a power
allocation strategy is a function of the operational environment
of the CD system. For example, in a sensor network, the
objective is to maximize the lifetime of the network. It is
therefore necessary to minimize the energy consumption of
those nodes that consume energy at the maximum rate. Since
all nodes start with the same initial energy, equal power
transmission can prolong the lifetime of a pair of nodes,
subject to a BEP constraint. On the other hand, for a cellular
network using either TDMA or FDMA as the multiple access
technology, the system performance is limited by the inter-
cell interference, which can be reduced by power control. In
this case, a power allocation strategy that constrains the BS
receiver to have equal SNR reception would have the effect
of reducing the inter-cell interference.

With regard to power allocation, our concern is with min-
imizing the combined energy consumption at the sender and
the relay, subject to BEP and other appropriate constraints.
Accordingly, we seek expressions for the energy consumption
at the sender and the relay as a function of BEP.
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A. Energy as a function of BEP

For high SNR (1 >> 1, 7%, >> 1 and 12 >> 1) ie.,
greater than 8 dB, the approximate bit error probability of user
1 from (9), using 4-QAM/QPSK modulation, can be written

. K 3 3Kn
47171 2 A2 81212
where Ky = Zé\i 1 == Similar to the 4-QAM/QPSK modu-

lation, for high SNR, the approximate bit error probability of
user 1, using 16-QAM modulation from (11), can be written

. Ky | 452 452Ky

T2 M2 MYen2
It can be seen that the BEP is asymptotically dominated by the
first and second terms which provide a diversity of order two.
Furthermore, we can write the general form of approximate
bit error probability of user 1* as

Py = (13)

Py =

(14)

A B C
Pp=——f—— (15)
Y1Y1,2 Y172 V172712
Letk; = Tia 2 and ky = %y s+, Due to the broadcast nature of
1
the channel, 71 o = k171 and J2,1 = ko72. Further, 03 = ﬁ% 2

because of the reciprocity of the inter-user channel (0172 =
05 1). By assuming of = 1 and substituting for the ’s in
terms of the bit energy-to-noise spectral density ratio, (13)
can be re-arranged and written as

Bk ko Ey N2 — Cko N3
By = ( 12 2 bl2 0 22 0) (16)
(k1Pb1Eb1 - AklNo)
Similarly for user 2,
Bki1koEyaNZ — Cka N3
= BlakaBialNs - Ohu1G) (17)
(k1Pb2Eb2 - AkZNo)

The reasonableness of the high SNR approximation is
demonstrated by the numerical results in subsection IV-D.

B. Power Allocation Strategies

1) Optimal Power Allocation (OPA): To minimize the
power consumption for the source-relay pair, we formulate
the optimization problem as the following constrained mini-
mization problem:

min (Eyy + Ep2)
s.t. Pbl S €1, and Pbg S €.

(18)

Minimizing (18) does not admit a closed-form solution. As
such, we will solve the power allocation problems numerically.
According to (16) and (17), the conditions P,; < e; and
Pyo < eg correspond to two convex areas of Ejp; and Ejpe
where e; and eg are the BEP of user I and user 2, respectively.
The optimal F}; and Ejo correspond to the intersecting points
of the curves drawn from (16) and (17), as shown in Fig. 7.
The coordinates of the intersection point of P,; = e; and
Py = eq, point A (for k; = 1 and k3 = 1) and point B (for
k1 = 1 and ky = 2), can be obtained from the solutions of
the fifth order polynomial which is given by substituting Ep;
in (16) by the RHS of (17). The coordinates of point A and
point B can be solved numerically (e.g., using Matlab).

2By neglecting the third term and optimizing the power allocation to
minimize BEP, we also come to a similar conclusion as in [6].
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Fig. 7. Eyy vs Epo of both user 1 and user 2 for various channel conditions
(e1 = ez =1x1073).

2) Equal Power Transmission (EPT) by Users: To mini-
mize the power consumption for the pair with EPT, the power
allocation problem can be formulated as

min (Ebl + Ebg) (19)

s.t. By = Eyp, Py < e, and Py < eo.

By substituting Ep; = Ejpo into (16) and (17), the coordinates
of points C and D in Fig. 7 can be obtained for a dissimilar
channel towards the BS (k; = 1 and k3 = 2). Between the
points C and D, the point with the higher power level can
satisfy both conditions P,; < e; and Py < e, and it will be
the optimal equal-power solution for the CD schemes. For the
case of a similar channel towards the BS (k1 = 1 and ks = 1),
point A is selected as the operating point.

