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Abstract—We investigate strategies for user cooperation in the
uplink of a synchronous direct-sequence code-division multipleaccess (DS/CDMA) network employing nonorthogonal spreading
codes and analyze their performance. We consider two repetitionbased relay schemes: decode-and-forward (DAF) and amplify-andforward (AAF). Focusing on the use of linear multiuser detectors,
we first present cooperation strategies, i.e., signal processing at
both the relay nodes and the base station (BS), under the assumption of perfectly known channel conditions of all links; then, we
consider the more practical scenario where relays and BS have only
partial information about the system parameters, which requires
blind multiuser detection methods. We provide performance analysis of the proposed detection strategies in terms of the (asymptotic) signal-to-(interference plus noise) ratio and the bit error rate,
and we show that AAF achieves a full second-order diversity when
a minimum mean-square-error detector is employed at both the
relay side and the BS. A simple, yet effective, partner selection algorithm is also presented. Finally, a thorough performance assessment is undertaken to study the impact of the multiple-access interference on the proposed cooperative strategies under different
scenarios and system assumptions.
Index Terms—Blind multiuser detection, cooperative diversity,
direct-sequence code-division multiple-access (DS/CDMA), linear
minimum mean-square-error detector (MMSE) detector.

I. INTRODUCTION

C

OMMUNICATIONS over wireless channels suffer from
fading induced by multipath propagation, which causes a
random fluctuation in the received signal level. The effects of
fading can be mitigated by transmitting and processing independent copies of the same signal. Well-known forms of diversity are
spatial diversity, temporal diversity, and frequency diversity [1].
Spatial diversity is very attractive since it can be combined with
other forms of diversity, while being the only alternative when
time and frequency diversities are not available. A popular way
of exploiting spatial diversity is to employ multiple colocated antennas at the transmitter and/or at the receiver. By using suitably
designed space-time codes, a diversity gain and/or a multiplexing
gain can be achieved at no cost in terms of transmission time and
bandwidth expansion [2]–[4]. Unfortunately, due to size, cost,
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and hardware limitations, a wireless device may not always be
able to support multiple transmit antennas. This is the case for
most handsets in current cellular networks or for the nodes of
wireless sensor networks. To overcome this limitation, a new
form of space diversity, known as user cooperation diversity,
has been recently proposed [5], [6]. This new technique takes
advantage of the broadcast nature of the radio channel allowing
(single-antenna) terminals in a multiuser environment to share
their physical resources in order to create a virtual transmit
and/or receive array through distributed transmission and signal
processing [7]–[9]. More specifically, a cooperative transmission system consists of a set of wireless devices, which agree to
relay messages for each other in order to propagate redundant
copies of the same signal through independent paths to the final
destination. Preliminary works [5], [6], [10] on user cooperation
have mostly focused on the simplest case of two-user cooperation through orthogonal subchannels. Two basic cooperative
strategies—decode-and-forward (DAF) and amplify-and-forward (AAF)—have been proposed and analyzed. Adaptive and
incremental versions of these protocols have been investigated in
[10], whereas in [11], the extension to an arbitrary group of cooperative users is considered. The use of distributed space-time
coding has instead been proposed in [11]–[14].
Even though these initial works have already posed important milestones [15], showing the substantial potential benefits
of user cooperation, much research still has to be done in order
to gain insight into this promising technology. Several important issues need to be addressed, such as the impact of the multiple-access interference (MAI) [inevitably present in current
nonorthogonal code-division multiple-access (CDMA) communication systems [16]] on the proposed cooperative protocols
[17]; the choice of partner allocation strategy and its impact on
the overall system performance; and the impact of imperfect
knowledge of some system parameters on the correct combining
of the direct and relayed signal replicas.
In this paper, we investigate these issues. In particular, we
analyze the performance of user cooperation in the uplink of
a synchronous direct-sequence (DS) CDMA cellular network
employing nonorthogonal spreading codes. For the sake of simplicity, we assume that each cooperating terminal has only one
partner to be used as relay [5], [10]. The contribution of this
paper is manifold and can be summarized as follows.
• We consider two repetition-based relay strategies which
generalize the cooperative protocols proposed in [5] and
[10]—DAF and AAF—to a scenario where user cooperation takes place through nonorthogonal subchannels. Focusing on the use of the linear MMSE detector [18], we
analyze the impact of the multiple access interference on
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these protocols. We also investigate the effect of adopting a
simple matched filter (MF) receiver at the relay terminals.
• The performance of cooperation is first studied under
ideal system assumptions. Assuming that the residual
interference is Gaussian distributed, conditioned on the
fading channels, we provide closed-form expressions for
the signal-to-(interference plus noise) ratio (SINR) and
the bit error rate (BER); also, we show that AAF always
achieves a full second-order diversity when an MMSE
detector is employed at both the relay side and the BS,
extending previous results of [9] and [10].
• The performance of cooperation is then investigated under
more reasonable system assumptions. We assume that each
relay has knowledge of only the channel and the spreading
code of the terminal of interest, but not of those of the
other interfering users, whereas the BS has knowledge of
the spreading codes and the uplink channels of the active
users only. In this scenario, blind multiuser detectors are
employed [19]–[22]. At the relay side, we show that the
exact MMSE detector can be blindly implemented once a
sample estimate of the covariance matrix of the received
signal is available. At the BS, instead, robust blind estimates of the MMSE detector cannot be derived without
the feedback of some parameters related to the interpartner
links. Closed-form expressions to approximate the asymptotic SINR and BER of these blind detectors are provided.
• Finally, we address the problem of how the partners should
be assigned and managed in the network, and we present a
simple, yet effective, partner selection strategy.
Using the analysis developed in this paper, the performance of
DAF and AAF are investigated and compared under different
scenarios. Simulation results indicate that, when an MMSE detector is employed at both the relay side and the BS, both protocols provide a significant performance gain with respect to
the direct transmission, extending previous results of [5]–[10]
and [17]. In this case, we show that the proposed partner allocation strategy may be effectively used to optimize the overall
system performance, at least in stationary scenarios. Interestingly enough, even if inferior to AAF under ideal system assumptions, the DAF protocol turns out to be more amenable
to blind multiuser detection when some system parameters are
unknown.
The rest of this paper is organized as follows. In Section II,
the network model and the cooperative protocols are described.
In Section III, the relay strategies are presented and analyzed
under ideal system assumptions. In Section IV, cooperation
strategies under the assumption that some of the system parameters are unknown are proposed and analyzed. In Section V, a
possible partner allocation strategy is discussed. In Section VI,
some simulation results are presented. Section VII contains
the conclusions. Finally, Appendix I contains some analytical
derivations.

