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Error Probability Evaluation of a Novel Cooperative
Communications Signaling Strategy in CDMA Systems

Ho Van Khuong and Hyung Yun Kong

Abstract: The powerful benefits of multi-antenna systems can be
obtained by cooperative communications among users in multiple
access environments without the need for physical arrays. This pa-
per studies a novel cooperative signaling strategy that achieves high
performance and low implementation complexity for synchronous
code division multiple access (CDMA) wireless mobile networks.
The validity of the proposed strategy under slow flat Rayleigh fad-
ing channel plus additive white Gaussian noise (AWGN) is veri-
fied through closed-form error probability expressions and Monte-
Carlo simulations. A variety of analytical results reveal that the
new cooperative strategy significantly outperforms direct transmis-
sion subject to the same spectral efficiency and transmit power con-
straint.

Index Terms: Additive white Gaussian noise (AWGN), code division
multiple access (CDMA), cooperative communications, Rayleigh
fading.

1. INTRODUCTION

Signal fading due to multi-path propagation is a serious prob-
lem in wireless communications. Using a diversified signal in
which information related to the same data appears in multi-
ple time instances, frequencies, or antennas that are indepen-
dently faded can reduce considerably this effect of the channel
[11. Among well-known diversity techniques, the spatial diver-
sity has received a great deal of attention in recent years because
of the feasibility of deploying multiple antennas at both trans-
mitter and receiver in many cases where the wireless channel is
neither significantly time-variant nor highly frequency selective
f2]. However, when wireless mobiles may not be able to sup-
port multiple antennas due to size or other constraints [3], the
conventional space-time coding cannot be used for transmit di-
versity. To overcome this restriction, a new technique, called
cooperative communications {3}~{16], was born which allows
single-antenna mobiles to obtain some benefits of spatial diver-
sity. The main idea is that in a multi-user network, two or more
users share their information and transmit jointly as a virtual
antenna array [91-{11]. This enables them to obtain higher di-
versity than they could have individually. The way the users
share information is by tuning into each other’s transmitted sig-
nals and by processing information that they overhear. Since
inter-user channel is noisy and faded, this overheard informa-
tion is not perfect. Hence, one has to carefully study the possible
signaling strategies that can exploit the benefits of cooperative
communications at most.

There are multiple different protocols to process signals a user
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receives from its partner in cooperation process {4]-{6]. Among
them, the amplify-and-forward protocol is examined the most
extensively [12]-[16]. This comes from the fact that each user
only retransmits the scaled version of the signal received from
its partner to the destination. Therefore, delay time, implemen-
tation complexity as well as consumed power for the signal pro-
cessing are reduced significantly compared to the other proto-
cols. As a result, this protocol is also used to assist our proposed
signaling strategy in this paper.

The proposed cooperative signaling strategy involves the
spreading code sharing among cooperative users. This way en-
sures that partners as well as target receiver can transmit and
receive the signals simultaneously. In cooperation process, each
user simply estimates its partner’s information by performing
the despreading the received signals and forwards the resultant
signals in a specific format to the destination. Therefore, delay
time due to the signal processing at each user can be negligi-
ble. Moreover, due to only estimating the partner’s information
instead of recovering it as in [4], our strategy can prevent the
wrong decisions induced by partners that can be detrimental to
the eventual detection at the destination. However, similar to
the strategy in [4], ours only obtains 2/3 of the data rate of di-
rect transmission (or noncooperation). In order to avoid the loss
of transmission bandwidth in comparison to direct fransmission,
the high-level modulation techniques are required to our signal-
ing strategy as well as that in [4]. With the novel cooperative
signaling strategy proposed in this paper, the signal detection
at the destination can be easily performed based on maximum
likelihood detection technique [17] which offers the full diver-
sity order and low implementation complexity.

In this paper, besides suggesting a new cooperative signaling
strategy, we derived closed-form bit error rate (BER) expres-
sions for each cooperative user under the transmit power con-
straints and slow and flat Rayleigh fading channel plus Gaussian
noise for synchronous code division multiple access (CDMA)
systems. The rest of the paper is organized as follows, Section I
discusses the proposed signaling strategy and signal analysis in
details. Theoretical performance analysis and numerical results
are described and analyzed in Sections III and IV, respectively.
Finally, the paper is closed in Section V with a summary and
discussion of our results along with some potential extensions.
Summary of the signaling strategy in [4] for reference and er-
ror probability derivation for direct transmission are relegated
to Appendices 1 and 2.

II. PROPOSED COOPERATIVE COMMUNICATIONS
SIGNALING STRATEGY

The feature of spreading code assignment in the proposed co-
operative communications signaling strategy is similar to that in
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Table 1. Transmit and receive signals of cooperative users.