3) Equal SNR Reception (ESR) at the BS: To minimize the
power consumption for ESR at the BS, the power allocation
problem can be formulated as follows:

min (Ep; + Fpa) (20)

k
s.t. By = k_lEb%Pbl < e1, and Py < ea.
2

By substituting Ep; = Z—;Ebg into (16) and (17), the coor-
dinates of points E and F in Fig. 7 can be obtained for a
dissimilar channel towards the BS (k1 = 1 and &k = 2).
Between the points E and F, the point with the higher power
level can satisfy both conditions of Py; < e; and Py < eg,
and it will be the optimal solution for ESR at the BS. For the
case of similar channel towards the BS (k1 = 1 and ks = 1),
point A is selected as the operating point.

C. Cooperative Region

The optimal operating point of each strategy was derived
for given channel conditions (k1 and k2). The location of the
cooperating partner who requires minimal energy to achieve a
given BEP in a cell is unknown. This can be solved by drawing
contours of the relay’s location for a given energy gain over
the NCD system. The contour is called the cooperative region
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Fig. 8. Cooperative regions of the CD system with OPA mechanism for
various Gg of the sender (e; = e = 1 x 1073).

which should be known to all users as well as to the BS.
In this subsection, we derive the cooperative region of the
proposed CD system using the power allocation strategy that
yields a specified SNR gain over a non-cooperative scheme
(direct transmission scheme).

The path losses are dependent on the distance between the
transmitter and the receiver as well as on the propagation
environment. There are many path loss models reported in the
literature and several of these are given in [18]. We consider
the log-distance path loss model:

o7 ocd;?, (21)
where d; ; is the distance between ¢ and j and « is the path
loss exponent. Without loss of generality, we consider user I
located at the reference point, which is given by ai » = 1, and
dip =1,

(22)

For a given BEP, define the cooperative SNR gain, G4, as

Ebnc
Epn

where Ej,. is the bit energy needed for the non-cooperative
diversity scheme to achieve the same bit error probability as
the cooperative diversity scheme.

By substituting (22) and (23) into (16) and (17), the contour
of cooperative region can be drawn for given G4 and power
allocation strategy.

To plot the cooperative region, we fix the location of the
source and destination at a unit distance apart. Furthermore,
the Cartesian coordinate of the source, destination and the
partner are represented by (0,0), (1,0) and (z, y), respectively.
Therefore, to achieve the given G4, the contour of the partner

ch =

(23)
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Fig. 9. Cooperative regions of the CD system with EPT for various G4 of
the sender(e; = ez = 1 x 1073).

is bounded by
dap = /(= 1)% + ¢
di2 = Va?+y>
The contour is a function of =z and y with e, e3, G.q and
a as parameters (for a given power allocation strategy). We

consider e; = e3 = 1073 and @ = 3 in our numerical
evaluation.

(24)

D. Numerical Results

In Figs. 8 and 9, cooperative regions are given for 4-QAM
and 16-QAM with the OPA strategy and EPT strategy, re-
spectively. In both figures, the cooperative regions of 4-QAM
and 16-QAM CD systems almost coincide. This is due to the
fact that 4-QAM and 16-QAM CD schemes are compared
with the respective NCD schemes for the calculation of energy
gain (Eq. (35)). The energy gained by cooperation is almost
equal at a particular location of the relay. The contours are
symmetric along y = 0. The cooperative region shrinks when
G4 increases. Both the OPA and EPT strategies can provide
a G.q of about 14 dB independent of the signal constellation
size of the QAM modulation used, which corresponds to the
region close to the source. Further, G4 decreases when the
partner approaches the destination. When the x coordinate of
the partner is less than 0.5, EPT performs as well as OPA.
This is due to the fact that the optimal operating point of the
EPT is very close to the optimal operating point of the OPA.
On the other hand, the cooperative regions for the EPT shrink
faster than that for the OPA when the x coordinate of the
partner is greater than 0.5. In contrast to OPA, EPT does not
provide any positive gain when the partner is located to the
right side of the destination. In such a situation, cooperation
is not beneficial.

