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Abstract—We propose a new scheme for multiple antenna
transmission in the context of spread-spectrum signaling. The
new scheme consists of using shifted Gold sequences to modulate
independent information on the multiple antennas. We show that
this strategy of using multiphase spreading (MPS) on different
antennas greatly improves the throughput over currently known
spread-spectrum multiple-antenna methods. We also find the
optimal power allocation strategy among multiple transmit
antennas for a fixed rate of channel state information, which
might be provided via a feedback link, at the transmitter. We
demonstrate the differences in optimal power distribution for
maximizing capacity and minimizing probability of outage. When
the transmission from the two antennas uses orthogonal spreading,
we find that optimizing the power does not give much gain over
the equal power transmission. However, when the transmissions
are not orthogonal as in the case of MPS, then allocating power
to maximize throughput gives considerable gain over equal power
transmission. We also consider the effect of imperfections in the
feedback channel on the optimal power allocation and show that
our power allocation scheme is robust to feedback errors.

Index Terms—Code-division multiple access (CDMA), Gold
sequences, multiple antennas, multiuser detection, outage proba-
bility, power control.

I. INTRODUCTION

M ULTIPLE antennas are vital in downlink communica-
tions of future cellular systems to achieve higher bit rates

and better quality of services. Wideband code-division multiple
access (W-CDMA) has been universally accepted as the pre-
ferred multiple accessing scheme for the next-generation cel-
lular systems.

In this paper, we propose a new spreading method for multiple
antenna transmission. We show that using different phases of
the same spreading code on different antennas and modulating
independent information results in higher throughput. In the fu-
ture, we refer to our proposed method as multiphase spreading
(MPS). The main reason for using different phases of the same
code is to maintain the total number of codes available per user
to be constant for a fixed transmission bandwidth. Although
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MPS introduces additional multiuser interference, we show that
it achieves satisfactory performance using simple multiuser de-
tectors [1]. In this paper, we focus our attention on two phase
MPS for two transmit antennas. However, MPS can be extended
to higher phases if there are more transmit antennas and the
number of chips in the spreading code is substantially larger
than the multipath spread of the channel.

It is well known that Gold codes have good cross-correlation
properties [2]. They are designed so that circularly shifted codes
have low cross correlation with the unshifted ones. We use this
property to increase the throughput of the system without de-
creasing the number of users the system can support. We show
that the increased throughput can alternatively be traded to get
diversity gain.

Using different shifts of the same code is analogous to in-
troducing multiple paths to the channel which can be resolved
unambiguously at the receiver to get processing gains. If the
same information is modulated on the two antennas using dif-
ferent shifts of the same code, the received signal is equivalent
to a signal transmitted from one antenna and passed through a
channel with multipath profile corresponding to the shifted se-
quence. However in MPS, we propose to modulate independent
information over shifted spreading sequences. Of course, care
should be taken to make sure theartificial multipaths introduced
are not too close to one another or to the multipaths introduced
by the channel. The difference between MPS and delay diver-
sity is that the information modulated on the artificial multipaths
introduced is the same in delay diversity while it is different in
MPS.

Several ideas for exploiting the spatial dimension have
been proposed in [3] and [4] using special multielement array
(MEA) technology. Foschiniet al. [3] focus their attention
on “quasi-static” channels which typically occur in wireless
local-area network (LAN) environments. Their scheme utilizes
a large number of transmit and receive antenna elements while
our work relates to a downlink cellular system, where the
mobile has a single-antenna and the base station has a small
number of antennas.

If the total transmission power is constrained then the di-
vision of power between the different transmit antennas af-
fects the achievable performance. We assume that the current
channel-state information (CSI) is known perfectly at the re-
ceiver. In the absence of any CSI at the transmitter, the op-
timum power distribution is uniform among the antennas for
identical fading statistics. When perfect CSI is available at both
the transmitter and receiver, optimum power allocation across
antennas and time to maximize capacity [5] or to minimize
probability of outage [6] has been investigated. We focus on
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binary phase-shift keying (BPSK) modulation and find the op-
timal power allocation for MPS transmission, to maximize ca-
pacity and minimize probability of outage whenpartial CSI is
available at the transmitter. This partial knowledge is gathered
from constant rate feedback from the receiver to the trans-
mitter. Our optimal power allocation strategy is in agreement
with [7], where the problem of optimizing the power to max-
imize the mutual information between the input and output is
investigated. We also consider the effect of feedback errors on
the proposed power allocation methods.

