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Abstract — We consider a cooperative system in which
the partnering mobiles are equipped with multiple anten-
nas. We present space–time codes that have the capabil-
ity of providing full cooperation diversity, while achieving
maximum possible diversity and best performance in the
inter–user channel. Our codes also perform well when co-
operation does not take place. We illustrate that coopera-
tive space–time coding offers significant performance im-
provement over direct transmission even when the inter–
user channel is noisy. We also consider code design for
users with different number of antennas.

I. INTRODUCTION

User–cooperation [1, 2] provides spatial diversity by en-
abling two or more active nodes to jointly transmit their mes-
sages towards their destinations. Each wireless transmission
can be overheard by neighboring nodes (which we call “part-
ners”) which then process this signal and retransmit to pro-
vide additional reliability. Hence the partnering nodes can be
thought of as an antenna array. However, inter–user channels
are noisy and the cooperation schemes need to take into ac-
count that the information received by the partner may not be
accurate.

Information theoretic studies, mostly confined to two coop-
erating partners [1, 2, 3], have shown that despite this noisy
inter–user channel, cooperation leads to higher data rates and
robustness to channel variations. In fact, two–user coopera-
tive systems can achieve full two level diversity. Laneman and
Wornell [4] recently extended their two–user results to incor-
porate multiple partners. They also suggested that space–time
block codes based on orthogonal designs could be used across
these multiple partners to provide cooperative diversity. How-
ever, this requires perfect synchronization among partnering
nodes. The space–time cooperative coding addressed in this
paper does not refer to this multiple partner scenario, we con-
sider two cooperating nodes that have multiple antennas.

Most of the work on designing channel codes for cooper-
ation has focused on nodes having only one antenna [5, 6].
We consider the case when the partners can have more than
one antenna, with possibly different number of antennas on
different users. We argue that cooperative diversity can be
exploited on top of the already existing spatial diversity in
the mobiles. When the users experience quasi–static fad-
ing, cooperation through orthogonal channels via time divi-
sion multiplexing [3] leads to an overall block fading channel
model. Hence the literature on space–time coding for block
fading channels can be used for cooperative space–time cod-
ing. However, we show that the performance of the space–time
code in the inter–user channel as well as the non–cooperative
case is also crucial in achieving cooperation gains. Also, if a

mobile with one antenna cooperates with a mobile with two
antennas, the single antenna code should be easily upgraded
for a two–antenna space–time code by the partner. In this pa-
per, we present space–time cooperative code design that takes
into account the above criteria and achieves full cooperation
diversity. We present simulation results to illustrate the per-
formance of the designed codes, analytical bounds on perfor-
mance can be found in [9].

The paper is organized as follows. In the next section we
present the system model and establish notation. The design of
space–time codes suitable for user–cooperation is presented in
section III. Simulation results illustrating the performance of
the cooperative space–time coding approach are presented in
section IV. Conclusions are provided in section V.

II. SYSTEM MODEL

We consider a mobile communication system that employs���
antennas at the transmitter and

���
antennas at the receiver.

The information bits are encoded by a channel encoder. The
coded bits are multiplexed to achieve the maximum possible
diversity in the case of user cooperation. The coded and mul-
tiplexed bits are passed through a serial to parallel converter,
and are mapped to a particular signal constellation. At each
time slot � , the output of the modulator is a signal � �
	 � that is
transmitted using transmit antenna � , for 
������ ���

. All
signals are transmitted simultaneously, each from a different
transmit antenna, and all signals have the same transmission
period � . The block diagram of the transmitter is given in
Figure 1.
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Figure 1: The block diagram of the transmitter.

A space–time codeword � is an
�������

matrix with elements
drawn from a finite alphabet, where

�
denotes the transmission

length in symbols. The code symbol matrix � , is ���������! ,
where �����! is an element wise constellation mapping from the
finite alphabet to points of the constellation.