of generality, we assume that each terminal is able to simultaneously transmit and receive and that perfect echo cancellation is possible [5], [6]. To isolate the effects of user cooperation, we assume that all channels are frequency nonselective
and that each mobile as well as the BS is equipped with only
be the distance between terminals and
one antenna. Let
. We model the corresponding fading coefficient
as a circularly symmetric complex Gaussian random variable with vari, where is the path-loss exponent. All channels
ance 1
remain constant during 2 consecutive symbol intervals, and
due to the reciprocity of the channel. We point
out that what follows could also be extended to the more general scenario of multiantenna terminals operating over dispersive channels. Indeed, user cooperation can also be used on top
of other forms of diversity [10], [13].
, with
, be the subset
Let
of cooperating terminals which decide to share their resources
(namely, power and bandwidth). We assume that each user
has a partner
, which is used as relay [5], [10].
Partnering is not necessarily bidirectional, in the sense that, if
, it can happen that 1 relays for 2, 2 relays for 3, and, finally, 3 relays for 1 (see also [15]); the only important feature is
that each cooperating user has a partner that provides a second
data path, while being itself an active relay for another terminal.
The issues of choosing the subset of nodes that can effectively
benefit from cooperation, and of defining the optimum mapping
, are open problems and, of course, may strongly influence
the overall system performance. A possible solution is presented
in Section V. Following [5] and [10], we assume that cooperation takes place in two phases as described below.
1) During the odd symbol intervals, each cooperating user
transmits its own information (using its own spreading
code), which is received by the BS as well as by the
partner. In this phase, each cooperating terminal
attempts to recover from the received CDMA multiplex
the data stream of the user
.
2) During the even symbol intervals, each partner relays a processed version of the information received in the previous
symbol interval using its own spreading code. We discuss
two relay strategies: a DAF strategy where the partners decode and retransmit the data stream of the user interest [5],
[6], [10] and an AAF strategy where the partners simply
amplify and forward soft estimates of the symbols of interest [10].
, the normalized
Indicating with
symbol stream to be transmitted by each cooperating user and
, the symbol stream of the
with
remaining noncooperative terminals, the discrete-time signals
during the odd symbol
received at terminal
intervals and at the BS during the even symbol intervals are
given, respectively, by [16], [18], [19]

II. SYSTEM DESCRIPTION
We consider a -user synchronous DS/CDMA communication system employing nonorthogonal spreading codes, with
the base station
processing gain . We indicate with
the active nodes. Without loss
(BS) and with

(1)
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(2)
is the filtered signature of the th
where
user received at terminal
and is the symbol energy and
the -dimensional unit-energy signature vector, respectively;
represents either a hard or a soft estimate of
, depending on whether a DAF or an AAF protocol is adopted: in
is normalized to have unit
the latter case, we assume that
and
are -dimensional, circularly
variance.
symmetric, white Gaussian noise vectors received at terminal
during the first phase and at the BS during the second phase,
for
respectively; we assume that
and
, where
is an
all-zero
is the
identity matrix (notice that the
matrix and
noise power at terminals
may be different). Fiis a weighing factor that controls the power
nally,
allocation of each cooperating user during the two phases of the
protocol [5], [6], [15]. Notice that no extra power is injected into
the system when a node decides to switch from a noncooperative to a cooperative mode (indeed, in both cases, an average energy 2 is transmitted over two consecutive symbol intervals);
thus, the totally consumed average power in the network is independent of the number of cooperating mobiles. Determining the
optimum power allocation scheme for the cooperating terminals
is beyond the scope of this paper; for the sake of simplicity, in
the sequel we suboptimally assume that the available power is
equally split during the two phases of the protocol, i.e.,
for
.
Even though each user maintains the same average power
constraint, the repetition nature of the cooperative protocols
wastes half the available bandwidth [5], [10], [11]. Thus, to
make a fair comparison between the transmission schemes
with or without cooperation, the spectral efficiency of each user
should be doubled when it switches from a noncooperative to
a cooperative mode. In the sequel, unless otherwise stated, we
consider an uncoded system where all users employ a quadrature phase-shift keying (QPSK) signaling, i.e.,
, and we assume that the noncooperating users retransmit each QPSK symbol twice, i.e.,
for
: in this setup, all users
send two new bits every two symbol intervals. This choice is
suggested by the fact that repetition-based cooperative protocols
are effective only in the low-spectral efficiency regime [10]. For
higher spectral efficiencies, incremental or distributed spacetime encoded cooperative protocols should be better employed
[10]–[14]. Nevertheless, we remark that our results also apply to
larger -PSK constellations, as will be pointed out in the sequel.
III. RELAY STRATEGIES AND PERFORMANCE ANALYSIS UNDER
IDEAL SYSTEM ASSUMPTIONS
In this section, we propose and analyze cooperative strategies
for nonorthogonal CDMA networks under the assumption that
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all system parameters (namely, the interusers channels, the uplink channels, the spreading codes, and the relayed noise power)
are perfectly known at the BS as well as at each cooperating terminal. Previous works on user cooperation have assumed that terminals cooperate on orthogonal subchannels, which simplifies
the relay problem and the corresponding analysis. For example,
in [9]–[14], a time-division (or a frequency-division) multipleaccess transmission format is considered and, thus, the symbols
of interest are easily recovered by using a time-windowing (passband) filter tuned to the desired time (frequency) slot. In [5] and
[6], instead, a CDMA network with orthogonal spreading codes
is considered: in this case, a simple MF detector is sufficient to
extract the data stream of the user of interest from the received
multiplex. On the other hand, when a nonorthogonal CDMA is
employed, an MF receiver is no longer optimum, but better receive strategies may be adopted for MAI mitigation [16]. Focusing on the use of linear multiuser detection strategies, we propose to employ an MMSE detector at both the relays and the BS.
For the sake of comparison, we also study the effect of using a
reduced-complexity single-user receiver at the relay side.
In the sequel, we first focus on the relay operation performed
at each cooperating terminal during the odd symbol intervals;
then, we address the problem of optimally combining the signals
received at the BS.
A. Relay Strategies
Let
be the terminal of interest. We need to estimate
transmitted by user during the odd symbol
the symbol
. The corresponding MF receiver is
intervals, for
given by
, while the MMSE detector can be
constructed as1 [16], [18]