The diversity gain achieved by a system is related to the
exponent of signal-to-noise ratio (SNR) in the probability of
error expression [8]. A system having infinite diversity converts
a Rayleigh-fading channel to an additive Gaussian channel.
For a system with transmit and receive antennas the
maximum achievable diversity is . Space–time codes [8]
attempt to achieve full diversity gain for multiple transmit and
receive antennas by joint coding over the transmit antennas.
However, as we will illustrate in Section IV the performance
of Alamouti space–time codes [9] in a slowly fading channel
is inferior to MPS for low SNR values. Also, when used for
multiple users space–time codes require an explicit multiuser
modulation scheme whereas MPS inherently has multiuser
capability. MPS makes only minor changes to the modulation
layer and can be easily implemented in present and future
cellular systems; MPS is essentially a space–time modulation
method for code-division multiple-access (CDMA) systems.

The remainder of the paper is organized as follows. In
Section II, we introduce the concept of MPS and explain it
in detail, followed by its performance analysis in Section III.
The performance of MPS in the presence of convolutional
codes and its comparison with space–time codes is given in
Section IV. Section V explores optimum power allocation
strategies with partial CSI at the transmitter. Finally, we present
our conclusions in Section VI.

II. M ULTIPHASE SPREADING

In this section, we introduce the concept of MPS while con-
fining ourselves to a specific modulation scheme—BPSK. The
analysis can be extended to higher level modulation schemes in
a straightforward manner. We consider the downlink case where
the base station sends independent information to different mo-
biles. We focus our attention on one user for our analysis al-
though the model incorporates the interference generated by the
other users within a given cell. The interference from other cell
users is ignored. We assume the mobile receivers can track the
fading coefficients corresponding to signals coming from dif-
ferent antennas. This is a reasonable assumption for channels
with low Doppler shifts.

We confine ourselves to direct sequence CDMA and use Gold
codes for spreading purposes. In our scheme, the base station
transmits two independent bit streams for each user through the
two antennas, using different phases, or shifted versions, of the
same spreading code. Hence, we maintain the total number of
spreading codes available for different users the same as in the
single-antenna case. Also, as the spreading length is kept un-
changed, we maintain the same bandwidth as in a single transmit

Fig. 1. Multiphase spreading.

antenna. The MPS modulation scheme is illustrated in Fig. 1.
The transmitted signal on antennaat time is given by

(1)

where denote, respectively, the power, the
spreading code, and the bit belonging to theth user modulated
on the th antenna at time and denotes the total number
of users. Note that MPS with, say, two antennas will have

as a Gold code, as the same Gold code shifted by a
predetermined amount. The amount of shift is chosen to be
larger than the multipath spread of the channel: This condition
is needed in order to be able to distinguish between multipaths
from one transmit antenna and the information from the other
antenna. We assume that the amount of shift in the spreading
code is the same for all users.

We assume the total transmit power allocated to a particular
mobile is . When no CSI is available at the transmitter, since
fading distributions are identically distributed, the bits on both
the antennas receive half the power. Thus, .
When finite rate CSI about antenna fading coefficients is avail-
able at the transmitter, the power allocation between antennas
can be optimized. Such optimization is carried out in Section V
for two different optimization criterion namely, maximizing ca-
pacity and minimizing probability of outage.

For two antennas at the base station and a flat fading channel,
the received signal at a particular mobile (assuming that the mo-
bile has only one receive antenna) is given by

(2)

where is the identically distributed fading amplitude at
time between antenna and the mobile is the additive
white Gaussian noise with variance.