At time � the received signal by antenna " , denoted by # �
	 $
is given by

# �
	 $ �
%'&(
� )+*!, �-	 $ � �
	 �/.102�
	 $

where the noise samples
0��
	 $

are modeled as independent sam-
ples of a zero mean complex Gaussian random variable with



variance ������� per dimension. The coefficient , �-	 $ is the path
gain from transmit antenna � , 
 � ��� ��� ,to receive antenna " ,
 �1" � ��� . We assume frequency non–selective quasi–static
fading, i.e., the path gains are constant during the transmis-
sion of any given user, but are independent from user to user.
Hence when users cooperate, the overall channel model be-
comes block fading [7].

III. CODE DESIGN

We assume that the mobiles cooperate through time divi-
sion [3] and utilize the cooperation protocol of [6] which is
similar to the protocol in [5]. The partner receives the signal
transmitted by the mobile and decodes it. Then it performs
a CRC check [8] to determine whether the received sequence
matches the actual transmitted information sequence. If so, the
partner re–encodes the data to obtain the best possible code (in
combination with the original mobiles code) which achieves
maximum possible diversity. If the transmission is not re-
ceived successfully, as indicated by the CRC check, then the
partner notifies the mobile about it, and the mobile transmits
the rest of the coded bits (symbols) itself, instead of relying on
cooperation from its partner.

In a recent work [9], we demonstrated that the achieved di-
versity order in the case of user–cooperation depends on the
inter–user channel quality. When the inter–user channel qual-
ity is good, full diversity can be obtained with suitable code
design. When the inter–user channel has poor quality, the di-
versity order is limited to the non–cooperative case, neverthe-
less performance improvement is still possible due to the in-
creased coding gain. Our focus in this paper is on the design
of space–time codes that achieve the full user–cooperation di-
versity, with the constraint that they also provide excellent per-
formance in the inter–user channel and in the non–cooperative
case. Hence our codes are suited for a wide range of inter–user
channel qualities.

For our designs, we utilize the algebraic space–time coding
framework of Hammons and El Gamal [10, 11]. This frame-
work utilizes the ranks of the code generator matrices over the
binary field, � , and significantly simplifies the design proce-
dure for BPSK and QPSK space–time codes.

In a communication system with
���

transmit antennas, and�
fading blocks per codeword, the maximum achievable trans-

mit diversity is
���	�

. The space–time code 
 consists of the
codewords � , described by

� �
����
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where � is a 
 ���
information vector over � and � �-	 $ are

the generator matrices for the � –th antenna in the " –th fading
block, � �-	 $�� � �"!$#&%"' .

The space–time code 
 will achieve full transmit diversity���	�
if for every fading block ( , 
 �)( � �

, the matrix� �+* * � * 	 ,.- * � � � 	 ,.-)�����/- * %'& � %'& 	 ,
is of full rank

�
for all * *�0 * ��0�1�1�120 * %'& � � unless* * �+* � � ����� �)* %'& �+3 [10, 11].

As suggested above, unlike the standard block fading chan-
nel, in the case of user–cooperation the space–time codes
should provide good performance in the quasi–static inter–
user channel, as well as in the non–cooperative case. There-
fore, we find codes that provide the best performance in the
inter–user channel, and then overlay them into full diversity
codes for the case of user–cooperation [12], while also ob-
taining codes that have excellent performance over the quasi–
static channel when cooperation does not take place. Con-
volutional codes with excellent free distances that satisfy the
above criteria are presented in Table I [12]. These generator
polynomials can also be used to obtain QPSK space–time trel-
lis codes by utilizing the lifting technique from [10, 11]. The
resulting 4�5 codes will also achieve the full user–cooperation
diversity. 6

= 7 +1 8 * 8 * and 8 �
3 5,7 5,7,5,7
4 15,17 15,17,13,15
5 23,35 23,35,25,37
6 53,75 53,75,67,71
7 133,171 133,171,117,165

Table 1: Convolutional codes suitable for cooperative space–
time coding.