with
(3)
Let
be the output of
(either
MF or MMSE); we distinguish two relay strategies.
1) DAF: As in [5] and [6], we assume that each partner fully
decodes and retransmits the symbols of interest received during
the first phase of the protocol. For this reason, we refer to this
strategy as decode-and-forward. Let

(4)
be the decoded symbols to be relayed. Given the fading channel
states2
and assuming that the residual
MAI is Gaussian distributed, the conditional BER can be expressed as [18]

SINR

(5)

1From now on, unless otherwise stated, all expectations are conditioned upon
the channel state.
2For notational simplicity, we define
= 0.
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and
is the conditional output SINR given by

SINR

(6)
The Gaussian assumption is very accurate for the MMSE detector as shown in [18] and [20], whereas for the MF receiver
is sufficiently accurate at low signal-to-noise ratios (SNRs)
and/or when the number of users approaches the processing
gain [23].
2) AAF: Paralleling [10], we propose that each relay amplifies and forwards the signal at the output of the receive linear
filter (either MF or MMSE). This strategy extends the original
protocol of [10] to the case where user cooperation takes place
through nonorthogonal subchannels and, for this reason, is referred to as amplify-and-forward. In this case, the following soft
symbol estimate is forwarded to the BS:

is just a power normalization factor ensuring that
(i.e., that no extra power is injected into the system by the relay
terminal).
From (7), it is seen that the relayed useful signal is corrupted
by both noise and some residual MAI. When an MMSE receiver is employed, the residual MAI is asymptotically nullified at the price of possibly enhancing the received noise: in
this case, each partner substantially relays only the symbol of
interest plus noise as in [10]. On the other hand, when an MF
is employed, the received noise is not enhanced, but an MAI
leakage is present. In this case, each partner also amplifies and
forwards unwanted signals coming from interfering users that
are not taking part in the cooperation process. In Section VI, we
will study the effect of having these unwanted relayed signals.
B. Performance Analysis of DAF
When each partner forwards a hard estimate of the symbol of
interest, upon defining

(10)
an -dimensional all-zero vector, the signals (1) and
with
(2) received at the BS during the odd and even symbol intervals,
respectively, can be stacked as follows:

(11)

(7)

where
is given by (4) and we have exploited the fact that
. The linear MMSE detector for a
is given by
user

where
(12)
with
(8)
(13)
while

(14)

(9)

(15)
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In (13)–(15), we have used the fact that
, where
is given by (5). The decision statistic is
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C. Performance Analysis of AAF
When each partner forwards a soft estimate of the symbol of
interest to the BS, substituting (7) in (2), we have

(21)
(16)
where

with

is a random variable specified as follows:
(22)

(17)
A final decision on the symbol of interest is given by
. Thus, assuming that
the residual interference is Gaussian distributed, conditioned
, the corresponding
on the channel state
BER can be expressed as

In (21) and (22),
are the composite signatures received at the BS during the even symbol intervals, accounting for the MAI leakage present at the output of the reis an
ceive linear filter employed at the relays (see (7));
equivalent noise vector accounting for both the current noise
and the relayed noise. The signals (1) and (21) received at the
BS during the odd and even symbol intervals, respectively, can
now be stacked to obtain

(23)

SINR
(18)

(24)

with
where

and

are defined in (10) and

SINR

(25)

(19)

while in (24) we have exploited the fact that
The linear MMSE detector for a user
, with
and

.
is
given by (25)

(26)
(20)
The unconditional BER can be evaluated by averaging (18) over
using Monte Carlo techniques. Finally, notice that the above
analysis can also be extended to evaluate the performance of
the noncooperative users. However, for brevity, we omit the
derivation.