At the mobile receiver, the signal first passes through a bank
of chip matched filters. Although different users are chip syn-
chronous with one another, since their spreading codes are not
orthogonal, we have multiple-access interference (MAI). This
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MAI is mitigated by a multiuser detector at the receiver. In this
paper, we analyze the system using a simple one shot decor-
relator detector [1]. However, we expect that the performance
of MPS will be similar with other detectors such as minimum
mean-square error (MMSE). In fact, since the MMSE receiver
optimally reduces the effect of noise and multiple access in-
terference, the performance of MPS will be better than what
is achieved by a one shot decorrelator. In implementing the
decorrelating receiver, the mobiles need to have information re-
garding the code correlation matrix which could be passed to
the receivers from the base station when a new connection is es-
tablished or handoff from a neighboring cell takes place.1

III. PERFORMANCEANALYSIS OF MPS

This section contains performance analysis of MPS and
comparison with other multiple antenna methods. The per-
formance metrics we consider are capacity and probability of
outage. We assume a BPSK modulation, enabling us to convert
the underlying additive Gaussian noise channel to a binary
symmetric channel (BSC) whose crossover probability is given
by the bit-error rate (BER) of the particular multiple antenna
strategy under question. The capacity, orthroughputis better
suited for fast fading scenario, whereas probability of outage
captures achievable rates and frame error rates in a slow fading
environment. We first start with a brief discussion of some
transmit antenna methods proposed for the next generation of
cellular systems.

A. Comparison of Various Transmit Antenna Diversity
Schemes

In this section, we present an information theoretic analysis
with no constraint on modulation of three different transmit di-
versity schemes that have been proposed for the next-generation
cellular systems. These schemes are orthogonal transmit diver-
sity (OTD) [11], time switched transmit diversity (TSTD) [12],
and selection transmit diversity (STD) [13]. A block diagram
representation is given in Fig. 2.

Without loss of generality, we consider two transmit antennas
and one receive antenna for the analysis. In OTD, each user uses
two different orthogonal spreading codes for transmission on the
two antennas. To maintain the number of spreading codes avail-
able for each user the same as in single-antenna case, the length
of the spreading code is doubled, that is the number of chips is
doubled. Also, to maintain the transmission bandwidth the same
as in single-antenna case, the bit period needs to be doubled.
However, since two antennas are used for transmission simul-
taneously, we are able to support the same information rate for
a fixed channel coding scheme. In TSTD, the same spreading
code is used on both the antennas but at each time instant only

1Although all users need to have information about the new code correlation
matrix, it suffices for the base station to only broadcast the spreading code (or
just the new row of the code correlation matrix) of the new user. Using the other
spreading codes which are already known, each mobile can compute the new
code correlation matrix. One of the major concerns in using multiuser detec-
tors is the computational complexity. However, we feel that with improved very
large scale integration (VLSI) architectures simple decorrelating detectors can
be easily implemented in the mobile handset. Tradeoffs between complexity and
performance of various single user and multiuser detector architectures in the
mobile handset are investigated in [10].

Fig. 2. Structure of data transmission for different orthogonal transmission
schemes.

one antenna is used. The transmitter switches between the an-
tennas in a preassigned manner. In STD (also called maximal
selection), the transmitter uses feedback information from the
mobile. This feedback consists of one bit of information and in-
dicates which of the two antennas has lower attenuation at every
symbol instant. The transmitter then chooses the antenna with
lowest attenuation to transmit the information. Note that the an-
tenna with lowest attenuation between the base station and the
mobile could be different for different mobiles. In practice, the
fading coefficient of the channel would change much faster than
the feedback rate and, hence, the performance of any practical
feedback scheme would be much worse than the idealized one
that we present here. However, we show that the MPS strategy
with no feedback has better performance than even this hypo-
thetical ideal feedback situation for a wide range of SNR values.

For the analysis below, we focus on a single transmitter-re-
ceiver pair and consider the downlink transmission in a system
that has two transmit and one receive antennas. The received
signal at time is given by (2). The signals and
depend on the transmit diversity structure used.