[ MS]1
Phase Transmit Receive
1 Br171:.Cy Y11
2 —F12275C1 + p1277,C2 Y12
E B13211C1 — p13712C2
[ MS2 BS
Phase Transmit | Receive | Receive
1 Bo17221Co Y=
2 —B2275,C2 + p22¥3,Ch Y22 YBS2
3 Pa3r21Ca — p23Ps,Ch YBss |

the conventional CDMA-based wireless networks where each
user is allocated a unique spreading code which has a low cross-
correlation with those of the other users such that the receiver
can reliably distinguish the transmitted signals. Our signaling
strategy is illustrated in Table 1 where every two modulated data
symbols are transmitted in consecutive 3 symbol intervals. This
strategy is proved to be applicable to MPSK-modulated signals
or any kind of constant envelope modulation (see next section)
but we limit the study to MPSK modulation with Gray mapping
in the sequel.

Before explaining the cooperation mechanism, it is noted that
we consider a synchronous CDMA system [4] and as a result,
the orthogonahty of the spreading codes is preserved for each
user’s signal to be completely separated at the receivers. There-
fore, the performance analysis of multi-user systems can be
done in a similar fashion to the case of two users. For this rea-
son, we only investigate the cooperative communications con-
sisting of two mobiles (MS1 and MS2) communicating with a
base station (BS) in a cellular system as shown in Fig. 1. The
basic idea is to construct a system such that signals transmit-
ted by each user arrive at the base station through two indepen-
dent fading paths while maintaining the same average power and
spectral efficiency as a comparable direct transmission system.

For convenience of discussion, we present notations used
throughout this paper as follows.
¢ Z;; denotes user ¢’s modulated symbol in phase j. Without

the loss of generality, its amplitude is assumed to be 1 and
equally likely.
o C(t) represents user ¢’s spreading code given by

t - nTc)

HM2

where ¢;(n) is the n-th chip of the i-th code, p(t) a unit-
amplitude rectangular pulse with time duration equal to chip
duration, and N the code length.

e [3;; is the amplification factor for user 4’s own signal in phase
7.

* pi; is the amplification factor for the estimated signal of part-
ner of user ¢ in phase j. The parameters {£3;;,p;;} control
how much power is allocated to a user’s own symbols ver-
sus the symbols of the partner, while maintaining an average
power constraint of F; for user ¢ over 3-symbol interval [4].

o

13

Fig. 1. Cooperative network model. The solid lines denote MS1’s prop-
agation paths and the dash lines are MS2’s propagation paths.

o yi;(t) is the signal of user i’s partner received during phase
J- .

e Ypsi(t) denotes the received signal at the base station in
phase 1.

In addition, there are the other channel parameters for use in
the paper such as a3, @13, agg being path gains of channels be-
tween MS1 and MS2, MS1 and BS, MS2 and BS, respectively
which reflect the fading level from transmitter to receiver. We
assume slow and flat Rayleigh fading, hence they are modeled as
independent samples of zero-mean complex Gaussian random
variables (ZMCGRV) with variances A2, A13, Ag3 and constant
during 3-symbol transmission of any given user, but indepen-
dently change over longer intervals. Because of slow fading, ac-
curate channel estimation is possible at receivers [4]. Thus, we
will assume perfect channel-state information (CSI) at all the
respective receivers. For inter-user channel (between MS1 and
MS?2), it is also assumed to be reciprocal.! The alternative pa-
rameters ny;(t), nok(t), (i € {1,2};5 € {1,2};k € {2,3})
are noise samples corrupting the inter-user channel and MS-
BS channel which are modeled as independent ZMCGRV's with
variances 7)1, 7, correspondingly. Finally, Gaussian noise and
Rayleigh fading are considered to be statistically independent.

For simplicity of exposition, we use complex equivalent base-
band models to express all the signals. Cooperation process for
transmitting 2 symbols (although the analysis is illustrated on a
per-symbol basis, the results also hold for block-based schemes
under a block-fading assumption) includes three phases. During
the first phase, users send their own data spread by their spread-
ing codes. The received signal at user 4, i € {1,2}, is hence
given by

a12821221Ca(t) + na11(t) €3]
a12811211C1 (t) + na12(t). 2)

Y1 (t) =

Y21 (t) =

At the end of this phase, each user obtains the information of
its partner by chip-matched filtering the received signal with its

partner’s own code. This filter’s output is the partner’s estimated
signal distorted by fade and noise that is of the form

1 NTC
7\/.?0— ,/(; yn(t)Cz(t)dt

= o12fB21%21 + P11 3

Y1 =

IThe channel characteristics are similar for both directions. Note that this as-
sumption is the same as in [4].
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1 NTe
Y = WCT/O y21(t)Cy(t)dt

= 12611211 + T2

4

Without the loss of generality, chip duration can be consid-
ered to be 1 time unit (T = 1). Thus, 723;; are ZMCGRVs with
variance 7; /N hereafter, ¢ € {1,2}, j € {1,2}.