IV. SIMULATION RESULTS

In this section we present the performance of the proposed
cooperative coding scheme to illustrate the potential bene-
fits. We assume a Rayleigh slowly–fading channel. Hence,
we use the quasi–static model, where the fading coefficient
remains the same for the duration of the entire frame for
each user. Note, however that the users observe indepen-
dently faded channels. In the simulations we used constraint
length, K = 7, convolutional code with generator polynomi-
als (133,171,117,165) in octal notation and BPSK modulation.
This is an appealing solution due to the widespread use of the
convolutional codes and the simple maximum likelihood de-
coding algorithm. The extensions to higher order modulations
are also possible. We will consider two scenarios based on the
quality of each cooperating user’s channel to the destination.
We first consider the case when both users channels to the des-
tination are of similar quality. Then we focus on the case when
one of the users has a better channel to the destination than the
other. We will demonstrate that cooperation is beneficial in
this case as well.

A. Symmetric Scenario
We first consider the symmetric scenario, when both users

have channels of similar quality to the destination. Our goal
is to study the performance of the cooperative coding scheme
for various qualities of the inter–user channel. We demonstrate
the performance in terms of the frame error rate (FER). Similar
results could also be demonstrated in terms of the bit error rate.

We consider a system where we have two antennas at
each user and two antennas at the destination (access point).
From Figure 2, it can be observed that the cooperative cod-
ing scheme with perfect inter–user channel provides a perfor-



mance improvement of about 1 dB at FER of 
 3 �
*
, 2 dB

at FER of 
 3 �
�

and around 4 dB at FER of 
 3 � �
. There

is a graceful degradation of performance with the degrada-
tion of the inter–user channel quality. Even for a poor inter–
user channel of FER=0.5 there is still improvement over direct
transmission. If the inter–user channel frame error is less than
 3 �

*
, we observe that the performance is virtually the same

as perfect inter–user channel. Note that in the case when both
users transmit and receive with two antennas, this means near
optimal performance even when the inter–user channel signal
to noise ratio is rather low.
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Figure 2: Two transmit antennas – two receive antennas, sym-
metric users. Single user performance vs. two user coopera-
tion for different inter-user channel qualities.

B. Asymmetric Scenario

We next focus on the asymmetric scenario. This happens
when one of the users has a better channel to the destination
than the other user. We consider this case by fixing one of the
users channels to the destination at a relatively high signal to
noise ratio. We then vary the quality of the other users channel
to the destination and observe the performance of both coop-
erating users. We illustrate the performance for the case when
we have two antennas at each user and two antennas at the
destination.

The case when the inter–user channel frame error rate is3 1 �
, is presented in Figure 3. We fix user one’s channel at

�

dB, which in this scenario results in a frame error rate of 
 3 � �
.

We vary the signal–to–noise ratio of user two. We observe that
when we have receive antenna diversity at the destination and
a bad inter–user channel both users still benefit from coopera-
tion. User one achieves the frame error rate of 
 3 � �

when the
signal to noise ratio of user two is about 3 dB. Even with the
limited degree of cooperation, due to the bad inter–user chan-
nel, user two still improves its performance by about 
 dB with
respect to the non–cooperative case.

Hence, cooperative coding 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.
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Figure 3: Two transmit antennas – two receive antennas,
asymmetric users. Single user performance vs. two user co-
operation for two users with different channel qualities.

C. Symmetric vs. Asymmetric Scenario
Next, we compare the performance in the symmetric vs.

the asymmetric scenario as depicted in Figure 4. We would
like to know whether it is best for 8 * to cooperate with 8 �
or 8 � for transmitting information to the destination. If 8 *
cooperates with 8 � (the asymmetric case), it can enjoy the
high signal–to–noise ratio of 8 � , but the inter–user channel
quality will be low as the distance between 8 *

and 8 � is
large. If 8 * cooperates with 8 �

, the inter–user channel will
have low FER, but both partners will have the same signal–to–
noise ratio towards the destination.