We can easily obtain the unconstrained modulation capacity
of OTD and TSTD to be the same as that of the single-antenna
which is given by

SNR (3)

The capacity of STD is higher as expected and is given by

SNR (4)

where the expectation is over the fading statesand . A
more detailed information theoretic analysis of multiple antenna
schemes can be found in [14].

The capacity analysis of multiple antenna Gaussian channels
[5] reveals that with no CSI at the transmitter, it is optimum
to send independent information on the different antennas. One
way to do this through CDMA without increasing the bit pe-
riod is to have orthogonal spreading codes on the different an-
tennas. However, this reduces the number of degrees of freedom
available for other users. Another strategy is to use the same
spreading code on both antennas which necessitates a complex
joint decoder structure. The MPS scheme keeps the bandwidth
and number of codes per user constant, and uses the shifts of the
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same spreading code to send independent information on dif-
ferent antennas. We essentially make use of a “multipath” type
of diversity, where we control the delay of the multipath com-
ponents and the information modulated on them. Although this
introduces extra interference, we will observe that it can be mit-
igated by a simple linear multiuser detector.

B. Throughput

The study in Section III-B showed that OTD and TSTD have
the same capacity as a single transmit antenna. Although this
result was arrived at using the assumption of a Gaussian channel
with no specific modulation, it is valid whenever modulation
schemes used on the antennas are the same and the fading
process over the two antennas have identical distributions. Note
that this result does not depend on the correlation between
the fading distributions of the antennas. Also, next-generation
cellular systems are likely to have some variation of STD as one
of the advanced modes of operation. Hence, for the remainder
of the paper, we only compare MPS with single-antenna and
STD.

When multiple users are present as in (1) and a decorrelating
detector is used at the receiver, the probability of bit error in the
single-antenna and STD cases are given, respectively, by

- (5)

- (6)

where is the spreading code of theth user, ,
is the th entry of the code correlation

matrix and is the power allocated to the particular mobile.
Note that is a matrix, where is the number of users.
For MPS with one shot decorrelator, the bit error probability for
the two independent bit streams transmitted on the two antennas
are given by

(7)

Note that in the two phase MPS schemeincorporates the
shifted, as well as the unshifted spreading codes. If the receiver
is synchronized to the primary stream of user, then the signals
to be considered in computing are: 1) one desired primary
stream of user ; 2) two asynchronous2 signals from the sec-
ondary stream of user; 3) synchronous signals from
the primary streams of the other users; and 4)
signals from the asynchronous secondary streams of the
other users. Hence, the size ofis .3

2We are using asynchronous here to refer to the signal on shifted spreading
sequences.

3The size of~R will be 3K�3K even if the different users use different shifts
of their spreading code on their different antennas. However, we assume that all
users shift their respective spreading codes in an identical manner.

We compute the throughput of each system by modeling the
channel between each antenna and the mobile as a BSC with
crossover probabilities given by the appropriate probabilities of
error. The throughput in the single-antenna and STD cases are
given by

-

- (8)

where is the binary entropy function [15] and the expec-
tation is over the fading process. In MPS, the noise processes in
the two BSCs are derived from the same Gaussian noise process
of the channel and, hence, are correlated. However, for the typ-
ical range of correlations associated with MPS, the throughput
of the system is almost equal to the throughput assuming the
BSC noises are independent (see the Appendix). For analyt-
ical exposition, we use the throughput expression assuming the
noises are independent. Since independent bits are transmitted
through the two antennas, the throughput of the system is given
by the sum of two respective BSC throughputs with crossover
probabilities of and and can be expressed as

(9)

If the fading processes are identically distributed, the
throughput can be simplified as

(10)

We plot the throughput for the single-antenna, STD, and MPS in
Fig. 3(a) for five users using Gold codes of length 31. In our nu-
merical evaluations, we model the fading processesand
as independent and identical Rayleigh distributions. Fig. 3(a)
shows that MPS performs very well at high SNR. Although the
performance of MPS deteriorates for low SNRs, we feel that in
the range of SNRs required for normal operating BERs, the per-
formance is satisfactory. We also show the performance of MPS,
STD, and single-antenna transmission for different number of
users in Fig. 3(b). It is clear from Fig. 3(b) that the performance
of MPS does not reduce much with increasing number of users;
improved MPS performance is possible with increasing number
of users if a “better” multiuser detector (like MMSE) is used [1].