Since each user must transmit and receive at the same time
in the same frequency band in the first and second phases, we
follow the assumption of perfect echo cancellation which was
Justified to be relatively reasonable by strong arguments in [4, p.
1928] and [21] for convenience of analysis.

It is noticed that the base station pays no attention to the de-
tecting data of mobile stations in the first phase but rather, it can
utilize this information to estimate the channel state. In the next
two phases, each user performs two operations: 1) Estimating
the signal of its partner transmitted in the previous phase by de-
spreading the received signal; 2) amplifying the resulting signal
with the gain p;; and sending it along with each user’s spread
own data. For example, during the second phase, the user 7 re-
ceives

y12(t) = 012 {—B2225,C2(t) + p22¥31 C1(8)} + naan (t)
&)

Yo2(t) = cng {—Fr2275C1 (8) + p12711C2(8)} + nigo t)
6)

where %5y, 7, are the partner’s noised signals in the first phase;
(-)* denotes complex conjugation.

The despread signals produced at the end of this phase corre-
sponding to the above are given by

1 NTeo
NTo /0 y12(t)Co(t)dt

.
= —oiafexsy + Tim

1 NT¢
e = g [ w0

= -~z + o2 ®

)

Therefore, user ¢ will send the following signal in the third
phase

Biszi1Cy(t) — pisTiaCi (t)

where 4’ stands for the index of user ¢’s partner; for example, if
1 = 1 and a cooperative pair are users 1 and 2, then i/ = 2.

Moreover in the last two phases, the base station starts to re-
ceive and process the signals from the mobiles. Those received
signals are given by

yps2(t) = oz {—Bi2x],C1(t) + p12711 Ca(8)}
Foags {—P20259C2(t) + 2275, C1(t)} + noa(t)
C)
yps3(t) = ocus{Bi3z11C1(t) — p13¥1.C2(t)}

taas {G23221Co(t) — p23Y3oC1(E)} + noa(t)
(10)
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where 7,4, 7y, are expressed in (7) and (8).

Now, BS carries out decoding separately the signals for MS1
and MS2 during the 2nd and 3rd phases by user-specific spread-
ing codes.

A. For User 1

At BS, MS1’s estimated signals at the output of the chip-
matched filter corresponding to the 3rd and 2nd phases are given
by, respectively

1 NTe
T = — t)C1(t)dt
11 NTc/o yBs3(t)Ci(t)
a13513711 — 023P23Y59 + 031
a13613T11 + 23230 5 B12812 — (23P23 T o0
+7o31
1 NTc
T = — t)Cy(t)dt
12 NTC/() yBS2() 1()
—a13B12272 + a23P22T51 + To21
= —0413ﬁ12913’{2 + 04231)22@’{251137’{1 + azapzzﬁflz

+To021 (12)

an

where 71p;; are ZMCGRVs with variance 7o /N in the sequel,
i € {2,3} and j € {1, 2}. The last expressions in (11) and (12)
are derived by replacing ¥,;, oo With those in (4)—~(8).

We choose

P13 = Bi2, pasfiz = paafi1. (13)
Then, (11) and (12) can be rewritten as
r11 Y11Z11 + V12Z12 — Q23P2sTies + Moz (14)
Tiz = —y1%i2 + 7122 + 23P22Tii, + Ro2r (15)
where
11 = ai3bis, 112 = a23p23aiyfia. (16)

(14) and (15) are analytical expressions at the receiver for
2-transmit antenna and 1-receive antenna space diversity using
the Alamouti STC 2 x 2 [17]. Therefore, for MPSK modulation
or any kind of constant envelope modulation, maximum likeli-
hood (ML) detection generates the estimated values of z7; and
12 as follows [17]

a7
(18)

T11711 t rieY12

* ¥
Ti2 = Ti1719 — T1a7il-

Compared to the detectors in [4] (see Appendix 1), it is ob-
vious that the proposed one is much simpler in implementation
complexity because it applies a unique detector which is com-
pletely different from [4] where two detectors are switched to
recover two consecutive symbols. Moreover, the partial cooper-
ation (only one cooperating symbol) and hard decision at each
partner’s side in [4] didn’t exploit the potential of the cooper-
ation at most and as a result, the overall performance is not
much improved. In contrast, our cooperative signaling strategy
exposes the total cooperation and avoids the hard decision to
reduce the error probability.
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Substituting 717 and r12 in (14) and (15) into (17) and (18),
we have

T = (hl® +72)?) 211+ na a9
ZTiz = (vl +y12l?) 12 + 12 (20)
where
ni1 = (—Qe3P2sTiay + Tos1) Vi1
+ (cv23p22Miys + To21)” Y12 21)
nie = (—023P23Miay + M031) V1o
— (0r23p22MY 10 + Mo21) ™ M11- (22)

(19) and (20) show that the proposed cooperative signaling
strategy can provide exactly the performance as the 2-level re-
ceive maximum ratio combining.