(27)
Let
is given by

be the decision statistic. A final decision on
. Thus,
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assuming that the residual MAI is Gaussian distributed, the conditional BER can be expressed as

SINR

(28)

with (29) as shown at the bottom of the page. As in the DAF
case, the above analysis can be extended to evaluate the performance of the noncooperating users.
Averaging (28) over the fading channels is generally prohibitive and, thus, Monte Carlo techniques may be employed.
However, when a linear MMSE detector is used at the relays, the
following result provides an upper bound to the average BER of
the proposed AAF protocol (see Appendix I for the derivation).
Proposition 1: Assume that a linear MMSE detector is employed at both the relay side and the BS. Under Rayleigh fading,
at high SNRs, we have

(30)
where

is given by (28),
, while

(31)
In (31),
indicates the Moore–Penrose pseudoinverse and
is the th unit vector in
.
Interestingly, the bound in (30) shows that, when linear multiuser detection is employed, AAF achieves a full second-order
diversity from the direct and the relayed link, extending the results of [9] and [10].
Remark: The above analysis can also be extended to the
case where the cooperating users employ a modulation format
-PSK, with
. Focusing, for example, on the AAF
protocol, the signal received during the two phases of the
protocol can still be expressed as in (23). Notice that, if
is an integer, the noncooperating users may transmit either an
-PSK twice or two
-PSK in two consecutive symbol
intervals. It is, however, intuitive that this latter strategy is not
inferior to the former. Indeed, neither one achieves any diversity
-PSK constellation with average energy
gain, but using an
ensures a larger minimum distance than using an -PSK

SINR

(being exactly equal
constellation with energy 2 when
) [1], whereby, in the sequel, we assume that
for
is an integer and we use a
-PSK constellation for the noncooperative users. Using the Gaussian approximation for the
residual MAI and the analysis in [1], assuming Gray-mapping,
the conditional BER can be well approximate at high SNRs by
SINR

(32)

with (33) as shown at the bottom of the page.
Similar developments apply to the DAF protocol. In this latter
case, however, an exact closed-form characterization of the disin (16) may be difficult to derive,
crete random variable
making the analysis more tedious.
IV. RELAY STRATEGIES AND PERFORMANCE ANALYSIS UNDER
REALISTIC SYSTEM ASSUMPTIONS
In this section, we propose and analyze cooperative protocols under more realistic system assumptions. We assume that
each relay has knowledge of only the propagation channel and
the spreading code of the terminal of interest, but not of those
of the other interfering users. Indeed, while it may be reasonable to assume that the interpartner channel is periodically estimated (by using for example training symbols), it is unrealistic
that each relay tracks the links of all others mobiles. Moreover,
in practical cellular networks, the spreading code of the surrounding users may be unknown at each mobile terminal. On
the other hand, we assume that the BS has knowledge of only
the spreading codes and the uplink channels of all the active
nodes. In the above scenario, the exact linear MMSE detectors
derived in Section III cannot be evaluated either at the relays or
at the BS. Using the recent literature on blind linear multiuser
detection [19]–[22], we now show how robust estimates of these
detectors can be derived and we analyze their performance.
A. Relay Strategies
Let the eigendecomposition of
in (3) be
, where3
contains the largest
eigenvalues of
contains the eigenvectors corresponding to
eigenvalues in
;
the largest
contains the remaining eigenvectors
and
corresponding to the smallest eigenvalue
. The linear
3Notice that for notational simplicity, the dependence of the eigencomponents
on the receiving terminal f (q ) has been dropped.

(29)

SINR

(33)
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MMSE detector in (3) can also be expressed in terms of the
signal subspace components as [19]
(34)
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AAF: When the AAF strategy is employed, a soft estimate
of the partner’s symbol is simply given by (7) once the exact
is replaced by its estimate
in (35)
MMSE filter
or (36). Notice that the normalization factor
in (9) now has
to be estimated from the received signals. A possible estimate is

Corresponding to the two forms of the linear MMSE receiver
(3) and (34), there are two approaches to its blind implementation [19]. In the direct-matrix-inversion (DMI) method, the auin (3) is simply replaced by the cortocorrelation matrix
responding sample estimate. That is

(39)

B. Performance Analysis of DAF

(35)
where
is the estimation sample size. In the subspace-based
and
in (34) are replaced by
method, the eigencomponents
the corresponding eigenvalues and eigenvectors of the sample
autocorrelation matrix. That is

(36)
be the signal at the output of
Let
the blind MMSE detector
obtained as in (35) or (36);
relaying now takes place as follows.
DAF: When a DAF strategy is employed, at each relay
a hard symbol estimate
is still given by
(4). Conditioned on the fading channels, we now provide
closed-form expressions to approximate the asymptotic SINR
and BER of both the DMI and the subspace blind MMSE
. Let
detectors as function of the estimation sample size
. We start by noticing that

(37)
where the first term on the right-hand side represents the output
of the true detector
in (3) or (34), while the second term
represents an additional noise contribution due to the estimation error. In [21] and [20], it was shown that the error term
is asymptotically Gaussian distributed,
whereby the conditional BER and the conditional SINR at the
can be asymptotically expressed as in (5)–(6),
output of
once the following correction term:

(38)
accounting for the variance of
in (37)
is added to the denominator of (6). The lengthy expressions of
for both the blind DMI and the blind subspace-based
MMSE detectors can be found in [21].