The fact that MPS is better than even STD could be surprising
at first. However, this is in line with the arguments provided in
[16], where it is proved that higher capacity is possible by having

users at spatially different locations than having one user of
times the power. Although the analysis in [16] was for the

uplink scenario, we could consider the two antennas at the base
station to represent different users with powers . This would
be better than having one user at poweron one of the an-
tennas alone. Also using BPSK modulation scheme limits STD
from achieving rates greater than 1 bit/transmission, whereas
MPS can transmit up to 2 bits/transmission. Although one could
transmit 2 bits/transmission using STD and, then compare the
performance with MPS, this involves increasing the modulation
from BPSK to quaternary phase-shift keying (QPSK) in STD.
Correspondingly, we could also increase the modulation of MPS
to QPSK and transmit 4 bits/transmission. We maintain the same
modulation for all schemes employed in order to have a fair
comparison. Analyzing the performance of STD and MPS for
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(a)

(b)

Fig. 3. Throughput (in bits/channel usage) of MPS, STD, and single-antenna
(a) versus SNR for 5 users (b) versus number of usersK for SNR = 11 dB.
Gold code length 31 and Rayleigh-fading channel.

different modulation schemes [like -PSK and quadrature am-
plitude modulation (QAM)] is beyond the scope of this paper
and should be investigated in future research.

C. Probability of Outage

The probability of outage [6] is given by the probability that
the instantaneous rate falls below some specified rateand,
hence, the probability that data transmission at rateis not pos-
sible. The outage probability can also be thought of as the frame
error rate for transmission at ratewhen a strong channel code is
employed. The probability of outage for MPS can be expressed
as

(11)

We compare (11) to the probability of outage for the single-
antenna and STD under independent Rayleigh fading on the two
antennas. Note that for , single-antenna and STD have

, since the maximum throughput of single-antenna

Fig. 4. Probability of outage for rate= 0:9, Rayleigh fading, and Gold code
of length 31.

and STD are one. However, MPS can still support rates higher
than 1 bit/transmission which is clearly evident from Fig. 3. For

, STD has the advantage of knowing the best antenna and
thus being less susceptible to variations. However, this comes
at the expense of 1 bit of feedback about the channel state from
the mobile receiver.

In order to provide a comparison for probability of outage and
study the sensitivity of STD to errors in the feedback, in Fig. 4,
we plot versus SNR for for single-antenna, STD,
STD with 10% error (feedback channel is assumed to be a BSC
with crossover probability 0.1), and MPS. We observe that STD
is quite susceptible to feedback errors and for high SNR, MPS
has better performance than STD with feedback errors.

IV. CODED MPS

A. MPS With Convolutional Coding

In the previous section, we showed that MPS is capable
of supporting high rates of information transmission by
modulating independent information over different antennas.
Alternatively, we can keep the incoming data rate constant and
use the different phases of the spreading code to improve the
probability of bit error and provide diversity. We consider a
simple “outer” coding scheme in which the coded data that was
transmitted in the single-antenna case is passed through a rate
1/2 outer convolutional encoder. In general, one could combine
the outer code with the inner one and replace the channel code
in single-antenna of rate with a combined code of rate

, which is illustrated in Fig. 5. The resulting coded bit
stream is multiplexed and sent over the two different antennas
using MPS.