B. For User 2

Similarly processing the received signals at the base station
for user 2, we obtain

1 NTe
= — t)Ca(t)dt
T21 NTq /0 yBS3( ) 2( )
= a13P13072522%22 + @a3f23%01 — Q13P13M 01
+7032 (23)
1 NT¢
= — t)Co(t)dt
T22 NTo /0 yBsz( ) 2( )
= 0z13p12afzﬁ21$§1 - a23ﬂ22$§2 + 0613P12ﬁf11
+Tg23. 24)
Choose
B2z = P22, P13022 = p12Po1. (25)
Let
Vo1 = Q23P23, Y22 = Q13P13075522. (26)
Then, (23) and (24) are of the following form
To1 Yo1Z21 + Yeoloo — @13P13T 101 + Tozz  (27)
Tag = —Ya1Zhg + V20X, + 13P12T111 + o2z (28)
and user 2’s estimated symbols are given by
Tor = T21%s1 + ThaY22
= (1] +722?) 21 + nay (29)
Tog = T21%93 — T527Y21
= (|re1l® + y22]*) @22 + na2 (30)
where
ng1 = (—a13P137]9; + Tlos2) Vo1
+ (013p12Mi11 + To22)™ Yo (31)
nge = (—Q13P13Wi91 + 032) Voo
— (01312711 + Toz2) ™ Yo1. (32)

C. Amplification Factors

The amplification factors 3;; and p;; are chosen to satisfy the
power constraint which is required to be constant over 3 phases
[4] as follows:

The power constraint condition for user 1 (see the transmit
signals of user 1 in Table 1) is

E ﬂfl|:E11|2+552|m12|2+pf2|§}11|2+,Bf3|m11|2+p§3|§12|2 = P,
3 - 1

and for user 2,

E B2y |21 | +855 |22 | > 405, (21 |° +63; 1021 1> 4035700 |
3

-7
where Py, P, denote the average limited powers of users 1 and 2
over consecutive 3-symbol interval, correspondingly; E{-} sig-

nifies the expectation operator. The values E {|7;;*} can be
calculated from (3), (4), (7), and (8):

E {@11,2} = B2 Mz +m/N
E{[12|°} = B M2 + m/N
E{|§21|2} =B M2 +m/N
E{I%le} = A2 + 11 /N.

Here, |z;;|2 = 1 as assumed before. Thus, combining with
the equalities in (13)—(25), we obtain

3

Bi1 + 262 + 207585, M + (12 + pl3) Nl =3P (33)
B31 + 263, + 2p326% A2 + (p3y + p33) 77_]\1[ =3P (34

III. ERROR PROBABILITY ANALYSIS

Only user 1 is analyzed in the sequel and establishing the ex-
pressions for user 2 is followed in the similar manner because of
the symmetry. In addition, for simplicity in analyzing the error
probability, we consider the case that both users have the same
transmit power (P; = P, = P) and choose all 3;; and p;; to be
equal (8;; = B, pi; = p). Thus, (33) and (34) can be rewritten
as

2(0 2+ %)

which requires 3 < P.

The equality “=" of the above expression holds when users
stop cooperating. If we let 32 = 6 P where 0 < 6 < 1represents
the power sharing level for the cooperation, then (35) has the

following form

(35)

2 3(1-0)P

Now, (19) and (20) can be expressed in more compact form

(36)

T11 = Azrpy + Ny 37
T12 = AT12 + N2 (38)
where
A=yl + nel?
= B*laas? + B2p?|arz)?|ags|. 39
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The last equality is deduced from substitution of 17 and 12
in (16).

From (21) and (22) and the fact that all r.v’s 7%, ¢ €
{0,1}, 7 € {1,2,3}, k € {1,2} are mutnally independent of
each other, conditioned on the channel realizations, nq; and n12
are also independent ZMCGRV's with the same variance

2 _ 2,27 2 2
¢ = (Joasl T + %) Blousl

<la23|2 2N + 7;\2[) Pzﬂzlalzlzamlz

- (|a l2 2 +772>)\

PytN (40)

Because z13 and x15 in (37) and (38) are attenuated and cor-
rupted by the same fading and noisy level, their error probability
is equal. As aresult, BER of x1; is sufficient to evaluate the per-
formance of user 1. Additionally since z;; is MPSK-modulated
with Gray mapping, BER conditioned on the channel realiza-
tions is approximated by [18, (8.32)]

B
P, %AZQ(
=1

V2Cir) (41)

where
A= alon 73
B = max(%,l)
C, = [sin (QZ—;{[DE)F 42)

It is noted that (41) is quite accurate at both low and high
SNR and is valid for all M. In (41), M is the number of possi-
ble modulation levels, Q(-) the Q-function, and -y the signal-to-
noise ratio (SNR) at the combiner output.