In the absence of any feedback from the cooperating nodes,
a robust blind implementation of the linear MMSE detector in
(12) cannot be obtained. Indeed, even assuming that the true
in (14) is replaced with a sample esticovariance matrix
mate, the optimum projection direction in (13) cannot be determined without the knowledge of the interpartner link BER.
Indeed, using an erroneous projection direction may lead to a
significant performance loss, as shown later in Section VI. To
overcome this problem, each relay has to feed back to the BS
the interpartner link BER. Interestingly, this information is sufficient to evaluate not only the correct projection direction in
in (14). Thus, we
(13) but also the exact covariance matrix
have the important conclusion that, when a DAF relay strategy
is employed, the exact linear MMSE detector can easily be implemented at the BS provided that each relay feeds back the interpartner link BER.
C. Performance Analysis of AAF
From (10), (22), and (25), the composite signature
, where
ceived at the BS can be written as

re-

(40)
is only a function of the spreading codes and of
The matrix
the uplink channels of the cooperative nodes; hence, it is completely known to the BS. On the other hand, the vector cannot
be evaluated at the BS. Thus, under realistic assumptions, the
exact linear MMSE detector cannot be constructed at the BS,
but blind estimates or mismatched approximations have to be
considered. In the sequel, we discuss two possible approaches
to estimate this detector, corresponding to different prior knowledge about the interpartner link parameters.
in (40) suggests that a
First Strategy: The knowledge of
blind estimate of the exact linear MMSE detector could be obtained through subspace-based techniques as in [21]. Unfortuin (24) is colored, the signal
nately, since the noise vector
and the noise subspaces cannot be directly identified from the
in (26). However, assuming that each cocovariance matrix
operating terminal feeds back the power of the relayed noise,
in (27) is known at the BS, and, letting
i.e., that
be its eigendecomposition, the whitening transformacan be obtained and the received signal
tion
. Letting
can be equivalently written as
be a sample estimate of the covariance
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matrix of
, we have
, where
contains the largest
eigenvalues of
contains the
eigenvectors corresponding to the largest eigenvalues in ,
and
contain the remaining eigenvalues and eigenand
, the subspacevectors, respectively. Letting
based blind estimate of
is given by

eigenvector of

(41)

whereas the corresponding subspace blind MMSE detector is
(42)
The estimated channel vector
in (41) is determined only
up to an arbitrary complex scale factor. Thus, it seems that
coherent detection is not possible. Interestingly, by examining
(40), the phase ambiguity can be removed by imposing that the
first element of be a positive real number. Finally, similar to
Section IV-A, the conditional BER and the conditional output
SINR can be asymptotically expressed as in (28) and (29) once
accounting for the additional noise varia correction term
ance due to the estimation error is added to the denominator of
can be found in [21]).
(29) (the lengthy expression of
Second Strategy: An alternative approach to approximate the
exact MMSE receiver at the BS can be derived by noticing
that, when the linear MMSE detector is employed at the reaccounting for the
lays, the coefficients
MAI leakage are asymptotically negligible at high SNRs (see
(7) and (8)). Therefore, from (7) and (25), the unknown direcand
can be
tions
approximated as

(43)
In this case, assuming that each relay feeds back the coeffialong with the power of the relayed noise, a miscient
matched approximation of the exact MMSE detector can be constructed as
(44)
. Under the
where
Gaussian assumption of the residual MAI, the conditional SINR
at the output of the linear filter (44) and the corresponding BER
are still well approximated by (28) and (29).
V. PARTNER SELECTION
Let
be the set of terminals that ask the BS to
that can effectively
cooperate. The subset of terminals
take advantage from cooperation and the corresponding partner

allocation should be chosen based on the average quality of all
of the possible interuser links. Any partner selection mechanism
should be amenable to a computationally inexpensive implementation, especially at the mobile side. Moreover, the signaling
overhead should be possibly minimized; this latter point is very
important in time-varying environments, where the partner assignment should be periodically updated. Based on the above
considerations, we now present a simple yet effective partner
selection strategy that, on the one hand, only requires a limited
signaling between the active nodes and the BS, and on the other
hand, takes advantage of the centralized nature of the cellular
networks concentrating most of the computational processing
at the BS.
At the beginning, the BS broadcasts the spreading codes of
the users in the set . Using this information, each terminal
monitors the average signal power received by its potential partners (for example, by using a sliding correlator or the
subspace-based technique proposed in [22]) and, consequently,
be the
compiles a list of strong neighbors as follows. Let
neighbor list of the user . A user
, with
, is added to
if and only if the average power received from exceeds
a predetermined threshold ; the value of should be selected
such that user can reliably decode the information transmitted
by any of the terminals in its neighbor list. All the neighbor lists
are, then, ordered in decreasing value of the received power and
sent to the BS.
Based on these lists, the BS has to decide which subset
of users can benefit from cooperation and the corresponding
partner assignment. In our algorithm, we suboptimally assume
of users is
that partnering between any pair
always bidirectional and can be established only if
and
[5]. This latter condition, indeed, ensures that
each of the two terminals reliably receives the information sent
by the other. The procedure starts by assigning to each user
a flag indicating its state: busy if the user already has
a partner; nonbusy if the user does not yet have a partner but has
a nonempty neighbor list; noncooperative if the user cannot cooperate because no partners can be found. At the beginning, the
flags of the users with an empty neighbor list are set to a noncooperative state, whereas the flags of the remaining users are set
to a nonbusy state. After that, the partner selection takes place
as follows.
A) The nonbusy users are ordered in decreasing value of the
distance from the BS and a variable CURRENT-USER is
initialized to the farthest nonbusy user.
B) If the neighbors of CURRENT-USER are all in a busy or
noncooperative state, then CURRENT-USER is put into
a noncooperative state.
C) If there are nonbusy neighbors, they are interrogated in
order to establish a cooperation. A variable CURRENTNEIGHBOR is initialized to the first (strongest) nonbusy
neighbor of CURRENT-USER.
NL(CURRENTC-I) If CURRENT-USER
NEIGHBOR), these two users are set as partners and put in a busy state. If this is the case,
go to step D).
NL(CURRENTC-II) If CURRENT-USER
NEIGHBOR), CURRENT-NEIGHBOR is
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updated to the next nonbusy neighbor of CURRENT-USER, if there is any, and steps C-I)
and C-II) are repeated. Otherwise, if there is no
more nonbusy neighbor, CURRENT-USER is
put in a noncooperative state. In this latter case,
go to step D).
D) CURRENT-USER is updated to the farthest (from the BS)
nonbusy user, if there is any, and steps B)–D) are repeated.
The procedure ends when there is no more nonbusy user.
The proposed algorithm orders the candidate cooperative
nodes according to a decreasing value of their distance from
the BS and then, starting from the farthest node, tries to sequentially find the best available partner for each of them.
This choice was suggested by the fact that, when path-loss
effects are accounted for, terminals more distant from the BS
should be privileged in the partner selection, since they can
benefit from a larger energy saving with respect to closer nodes.
Indeed, as shown in [5] and [6], the SNR gain provided by
user cooperation can be exploited either to reduce the average
by a factor proportional
transmitted power of each user
to
or, alternatively, to extend the edge of the cell. We
defer to the following performance assessment the analysis of
the impact of the proposed partner allocation strategy on the
overall system performance.
Finally, it is worth noticing that different policies can also
be adopted to process the candidate cooperative nodes. For example, they can be processed in a pseudorandom order: in this
way, on average, none of them is privileged; also, different priorities can be given to groups of users based on the quality of
the requested services.
VI. NUMERICAL RESULTS
The analysis developed in this paper is now used to evaluate
and compare the performances of the proposed cooperative
protocols under different scenarios. We consider a stationary
-sequences as spreading
DS/CDMA network employing
codes, with a processing gain
. The fading channels are
generated considering a path loss exponent
. We assume
that average power control is present at the BS, i.e., that each
terminal in the network adjusts the transmitted power such as
for
, where
is the average power received at the BS: in this scenario,
no power control is ensured at each mobile node. For the sake
of simplicity, we also assume that
.
The system performance is evaluated by plotting the average
BERs of the cooperating terminals versus
. The
BERs of the nonblind receivers are obtained by numerically
averaging the corresponding conditional formulas in Section III
over 50 000 channel realizations. The performance of the blind
detectors is assessed using the asymptotic analysis developed
in Section IV.
In what follows, we first study the impact of the multiuser
interference and of the partner selection on the proposed cooperative protocols when all of the system parameters are known
in the system. Then, we analyze the impact of the estimation
errors in the receive linear filters when some of the system parameters are unknown.