We have simulated the system using a rateconvolutional
encoder with generator matrix for both the inner and
outer coding [2]. The single-antenna and STD simply use the
inner convolutional code. The plot of BERs for coded MPS
along with single-antenna and STD are given in Fig. 6. The re-
sults indicate that MPS performance is superior to the single-an-
tenna case. This shows that the increased spatial dimensionality
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Fig. 5. Channel coding with MPS.

Fig. 6. BER versus SNR for rate1=2 outer coding in MPS. Rayleigh fading,
Gold code length 31, and five users.

due to the presence of multiple antennas can also be used to pro-
vide stronger channel coding. Also, when compared with STD,
MPS performs well for high SNR. When we introduce feed-
back errors to STD, the performance deteriorates and BER falls
below MPS even for lower SNRs. Thus, similar to Section III-C,
we conclude that STD is quite susceptible to errors in the feed-
back link.

B. Comparison With Alamouti’s Space–Time Codes

In [9], Alamouti proposed a space–time coding scheme that
achieves full diversity when transmitting 2 bits in two uses of the
channel using two transmit antennas. In Alamouti’s scheme,
the transmitted signal on the two antennas at two consecutive
instants of time are given by4

(12)

(13)

It is assumed that the channel between the antennas and the
receiver is constant over two symbol periods. Hence, each bit
effectively passes through a channel with fading amplitude

. Assuming the two phases of the spreading code

4Since we are assuming BPSK, the complex conjugation is omitted inX .

Fig. 7. BER of Alamouti space–time code and MPS, Jakes channel model
10 km/h, Gold code length= 31.

in MPS are almost orthogonal, if we had an “outer” code as
a rate repetition code, then each bit in coded MPS would
experience a fading amplitude . Hence, its per-
formance should be similar to that of Alamouti’s code. How-
ever, MPS with (nonrepetitive) convolutional coding will per-
form better than MPS with repetitive coding and Alamouti’s
scheme at low SNR because of the coding gain of the convo-
lutional coding. At high SNR the diversity gain of Alamouti’s
space–time code becomes more significant and compensates for
the low coding gain. Our intuition is confirmed by the simu-
lations as shown in Fig. 7, which contains a BER comparison
of Alamouti space–time code and MPS with a outer channel
code of rate for a slow fading channel using Jakes’ channel
model. A convolutional code of constraint length 3 (generator
matrix ) was used [2] which is closer to thememoryof two
inherent in Alamouti scheme. Hence, we conclude that coded
MPS is more suitable for low rate applications.

V. OPTIMAL POWER ALLOCATION

A. Allocation for Throughput Maximization

In this section, we will observe how the one bit feedback
of the STD scheme can be used in the context of MPS. Re-
call that for STD the power allocated to the antennas is either

or depending on the feedback, whereas for MPS
it is always . Assuming this one bit of feedback is
also available to MPS, we can find the optimum power allo-
cation . Note that this power al-
location does not allow for waterfilling in time as in [17], it
simply distributes the power among antennas. We consider the
case when this 1 bit of feedback informs the transmitter about
which antenna has lower attenuation, as in STD, although other
forms of feedback are also possible [7]. Note that STD corre-
sponds to or zero in the above formulation, whereas the
no-feedback MPS has . For this optimization, we as-
sume the modulation is restricted to BPSK. It was shown in [7]
that with no restriction on modulation, STD is optimal with the
above feedback strategy. However, we will observe that fixing
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the modulation scheme results in power being allocated on both
antennas.

For illustration purposes, we initially consider the case in
which the spreading codes used on the two antennas, as well
as the spreading codes of different users are orthogonal to one
another. This will form an upper bound on MPS system perfor-
mance. Independent bits are modulated on different antennas.
Assuming a synchronous system, other users do not contribute
any MAI to the user of interest and the total throughput is given
by