(37) gives the value of v as v = A2/(2. Inserting (39) and
(40) into the expression of vy yields

B2 |as]? + B2p?|or2)?|oras |2

|ovas|2p2m /N + n2 /N
T+y

’}/:

il

where

ﬂ2|a13|2
zp?m /N +m2 /N
252P2|a12|2
2p*m /N + ng /N

[a23|2.

Y
zZ =

Since ay; are ZMCGRVs with variances \;j, the .v.’s |ov;;]?
have exponential distributions with mean values A;;. Therefore,
it is straightforward to find out the pdf’s of  and y, conditioned
on z as

Aze =% U(z)
Ay e M YU(y).

fz|z($)

Il

il
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Here,
A zp*n1 + M2
* B2 AN
2
ZpPTh + 12
Ay = 43
Y 2(3%p? X1 N @3
and U(+) is the unit-step function.
Moreover, the pdf of z is also given by
fo(2) = Ae77U(2) 44

where A\, = 1/Ag3.
Now, we can compute the pdf of +, given z, by using convo-
lution theorem

f'y|z('7) = / fz|z f’y|z )
= .___AI _?j\ [ =AY _ —/\w] U(y).

Finally, the average BER is computed by averaging the P, in
(41) over the parameters v and 2

/ooo [/Ooo Pefvtz(”f)dV] f:(2)dz
/ 4 Z / fviz( )

X f2(2)dz
A;/Ooo [/OOOQ(\/TC_W) f'y|z(7)d7:

X f-(2)dz (45)

The integral inside the square bracket in (45) can be reduced
to

P avae =

Il

| e(veea) et
/ " q(vaos) 2

Ao — Ny

_L 1— _1_
2(Ae —)\y) 1+)\y/Ci
Y - 1

2(\s — Ay) 1+ X/Ci |

Substituting the above together with A\, and A, in (43), and
f2(2) in (44) into (45), we obtain

I

[e‘*ﬂ —e 7 dy

i

B
A o>
Peave=5 / H(G ~ F)dz (46)
2 i=170
where
o o= B2 A1 A3 A6 A2
Zp* A2 — M3
G . z 1— 2,62])2)\1201']\[
B% 13 PPz + no + 202p2 A 12C; N

L[ A0 N
B2p? A12 zp?m +n2 + B2MsCiN
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O  Direct transmission—theory )

Direct transmission—simulation o
Proposed cooperation—theory L E
------- Proposed cooperation—simulation -
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Fig. 2. Simulated and theoretical BER with § = 0.75.

This is a closed-form analytical expression for the error prob-
ability of user 1. The single-variable integral in (46) can be eas-
ily calculated by a numerical method [19].

IV. NUMERICAL RESULTS

In this section, we compare the performances of the proposed
signaling strategy to that in [4] and direct transmission. The
reason we choose the strategy [4] as a reference is that it has
the same operation conditions as ours. For fair comparison in
terms of bandwidth efficiency, we will compare two pairs as fol-
lows: 1) The direct transmission with QPSK signals versus the
proposed strategy with 8-PSK signals, 2) the proposed strategy
versus that in [4] (see Appendix 1 with equal amplification fac-
tors and optimal detector); both with BPSK signals. In addition,
noise variances are unity (1, = 7o = 17 = 1) and transmit power
of each user is always equal to P with or without cooperation.
Moreover, all spreading codes are taken from Walsh-Hadamard
matrix of size 64 x 64.

In all figures presented, the signal-to-noise ratio is defined as
SNR=P/1.

A. Symmetric Scenario

Symmetric scenario happens when the quality of user-
destination channels is similar. Thus, the performances of users
must be identical and so figures in this section only illustrate
the performance of user 1. We consider this case by assigning
A3 = Az =1

First of all, we verify the validity of (46) and (56) (see Ap-
pendix 2) by comparing with Monte-Carlo simulations. Fig. 2
shows BER performance of CDMA system with and without
cooperation where 6 = 0.75 and A\;p = 10. It is realized that
the theoretical results well matches the simulated ones. Addi-
tionally, the proposed cooperation significantly outperforms the
direct transmission with the gain of 8 dB at target BER of 104,
Due to achieving higher diversity order than the direct transmis-
sion, the cooperation provides more performance improvement

Direct transmission "\\.,

N
_s| | = — — Proposed cooperation—A._ =1 RN
107 12 2SN E
..... Proposed cooperation—A;; =8 L
. .\' .
....... Proposed cooperation—2.,, =16 R
- . . .
0 5 10 15 20

SNR (dB)

Fig. 3. Proposed cooperative strategy with § = 0.75.

when SNR increases.