In Fig. 10, cooperative regions are given for 4-QAM and 16-
QAM for the ESR power allocation strategy. The cooperative
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Fig. 10. Cooperative regions of the CD system with ESR at BS for various
Gq of the sender (e] = e2 = 1 x 1073).

regions for 16-QAM are similar to those of 4-QAM at lower
G4 regions and deviate only a little bit in the high G4
regions. The cooperative regions of the ESR strategy are
significantly different from those of the OPA strategy. The
contours of the cooperative regions are symmetric along y = 0
and x = 0.5. Furthermore, it can be observed that if the
relay is located at (0.5,0), the ESR power allocation strategy
provides the maximum cooperative diversity gain which is
approximately 9dB, far less than those of the OPA and the EPT
strategies. This is due to the fact that the unequal BEP of the
cooperating users limits the maximum available cooperative
diversity gain. This means that the optimal operating point of
the ESR is far from that of the OPA.

On the other hand, the NCD 2-PAM system could main-
tain the received SNR at the BS around 22dB to achieve
P, = 1073 (Fig. 2). But, the maximum achievable energy
gain (G¢p) by cooperation is around 14dB. So, the received
SNR by cooperation at the BS is around 8dB. The inter-user
SNR is higher than 8dB since they are close to each other.
On the other hand, the BER performance of the high SNR
approximation only deviates from the exact curve when SNR
is below 5dB. Therefore, our high SNR approximation is valid
for the power allocation and cooperative region studied.

However, shadowing does affect the shape of the contours
of the cooperative regions. That is, the contours of the cooper-
ative regions are affected by the degree of shadowing in each
cell; this aspect will be considered in our future work.

V. CONCLUSIONS

An adaptive regenerate and forward CD system using
quadrature signaling to send M-QAM signals, with suitable
power allocation, has been proposed and analyzed. The bit er-
ror performance of the scheme has been evaluated analytically
and via simulation for 4-QAM/QPSK and 16-QAM modula-
tions. Numerical results show that the derived analytical upper
bound is quite tight. The bit error performance of the proposed
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scheme can be improved when the inter-user channel signal
strength increases and the proposed scheme can achieve a
maximum diversity order of two. In addition, the cooperation
is beneficial not only for a user far away from the BS but also
for a user near the BS. In contrast to a fixed CD system, the
proposed adaptive CD system performs better than an NCD
system even when the inter-user channel is worse than the user
to BS channel.

To optimize the power utilization by provisioning the guar-
anteed QoS, we have formulated a power allocation frame-
work. First, we study optimal power allocation and show that
it can achieve maximal cooperative diversity gain. Second,
for sensor networks, an equal power transmission strategy
is analyzed and the corresponding cooperative regions are
derived. Finally, an equal SNR reception power allocation
strategy is introduced and its cooperative regions are analyzed.
The region that defines the relative location of the partners
to achieve cooperative diversity gain are presented for each
power allocation strategy. The cooperative regions provide
information concerning the location of the partner to achieve
a given cooperative diversity gain. The study presented in this
paper can facilitate the development of partner selection using
the matching algorithms described in [19].

APPENDIX

Derivation of Prgp and Py;rce and Py g

A. Average Inter-user frame error probability (Prgp)

Consider the pairwise error probability (PEP) of a frame
transmitted by the sender and received by the partner where
each frame consists of N symbols. Pairwise error occurs
if there is symbol error in a frame. Using the approach
proposed in [17], the PEP between the transmitted frame
X and the received frame X , conditional on the channel

fading coefficient, H = [h12(1)h1,2(2)....h12(N)]T, of I-
PAM transmission is given by
logy I (1-27™)I—1
P(X X|H) AL,
(X — X| Ilog2 Z ; m,i)
. 3logy I.Ep
20+ 1)y | ——

N
x| D k2 (n) (@(n)]m — #(n)]m) |2>
n=1

where x(n)|,, and Z(n)|,, are respectively the transmitted and
received mth bit of the nth I-PAM modulated symbols of a
frame. The PEP can be derived by averaging the conditional
PEP over hi s [15]:

log, I (1—27™)I—1
P(X X) A,
(X — Ilog2 Z ; m,i)

(26)