(14)

where is the power allocated to the “good” antenna based on
the one bit feedback. The optimum value ofdepends on the
operating SNR of the system and is shown in Fig. 8(a) for in-
dependent fading between the two antennas. The numerical re-
sults are obtained with Rayleigh fading on the antennas. The
throughput corresponding to optimal alpha is given in Fig. 8(b).
We observe that for low SNRs the optimizingis one, corre-
sponding to STD. Optimal is a decreasing function of SNR,
converging to zero as . This can be explained by
the fact that the incremental gain in throughput for incremental
power on a particular antenna reduces as the total power on that
antenna increases. Since the SNR versus throughput curve levels
off for high SNR, once we put enough power on the “better” an-
tenna to get a throughput close to one, we will get more utility by
allocating any extra power to the “worse” antenna. We also ob-
serve that in general even though the maximizingis different
from , the performance obtained by (as suggested
by MPS) is very close to optimal. Of course, choosing
requires no feedback and, hence, is a lower complexity strategy.

The above analysis can be easily extended to incorporate
MPS, which uses nonorthogonal spreading sequences across
users. Assuming a decorrelating detector is used at the receiver
to mitigate the MAI, the throughput is given by

SNR

SNR
(15)

where is the code correlation matrix of MPS as in (7).
Using the simulation parameters of Section III, (Figs. 3 and 4)

we plot the optimal that maximizes with respect
to SNR. The optimal is illustrated in Fig. 9(a) as the “no feed-
back error” curve. Note that similar to orthogonal transmission
for Fig. 8(a), optimum is a nonincreasing function of SNR.

The optimal throughput as a function of SNR is shown in
Fig. 9(b). The results are slightly different than in the orthog-
onal case: For low SNR values, the optimal power allocation is
almost equal to STD and is superior to the equal power transmis-
sion of no feedback MPS. The small difference between STD

(a)

(b)

Fig. 8. Orthogonal transmission on two antennas, single-user system, BPSK
modulation, 1-bit CSI at transmitter. (a) Optimal power allocation between
antennas. (b) Throughput under optimal power allocation, equal power
allocation, and STD.

and MPS with occurs because of the way we have mod-
eled the other users within the cell. All users are assumed to
operate under the same scheme, whether it be STD or MPS, and
the spreading codes used for the two antennas in STD and MPS
result in different correlation matrices.5 For high SNR, the op-
timal throughput is almost the same as the throughput assuming
MPS with equal power allocation to the two antennas.

The main difference between power allocation in the case of
1 bit feedback for orthogonal and nonorthogonal systems is that
for orthogonal systems using equal power allocation on the

5If for example,� = 0:99, then the power allocated to the “good” antenna
equals 0.99 which is almost the same as the power allocated in STD. However,
when all users are using STD, the code correlation matrix is of sizeK � K

and if all users are using MPS, we have a different code correlation matrix (size
3K � 3K). Also, when� = 0:99 in MPS system for a particular user, the
other users might have lower values of� and, hence, their asynchronous streams
contribute more interference than in STD case. Hence, the performance of MPS
with � ' 1 is different from STD.



RAJAN et al.: SPREADING AND POWER ALLOCATION FOR MULTIPLE ANTENNA TRANSMISSION USING DECORRELATING RECEIVERS 443

(a)

(b)

Fig. 9. Performance of MPS with 1-bit CSI at transmitter. (a) Optimal power
allocation for throughput maximization. (b) Throughput of MPS with optimal
power allocation, MPS with equal power sharing and STD. Fast fading channel,
BPSK modulation, and Gold code length 31.

two antennas is near optimal for all SNR values. Hence, there
is no need for feedback about the channel state. However, in
nonorthogonal systems equal power allocation on the two an-
tennas is near optimal only for high SNR values. For low SNR
values, there is significant gain in optimizing the power alloca-
tion. For orthogonal systems, changing the transmit power on
one antennas only affects the available power for the other an-
tenna; however, for nonorthogonal systems, changing the power
on one antenna not only affects the available power for the other
antenna, but also the amount of interference between the two an-
tennas. Hence, optimal power allocation gives more gain over
equal power allocation in nonorthogonal case.