Fig. 1. Simulated stationary scenarios. The stars and the circle indicate the mobiles and the BS, respectively. In (a), 11 noncooperating users have been arbitrarily displaced around two fixed pairs of cooperating users (marked with a
linking line) in order to simulate a severe near–far situation at each relay. In
(b), 14 cooperating mobiles have been randomly positioned inside an angular
sector of 180 and normalized internal and external radii of length 0.4 and 1,
respectively; the pairs of partners have been determined by using the selection
algorithm in Section V and remain fixed. In (c), the users are displaced as in (b),
but the fixed pairs of partners have been randomly determined. (a) Scenario I,
(b) Scenario II, and (c) Scenario III.

A. Impact of Multiuser Interference
We consider a stationary scenario where there are two fixed
pairs of cooperating terminals (i.e.,
), surrounded by 11
), as shown in Fig. 1(a) (scenoncooperating users (i.e.,
nario I). The nodes have been arbitrarily displaced in order to
simulate a severe near–far operating condition at each relay.
In Fig. 2, we report the average BER of the cooperating users
versus for both DAF and AAF. For the sake of comparison,
we also report the average BER of the competing noncooperand
), and the avative (NC) network (i.e.,
erage BER corresponding to the ideal cooperative (IC) network
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Fig. 2. BER performance of the cooperating users under ideal system assumptions. DAF and AAF are compared considering scenario I in Fig. 1(a). The exact
linear MMSE detector is employed at the BS; at the relays, either the exact linear
MMSE or the linear MF detector is employed. For AAF, the asymptotic upper
bound in (30) is also reported.

wherein partners have exact knowledge of the symbols to be
relayed. When the linear MMSE detector is employed at both
the relays and the BS, both DAF and AAF are immune to the
multiple-access interference and provide a significant performance gain with respect to the direct transmission (15 dB at
), extending previous results of [5], [6], [9], [10],
BER
and [17]. Remarkably, at high SNRs, the performance of AAF
converges to the performance of the ideal cooperative network,
achieving a full second-order diversity, as predicted by the upper
bound in (30). If a single-user receiver is employed at the relays,
both strategies experience a performance degradation. However,
while DAF becomes almost ineffective due to the fact that the
relayed decoded symbols are extremely unreliable (according
to [17]), AAF still achieves satisfactory performance, suffering
only an SNR loss due to the fact that each relay uses part of
its power to forward unwanted interfering signals. Thus, in this
latter case, better system performance and system robustness
may be possibly traded for less computational complexity at the
mobile terminals.
It is interesting to notice in Fig. 2 that, when linear multiuser
detection is employed at both the relay side and the BS, DAF
and AAF perform very close, suggesting that also the DAF protocol is able to achieve a quasi-full second-order diversity. A
possible intuitive explanation of this result is the following. We
start by noticing that, when an MMSE detector is employed
at the relay side, the BER of interpartner link is noise limited
[16], [18]. This means that, for large values of the channel gain
, the relayed symbols are substantially error-free, while
becoming unreliable in the presence of deep fades, i.e., for small
. At the BS, the linear MMSE detector in (12),
values of
after interference rejection, performs a kind of modified maximal ratio combining (see also [5], [6], [9], and [17]). When the
interpartner link is reliable, the two received replicas are sub; on the other
stantially equally weighed, i.e.,
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Fig. 3. BER performance of the cooperating users under ideal system assumptions. The scenario I in Fig. 1(a) and the DAF protocol are considered. At the
relays, the exact linear MMSE in (3) is employed. At the BS, we consider either
the exact linear MMSE in (12), which optimally combines the direct and the
relayed signal replicas based on the knowledge of the interpartner link BERs,
or a mismatched MMSE detector, which suboptimally assumes that the relayed
symbols are error-free.