Since the analysis agrees with the simulation, we will use (46)
and (56) to evaluate the potentials of the proposed signaling
strategy in enhancing BER performance in comparison to the
direct transmission as well as to the strategy in [4] in the sequel.

Fig. 3 investigates BER performance of the proposed signal-
ing strategy when fading level of inter-user channel changes. It
is recognized that the cooperation performance is slightly de-
graded according to A5 and quickly becomes constant for large
values of A;5. Specifically, the cooperation performs the same
for Ajo = 8 and 16 at all values of SNR, and negligibly worse
(gain loss of around 0.5 dB compared to \;2 = 8 and 16) for
A1z = 1 at high SNR. In addition, it is apparent that diversity
order of our cooperative signaling strategy is higher than that
of direct transmission regardless of variations of the inter-user
channel. We observe an approximately 7 dB performance gain
at BER of 10™* for any value of Ajs. Additionally, BER im-
provement keeps increasing proportionally to SNR. As a result,
the cooperation brings the benefit to both participants. However
at low SNR and deep fade (e.g., A\12 = 1), the cooperation is not
beneficial. '

The influence of variation of power sharing level ¢ on the co-
operation performance is depicted in Fig. 4. It is found that
¢ dramatically affects the cooperation performance. This is ev-
ident because the nature of the cooperation is to take advan-
tage of the partner’s propagation path as the second independent
diversity path to achieve the fullest spatial diversity. If one of
two paths is seriously attenuated, the performance must be re-
duced. In cooperative communications, signal attenuation can
arise from characteristics of propagation environment (e.g., fad-
ing and noise) as well as from power allocation to transmit each
user’s own data and its partner’s data which is controlled by co-
efficients 5 and p. Therefore, the change of § that leads to the
variations of § and p certainly deteriorates the overall perfor-
mance. However, the values of § greater than 0.35 are enough to
guarantee that the cooperation is superior to the direct transmis-
sion. Additionally, we can expect the optimum value of § that
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-1