M1
M3

Destination

M2

Figure 4: Various cooperation scenarios.

Figure 5, compares the performance in the asymmetric and
the symmetric scenarios in terms of the frame error rate. We
focus on the performance of user 8 * . The channel of user8 � is fixed at

�
dB resulting in a FER of 
 3 � �

in the non–
cooperative case. The channel quality of both users 8 *

and8 �
varies with the SNR. The inter–user channel between 8 *

and 8 � has a FER of 
 3 �
*
. The inter–user channel between8 * and 8 �

has a FER of 
 3 �
�
. We observe that the asymmet-

ric case is beneficial when 8 * experiences very low signal–to–
noise ratio. However, as the channel quality to the destination
of user 8 * (and 8 �

) improves, at a signal–to–noise ratio of
approximately 
 dB, we find that it is better to have a good
inter–user channel and take advantage of the diversity bene-
fits. Hence, we do not necessarily need to rely only on a user
with a very good average signal–to–noise ratio. This is in con-
trast with routing protocols that only consider path loss and do
not exploit diversity gains.
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Figure 5: Two transmit antennas – two receive antennas, per-
formance comparison for two user cooperation for symmetric
and asymmetric source–destination channels.

D. Cooperative Coding between Mobiles with Different
Number of Antennas

Finally, we consider cooperative space–time coding when
one of the partners, 8 * has one antenna, and the other partner8 �

has two antennas. We assume the destination has one re-
ceive antenna. 8 * utilizes the rate 1/2 constraint length � con-
volutional code, (133,171), during the first half of its frame. If8 �

decodes the transmission from 8 * correctly, it re–encodes
it utilizing both of its transmit antennas, using the full diversity
code with generator polynomials (117,165,151,137). This re-
sults in an underlying rate 1/6, ��� ����� convolutional code [12].
The overall spectral efficiency is 0.25 bits/sec/Hz. In case
cooperation does not take place 8 * continues its transmis-
sion, by choosing the best rate 1/4, ��� ����� convolutional code,
(133,171,117,165). Similarly, 8 �

uses the best space–time
code during the first half of its transmission, by using the
(133,171) convolutional code, formatted as space–time code.
If 8 * recovers the transmission from 8 �

, it re–encodes it
using the generator polynomial 
�
�� , obtaining an underlying
rate 1/3 convolutional code. The spectral efficiency is 3 1 �

bits/sec/Hz. In case cooperation does not take place 8 �
uti-

lizes the overall (133,171,117,165)convolutional code format-
ted as space–time code. The performance of this cooperative
coding scenario is presented in Figure 6. We assume a perfect
inter–user channel. If the inter–user channel is not perfect,
user 8 * would have a better inter–user channel than user 8 �
by 	 dB, since it has the benefit of receive antenna diversity.
In order to make the inter–user channel symmetric, 8 *

could
transmit at half the power during the first half of its transmis-
sion. In case cooperation does not take place, 8 *

could then
increase the transmission power during the second half of its
frame, while maintaining the same overall power consump-
tion. This does not result in a significant loss in performance
for user 8 * , while ensuring equivalent cooperation for both
partners.

V. CONCLUSIONS

In this paper we introduced cooperative space–time coding
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Figure 6: Cooperative coding between users with different
number of antennas. One receive antenna at the destination,
perfect inter–user channel.

for cooperating mobiles that have multiple antennas. We used
the block fading channel model to provide a framework for the
design of space–time codes suitable for user cooperation. We
found that cooperative space–time coding is beneficial for both
partners when they have similar, as well as different channel
qualities to the destination. We also demonstrated that the co-
operative space–time coding approach is robust and still pro-
vides gains with respect to no cooperation, even when there is
a severe degradation in the inter–user channel quality. Finally,
we showed how cooperative coding can be utilized when the
users have different number of antennas.
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