hand, when the interpartner channel is in a deep fade, the relayed replica is ignored or only partially accounted for. Thus,
in both cases two fading coefficients should be small for the
is small, then
information to be lost. Specifically, if
should also be small for the information to be lost; similarly, if
is large, then both
and
should
be small for the information to be lost. Notice that the key point
here is that the BS has knowledge of the interpartner link BERs,
which are exploited for optimal combining of the direct and relayed signal replicas. Completely different is the situation when
the BS ignores the interpartner link BERs but suboptimally assumes that the relayed symbols are always corrected, as shown
in Fig. 3. In this latter case, a significant performance degradation is observed, suggesting that no diversity gain is achievable.
Finally, in Fig. 4, we briefly investigate the performance of
cooperation when larger constellations are employed. We only
consider the AAF protocol and assume that an -PSK constellation with
is employed by the cooperating users;
-PSK signaling is instead
in the absence of cooperation, a
adopted. As anticipated, due to the repetition nature of the protocol, the performance advantage provided by cooperation with
respect to the direct transmission significantly reduces as the
spectral efficiency increases, in keeping with theoretical results
in [10] and [11]. In this case, more bandwidth-efficient cooperation strategies should be employed, as proposed in [10]–[14].
B. Impact of Partner Selection
To study the impact of the partner selection on the overall
system performance, we consider two different partner allocations as shown in Fig. 1(b) and (c). For the sake of simplicity, we
assume that users are stationary and that the pairs of cooperating
terminals remain fixed over time. The allocation in Fig. 1(b)
has been obtained by using the selection algorithm proposed in
Section V (scenario II). To construct the neighbor lists, we have
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Fig. 4. BER performance of the cooperating users under ideal system assumptions. Scenario I in Fig. 1(a) and the AAF protocol are considered. The cooperating users employ an M -PSK modulation format, with M = 16; 64; in the
absence of cooperation, a M -PSK modulation format is instead adopted. The
exact linear MMSE detector is employed at the BS; at the relays, either the exact
linear MMSE or the linear MF detector is employed.
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and AAF under the two scenarios described above. The linear
MMSE detector is employed at both the relays and the BS. Remarkably, both DAF and AAF perform very close to the ideal
case under the scenario II of Fig. 1(b), which confirms the effectiveness of the proposed partner selection algorithm, at least for
this user distribution. A performance degradation is observed
in the presence of a random partner allocation (scenario III): in
, DAF and AAF suffer an SNR loss
particular, at BER
of about 4.5 and 2.5 dB, respectively. However, it is interesting
to notice that a random partner allocation still provides a significant performance gain with respect to the direct transmission,
suggesting that the use of optimized partner selection algorithms
is not strictly necessary in order to exploit the potential benefits of cooperation. This point turns out to be very important in
time-varying environments, where optimal global performance
can possibly be traded for less computational expensive and/or
less power and bandwidth demanding partner selection strategies. In this latter case, Fig. 5 indicates that AAF should be possibly preferred to DAF, since this protocol is less sensible to the
partner choice.
We point out that studying the impact of the partner allocation
on user cooperation is a challenging open problem. The analysis
provided in this section only limits to repetition-based cooperation strategies applied to nonorthogonal stationary4 DS/CDMA
networks; also, only very simple partner allocation strategies
have been investigated. Some intuitive indications have been
drawn from our preliminary results, but much research still has
to be done in this direction, especially when nonstationary scenarios are considered.
C. Impact of Estimation Errors

Fig. 5. BER performance of the cooperating users under ideal system assumptions. The behavior of DAF and AAF is investigated under scenarios II and III
in Fig. 1(b) and (c), respectively. The exact linear MMSE detector is employed
at both the relay side and the BS. For AAF, the asymptotic upper bound in (30)
under scenario III is also reported.

assumed that each terminal
selects a user
as its
neighbor only if the average power of the signal received by is
: in our setup, this amounts to requiring
at least 5 dB above
. The allocation in Fig. 1(c) has
that
been obtained by randomly generating the pairs of cooperating
terminals (scenario III). Notice that, while the former allocation
visibly presents a more rational disposition of the cooperating
pairs, for the latter, terminals transmitting from opposite sectors
of the cell may try to collaborate.
Neglecting the initial signaling overhead required to allocate
the partners, in Fig. 5 we compare the performance of DAF

We now consider the effect of employing estimated linear
MMSE detectors at the relay side and/or at the BS when some of
the system parameters are unknown. For brevity, we only refer
to scenario II in Fig. 1(b), but similar results are obtained by
considering the other scenarios of Fig. 1.
In Figs. 6 and 7, we report the performance of DAF and
AAF, respectively, when a subspace blind MMSE detector is
employed at the relay side, while the BS receives the feedback
of only one parameter related to the interpartner link (namely,
the BER for DAF and the relayed noise power for AAF) from
each cooperating node. For the sake of simplicity, in these plots
we do not account for the extra power and bandwidth wasted
by each relay terminal in the feedback channel; indeed, our
main goal here is only to investigate the effectiveness and the
convergence speed of the proposed linear blind multiuser detection strategies, but not to exactly quantify the performance
degradation with respect to the ideal nonblind case. Interestingly, it is seen that DAF is more amenable to blind adaptive
multiuser detection presenting, for increasing value of the estimation sample size , a faster convergence to the limiting
performance of the ideal scenario discussed in Fig. 5. This is
4When partner allocations are periodically updated in time-varying scenarios,
a fair comparison between the random partner assignment and the proposed
partner selection algorithm would require one to explicitly account for the additional signaling overheard generated in the network by these two allocation
strategies.
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Fig. 6. BER performance of the cooperating users under realistic system assumptions when the DAF protocol is employed. The scenario in Fig. 1(b) is
considered. The exact linear MMSE detector in (12) is employed at the BS; at
the relays, the subspace blind MMSE detector in (36) is employed.