10 T T T T T T T T T
—{— Direct transmission
------- Proposed cooperation—x12=1

Proposed cooperation— A1 2=5

~~~~~ Proposed cooperation— A12=1 0

Fig. 4. Effect of 6 on cooperation performance with SNR = 10 dB.

minimizes the error probability. As seen in Fig. 4, this value is
a function of multiple arguments such as signal-to-noise ratio,
fading, and noise level, etc. For example, for a set of parame-
ters (SNR = 10 dB, A\j9 = A13 = Agg = 1), the optimum 6 is
approximately 0.7.

Fig. 5 demonsirates the considerable superiority of the pro-
posed signaling strategy to that in [4] for the whole range of
SNR. For example, at target BER of less than 1072, our strat-
egy provides a gain of greater than 6 dB and this gain increases
dramatically with the increase of SNR. This follows the fact that
the novel strategy achieves the full cooperation (the diversity or-
der can reach 2) and limits the hard decision at the partner’s side
that can adversely affect the overall performance of the receiver
(e.g., [4]). In fact, the strategy in [4] only exposes the partial
cooperation because its BER is simply the average BER of non-
cooperation phase and cooperation phase. Correspondingly, the
diversity order is only slightly greater than 1 as shown in Fig. 5.
In addition, the receiver in the proposed strategy is much simpler
in hardware implementation than that in [4] because it applies a
unique detector which is completely different from [4] where
two detectors are switched to recover two consecutive symbols.

B. Asymmetric Scenario

Asymmetric scenario happens when one of the users has a
better channel to the BS than the other user. We consider this
case by assigning A1z = 1, A2 = g3 # L.

Fig. 6 investigates the performance of our strategy via the
variation in fading level of MS1-MS2 and MS2-BS channels. It
is observed that regardless of the propagation environment con-
ditions, the cooperative communications brings about a consid-
erable improvement for both users compared to the direct trans-
mission. Thus, the cooperation proves beneficial not only for
users with similar channel qualities to the destination, but also
in the case when the users have significantly different channel
qualities. As a consequence, any user has a motivation to co-
operate with the other even though its propagation path’s qual-
ity is dramatically better than that of its partner. Moreover, the
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Fig. 5. BER comparison between the proposed strategy (§ = 0.7) and
that in [4] where A15 = 3.
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Fig. 6. Proposed signaling strategy with § = 0.75, A\12 = A23 corre-
sponding to the numbers in the legend box (3, 9).

cooperation performance can be enhanced further when SNR
increases. This is represented by the fact that the slope of coop-
erative BER curve is higher than that of non-cooperative curve.

Similar to Fig. 4, the factor § also plays an important role
in enhancing the cooperation performance as the symmetry of
the user-destination channels is not guaranteed (see Fig. 7). In
general, the cooperation is dramatically superior to the direct
transmission when é > 0.2 for both users under any condition of
inter-user and user-destination channels. The optimum value of
0 for the lowest BER is still a function of SNR, fading and noise
levels. However as seen in Fig. 7, this value slightly changes
according to the fading level and it is approximately 0.7.

Once again, Fig. 8 shows that our strategy achieves a consid-
erably better BER performance than that in {4] for the whole
range of SNR in the asymmetric scenario. This is because the
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Fig. 7. BER performance of proposed signaling strategy via é with SNR
=12dB, A12 = A23 corresponding to the numbers in the legend box
(2, 10).

diversity gain of the proposed strategy is higher than that in [4].
In addition, the performance gap between two users in our coop-
erative strategy is much smaller than that in [4]. In other words,
our strategy provides the relatively equal performance improve-
ment for all participants even though their channels to the desti-
nation have totally different qualities.

V. CONCLUSION

A novel cooperative communications signaling strategy for a
pair of users in synchronous CDMA mobile communications
network under slow flat Rayleigh fading channel plus Gaus-
sian noise was proposed. The proposed cooperation brought a
considerable performance improvement over that in [4] as well
as direct transmission under any channel condition which was
proved by the closed-form error probability expressions and
Monte-Carlo simulations. In presented results, the fact that all
users have the same transmit power constraint (that means there
is no need for power-control mechanism from BS) exposes an-
other advantage of the cooperation that the system is capable of
resisting the near-far phenomenon. Also, we showed that there
exists an optimum power sharing level § that minimizes the error
probability. This value is a function of signal-to-noise ratio and
long-term statistics of noise and fading and thus, it can be set
before the mobiles come to operation. Moreover, the coopera-
tive strategy can achieve the maximum likelihood detection with
the fullest space diversity without sacrificing hardware imple-
mentation complexity. Although the results of this paper serve
the situation of two-user systems, it is straightforward to prove
that the analytical expressions are applicable to multi-user sys-

Proposed—MS1
—{3— Proposed—MS2
) O Ref[4]-MS1

e N R Ref[4]-MS2 J

BER

10 . . . . . . .
0
SNR (dB)

Fig. 8. BER comparison between the proposed strategy (§ = 0.8) and
that in [4] where A9 = o3 = 5.

tems without the performance degradation if the transmission
synchronization is remained. Furthermore, we can combine this
strategy with the deployment of multiple receive antennas at the
destination to reduce further the error probability. -

Although our strategy is more advantageous than that in [4]
in terms of BER performance as well as implementation com-
plexity under the same assumptions, it is still more complicated
than direct transmission for the following reasons. The first is
the need for synchronous transmission even though it is feasi-
ble in TDD-based wireless networks [4], [20], [21]. The second
is the current hardware limitations for the simultaneous trans-
mission and reception at mobiles though perfect echo cancella-
tion was justified to be possible by strong arguments in [4] and