Since the CSI at the transmitter is received through a noisy
feedback channel, we model the feedback channel to be a
BSC. The optimum power allocation versus SNR is shown
in Fig. 9(a) for no feedback errors and for 10% feedback error
rate. Since the optimum does not change considerably with

Fig. 10. Power allocation for outage minimization in MPS. Gold code length
31, Rayleigh fading, and 1 bit CSI at transmitter.

increasing error rates in the feedback channel, the optimum
MPS throughput is robust to reasonable feedback errors.6

B. Allocation for Probability of Outage Minimization

In the above analysis, the power distribution was optimized
to maximize the throughput. Alternatively, we can find optimal
power distribution to obtain minimum probability of outage for
any rate . In other words, the optimization problem now is

SNR

SNR
(16)

The optimum value of in the above optimization depends on
rate and is illustrated in Fig. 10 for the simulation parameters
of Section III. Fig. 10 also contains the comparison of optimal
power allocations for different values of.

We observe that for lower than the maximum possible
throughput of one antenna (in this case one), it is better to
allocate most of the power to the better antenna. Hence, for

, STD is near optimal. For , we notice a nonmono-
tonic dependence of on SNR. For low SNR, the optimum

is one. As SNR increases the optimumreduces sharply
and, then begins to increase with increasing SNR. For low
SNR and high , the outage probability is close to one for any

and optimizing the power allocation does not help. Once
SNR increases to the point where (SNR),
then the outage probability reduces and the optimization result
becomes more meaningful. Note that even as ,
both antennas receive nonzero transmit power as the desired
operating rate is greater than the maximum achievable rate
using a single-antenna.

6Although there will be a drop in throughput with feedback errors compared
with no feedback error, the optimal power allocation strategy in both cases will
approximately be the same.
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VI. CONCLUSION

In this paper, we proposed a new MPS scheme for transmit-
ting independent information on multiple antennas using dif-
ferent phases of Gold codes. The throughput and probability of
outage characteristics of MPS in Figs. 3 and 4 clearly illustrate
its potential. The performance of MPS with larger number of
transmit antennas and different constellation sizes using other
multiuser detectors should be studied further in future work. In
practice, although the antennas at the base station are physically
separated, the fading processes might still have some correla-
tion. It has been shown in that MPS also performs well for an-
tennas with correlated fading.

The idea of MPS is to maintain the number of spreading
codes per user the same as in the single-antenna case, thus it can
be easily implemented in third-generation (3G) systems. MPS
can be easily disabled if the mobile does not support extra pro-
cessing by reallocating the power between the two phases of
spreading codes. It should be noted that the MPS in its “vanilla”
form does not provide any diversity advantage. Only when we
superimpose a strong channel code over the modulation do we
obtain diversity gains. However, MPS does have inherent ability
to separate the different users [as illustrated in Fig. 3(b)] thereby
providing some amount of spreading. An interesting research
direction is to combine MPS with space–time codes to achieve
joint coding, spreading, and diversity gains in a multiuser envi-
ronment.

We also found the optimal power distribution among the
transmit antennas with 1 bit of CSI at the transmitter to
maximize capacity or minimize outage probability. We found
that in the high SNR regime, to maximize throughput, it is best
to allocate a substantial portion of the transmit power to the
“worse” antenna: On the other hand, to minimize probability
of outage most of the power should be allocated to the better
antenna. Furthermore, we showed that the throughput maxi-
mizing power allocation is robust to feedback errors.

APPENDIX

EFFECT OFCORRELATION ON THROUGHPUT

Considering the two streams from the two antennas of a par-
ticular user, the output of a decorrelator results in two parallel
Gaussian channels with correlated noise. We approximate these
channels by two BSCs with correlated binary noises. The ca-
pacity of two BSCs with crossover probabilities having joint
distribution equals

Assuming the two BSC noises to be independent, the capacity
is given by

where and are the marginal densities of . Using
numerical evaluations, the difference between and
for was found to be 0, 0.01, and 0.03, respec-

tively. For the MPS case, using the parameters of Fig. 3, the
corresponding correlation is related to the values of and is
approximately 0.3. Hence, the difference in throughput by using
the independence assumption is negligible.
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