Fig. 8. BER performance of the cooperating users under realistic system assumptions, when the AAF protocol is employed. The scenario in Fig. 1(b) is
considered. The subspace blind linear MMSE detector in (36) is employed at
the relays, while the mismatched MMSE in (44) is employed at the BS.

about the interpartner channels is exploited at the BS. However,
the price to be paid is a larger waste of bandwidth and power in
the feedback channel.
VII. CONCLUSION

Fig. 7. BER performance of the cooperating users under realistic system assumptions, when the AAF protocol is employed. The scenario in Fig. 1(b) is
considered. The subspace blind linear MMSE detectors in (36) and (42) are
is ememployed at the relays and at the BS, respectively. The same value of
ployed in both cases.

M

basically a consequence of the fact that, in the AAF protocol,
the feedback of a single parameter from each relay is not sufficient to evaluate the exact MMSE at the BS and, thus, for small
values of , the received signal replicas cannot be effectively
combined due to the presence of large estimation errors.
In Fig. 8, instead, we report the performance of AAF when a
subspace blind MMSE detector is employed at the relay side but
the BS receives the feedback of two parameters from each cooperating terminal: thus, the mismatched MMSE in (44) can be
implemented. It is seen that, in this latter case, the convergence
to the limiting performance of the ideal scenario is faster than
in Fig. 7, consistent with the fact that more prior information

In this paper, we have investigated strategies for user cooperation in the uplink of a synchronous DS/CDMA system
employing nonorthogonal spreading codes, and analyzed their
performance. Two repetition-based relay schemes have been
considered: DAF and AAF. We have proposed linear multiuser
detection strategies at both the BS and relay terminals when
the channel conditions of the systems are perfectly known; and
blind multiuser detection strategies when the channel conditions are only partially known at the BS and the relays. We have
provided closed-form expressions to evaluate the (asymptotic)
SINR and BER for these various scenarios and have shown that
AAF achieves a full second-order diversity when an MMSE
detector is employed at both the relay side and the BS. We have
also proposed a simple partner selection algorithm.
Using the developed analysis, several practical issues have
been studied, such as the impact of the multiple-access interference and of the partner choice on the overall system performance, and the impact of imperfect knowledge of the interuser
link parameters on the correct combining of the direct and relayed signal replicas. Interestingly, our results have shown that
both AAF and DAF are substantially immune to the multiple-access interference when linear multiuser detection is employed,
providing a significant performance gain with respect to the direct transmission. In this case, we have shown that the proposed
partner allocation strategy may lead to a significant performance
gain with respect to a random parter assignment, at least in stationary scenarios. Finally, it is worth noticing that, even if inferior to AAF under ideal system assumptions, DAF turns out
to be more amenable to blind multiuser detection when some
system parameters are unknown.
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APPENDIX I
PROOF OF THE PROPOSITION 1
Proof: When the MMSE detector is employed at the relays,
in (7) can be expressed at high SNRs as

(47)
(45)

where
and we have exploited the fact that, at high SNRs, the MMSE detector
in (3) converges to the zero forcing detector
defined in
(31) [16], [18].
Let us now consider the processing performed at the BS.
We start by noticing that the linear MMSE receiver proposed
in Section III-C exploits the signal structure in both the time
domain and the space domain for MAI suppression: for this
reason, in the following it is referred to as linear space-time
MMSE detector [25]. On the other hand, it was shown in [24]
and [25] that the space-time MMSE detector is always superior
to the linear diversity MMSE detector which performs interference rejection in the time-domain only, and then exploits
,
the spatial domain for diversity combining, i.e.,
is the average BER of the linear diversity MMSE
where
detector.
Focusing on the linear diversity MMSE detector, after interference suppression in the time domain and using (45), the signals received at the BS during the two phases of the protocol
can be asymptotically expressed as

(46)

with
, while
and
are defined in (31). After optimal diversity combining of (46)
and (47), the final decision statistic is given by (see also [9])

(48)
and
. Letwith
, we now have (49) as shown at the
ting
bottom of the page, where we have used the fact that
for
, while the statistical
and
. Under
expectation is intended over
Rayleigh fading, the term in (49) is easily upper bounded as
follows:

(50)
As to , upon defining for notational simplicity
and
, for large SNRs (i.e.,
), we now
prove the result shown in (51)–(53) at the bottom of the page.

(49)

(51)

(52)

(53)
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We start by evaluating the term
can be upper bounded as follows:

in (51). The inner integral

where we have exploited the fact that
for
. Averaging (59) over ,
we now have

(54)
where in the first inequality we have used the fact that
for
.
Averaging (54) over , we now have

(60)

In the last inequality, we have exploited the fact that:

(55)

(56)
is the exponential integral function, and in (55) we
where
used the result (see [26, para. 3.353])

(61)

(62)
(57)
From (58) and (60), for large SNRs, we obtain
for
(see [26, para. 8.214]),
being Euler’s constant,
and , we have
for large values of
Since

(63)

Repeating the same derivation inverting the roles of
can also obtain

and , we

(58)
We now evaluate the term
upper bounded as follows:

in (52). The inner integral can be
(64)

(59)

Thus, (53) easily follows from (63) and (64). Finally, (30) is
obtained from (49), (50), and (53).
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