1 310g2 I(2Z+ 1)2Ne‘m’?1,2
>< —
2(]2 — 1) + 310g2 1(22 + 1)2Ne|m’7172
where N, is the number of symbol errors in a frame due to
error in the mth bit of the symbol. Therefore, the frame error
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probability, Prgp, can be written as

Prpp SZP(X) Z P(X — X).
X X#X

27)

Letting I = 2 in (4), Prpp of a 2-PAM system reduces to

( [201,(5))
N —
1 et 2Ne|m
P, < sl l—y - 28
FEP = N|Z_1 2 ( 24+ ’?172Nem> 28

Similarly, the inter-user FEP for 4-PAM systems can be written

as
Y1,2Nejm
Prgp < g, [ 2 elm
FEP Z ( 5+ 7 2Ne\m
_9 971,2Ne\m + 25’y172]\/ve|m
5+9’71,2Ne\m 5+25’7172Ne\m .

Nejm=1
B. Average BEP of the CD system when the partner forwards
the regenerated signal

(29)

In this subsection, we derive the BEP, Py;rc, when the
relay forwards the information. First, we derive the analytical
expression for the probability of error, P,,, for bit m, m =

2,...,1og, I for I-PAM when the partner forwards the signal.
The conditional probability of error for bit m, Py, (h1,5, he,B),
can be written using the Log-likelihood ratio (LLR) method
of [16]:

(1—2""™)I—1 .

A, m, i

L P AT
i=0

. 3logy I
2i+ 1)y | ———2——(FEp1|h1,8]*> + Enz2|h2.5]?) | -
Q(( i+ )\/4(12—1)N0( v1|h1,B]% + Evz|he,B| )>
So, the conditional bit error probability of the CD system,

which is equivalent to maximal ratio combining for an I-PAM
system, can be written as

logy I (1—2~™)I—1
Prire(ha,B, ho,B) = Z

m=1

log, I
0 ((2i+ 1)\/74(132 °_g21 N

2 Ep

AL, m, i)

pard Ilogy I

(Ep1|ha,B]? + Eb2h27B|2)> .

~—

Define 71 = o7 B e and y2 = 03 B%z, where 01 B =
E{|h1,5|°} and 03 3 = E{|hs,p/*}. Based on the 51gnal-
to-noise ratios v and 72, we can derive the unconditional
probability of error Pysrc-

1) Similar Uplink channels: Assume that E{|h1 g|*}Epn
and E{|hs, p|?} Ep2 are equal. The Py e of (31) is given in
(5). For a 2-PAM system, the Py;rc can be written as

Panc = (2 +m(20) |5 - m(2.0)]

— 1 — 2
- () B (- Ves))
24+ % 2 24+ %

(32)

€1y
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which is equivalent to ( [20], (8)). Similarly, for a 4-PAM
system, Pysrc can be obtained as

<mmc—i{§ﬂ—ﬂﬂ&®f@+uﬂkm)

1
5 (L= (4, 1) 2+ m(4,1)) (33)
1
1 (1= p1(4,2)* (24 1 (4,2)) }
2) Dissimilar Uplink  channels: Assume that
E{|h1,B]*}Ey is not equal to E{|hop|*}Ep. The

unconditional error probability of (31) is given in (6).
By substituting I=2 for a 2-PAM system, the Py;rc can be
written as

1 T Ve }
P = — | = — 1-— 2,0 +7 — 1- 270
wne = 3 | =2 (= m0)+ =2 (1 (20
_1 L(l_ L)
21— 2+m

+7W’27 (1_ i)
Yo — T 2+ 72
(34

which is equivalent to ( [20], (7)). Similarly for a 4-PAM
system, the Py;rc can be obtained as

1 _
Pyre = —{ 71,

(4_3.[141(47 O) - 2:”’1(4a 1) +.u1(47 2))

8| M —72
Y2
Yo —M

+

(4= 3p2(4,0) — 2p2(4,1) + p2(4, 2))} (35)

(30) C. Average BEP of cooperation scheme when the partner does

not forward the signal

In this subsection, we derive the analytical expression for
the probability of error, Py, for [-PAM signaling when the
partner does not forward the information. The Pyp can be
written as in (7).

For the case of 2-PAM and 4-PAM systems, the Py can

be written as
T )
2+m

%(4 — 3/1,1(4, 0) - 2,“1(47 1) + H1 (4> 2))7

P — % (1 - (36)

and

Py = 37

respectively.
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