[21]. The third is channel estimation, thus leading to loss of data
rate due to CSI overhead. Although the instantaneous CSI is
not necessary at mobiles (i.e., the implementation complexity
at mobiles is low) since only long-term fading statistics is used
to determine the amplification factors, the instantaneous CSI of
all links through which a source signal can reach BS must be
available at BS (i.e., most complexity poses on the destination).
Therefore, that BS must obtain the CSI of inter-user channel for
signal detection is still challenging to our strategy and that in [4]
as well.? Finally, it may be the problem of assigning cooperative
users. It is expected that the cooperation benefits all participants
and the numerical results showed that this is only possible under
certain favorable channel conditions. Therefore once BS attains

2 As summarized in Appendix 1, the signal detection at the BS in [4] is per-
formed by two detectors, one for the non-cooperation phase and the other for the
cooperation phase. For the cooperation phase, either optimal detector (see (50))
or suboptimal one (see (52)) is used. Since the optimal detector requires Pe12
in (51), the BS needs the inter-user CSI for the detection. If the suboptimal de-
tector is used, the inter-user CSI is not necessary but in this case, an exhaustive
search through computer simulations (no closed form BER expression exists) is
required to find the optimal value of A, In Section IV, since we compared the
performance of the proposed scheme with that of the scheme in [4] using the
optimal detector, channel estimation complexity and overhead are the same for
both. However, our scheme is less complicated than that in [4] since it uses a
unique detector while two detectors are switched in two phases in [4].
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Table 2. Summary of transmit and receive signals of cooperative users
(P denotes phase, Tx transmit, Rx receive).

Mst Ms2 BS

P T Rx Tx Rx Rx

! 811#11C1 O21#21C2 YBS1

2 B12212C) Y12 Boa@22Cy v22 | ¥gs2
= =

3 | B1a®12C1 + B14722C2 B23212C1 + Bagwp2C2 YyBS3

CSI, it can use this information to decide “who cooperates with
whom.” Such a problem for multi-user OFDM networks was
investigated in [22]. Although there exist multiple implementa-
tion difficulties, the high performance can be a key motivation to
encourage further research efforts to overcome these challenges
so as to deploy our strategy in practice.
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APPENDICES
A. Appendix 1

The purpose of this appendix is to summarize the coopera-
tive signaling strategy in [4] to make clear the differences from
our proposed one and serve as a reference for comparison. This
strategy is illustrated in Table 2 where x;; denotes the user ©’s
BPSK-modulated symbol in phase j, Z;; the user ¢’s recovered
J-th symbol at its partner’s side, 3;; the parameters controlling
how much power is allocated to a user’s own symbols versus
the symbols of the partner, while maintaining an average power
constraint of P; for user ¢, ¢ € {1, 2}, over 3 phases given by

4
D> f =3P
j=1

The cooperation process goes on as follows. Phase 1 is used
to send data to BS only. However, phase 2 is used to send data
not only to the BS, but also to each user’s partner. After this
data is detected by each user’s partner, it is used to construct a
cooperative signal that is sent to the BS during phase 3.

The signal detection at the BS is performed by two detectors,
one for the cooperation phase and the other for the noncoopera-
tion phase. Because of symmetry, user 1 is only focused here.

For noncooperation phase, zj; is estimated by the chip-
matched filter,

1 NT¢o
7 = sien (v / yss1 ()01 (8)dt

“7

I

= sign (3B + no) (48)
with BER given by
N
P,=Q (%3511“ ‘*) . (49)
72
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In cooperation phase, restoring z12 is optional with either op-

timal detector or suboptimal one. For the optimal receiver that

offers the minimum error probability, 12 is decided to be 1 if
Y > L. (50)

Otherwise, it is assumed to be —1.

Here,
Y = (1- Pag)Whe¥ 4 PypWe
L = (1-Pug)W eV 4 PypWe ¥
v = [oagfiz (a3Bis + o23fes)]” V/N/me
va = [o3Piz (a13Pis — asfas)]V/N/n2
W = ealsazaﬁl.aﬁzsN/nz
Y lv2 ys]"V/N/ma
with
1 NT¢
= o 2(t)Cy(t)dt
Y2 NTc/o yBs2(t)Ci(t)
1 NTc
= X H)Cy(t)dt
Y3 NTC/O yBS3() 1()
ypsa(t) 131221201 (1) + 93B22722Ca(t) + no(t)
ypsa(t) = ou3[B1aw12C1(t) + B14T22Cs(t)]

93] B23F12C1 () + B24222Co(t)] + no(2)

and BER due to hard decision on Z12 given by

FPo2=0 <a12512\/i>
L

where the channel parameters are denoted as in Section II but are
real numbers as in {4]. This detector is not only rather complex,
but also does not have a closed-form expression for the resulting
BER.

To correct this drawback, z12 can be detected in a suboptimal
way as follows

(5D

T12 = sign (013612 AMausfrs + azsfas)ly) (52)
where A € [0, 1] is a measure of the BS’s confidence in the
bits estimated by the partner. Its optimal value is only obtained
numerically.

BER of x5, given A, is of the form

T
vivy vy U2
[T [T
vy Ux Uy Ux

in which vy = [@13012 A(oasBis + aa3fa3)]”.

1t is noticed that (49), (51), and (53) are not closed form an-
alytical expressions for performance of the suboptimal detec-
tor because it depends on the immediate parameters of channel
characteristics such as a2, a3, and ass.

PeQ = (1 '_PeIQ)Q

+ FPei20Q

(53)
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B. Appendix 2

In this appendix, we derive the BER expression of direct
transmission to facilitate in comparing between two trans-
mission schemes: Cooperation and noncooperation. In non-
cooperation case, each user transmits its own data with full
power P;. Consequently, the signal at the chip-matched filter
input of the BS is given by

yps(t) = a13v/Piz1C1(t) + agsy/PazaCalt

where z; are the MPSK modulated data symbol of user j, n(t)
the ZMCGRV with variance 75. Therefore, we obtain the de-
spread signal as

)+ n(t) (54)

1 NTe
NTo /0 yps(t)C;(t)dt,

= 34/ ij[:j +n;

for user j where 72; is ZMCGRYV with variance 7, /N.
Averaging the conditional BER in (41) over the channel real-
ization results in the average BER for user j

eAVG__]—AZ/

where A, B, C is given in (42) and v; = NPj|ays|?/ng
computed from (55) is an exponential r.v. with mean value of
kj = N Pj\j3/1n2. Therefore, the above can be reduced to

T’j =

(55)

201'7]) f'y, (7J )d'Yj

1
Poave_j = AZ/ 201’71) V2C;; ) —e/%idy;
J
A
= = 56
5 2_:1 (56)
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