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Two Distinct Spreading Codes for Each User
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Advantages

Rate = 1 code

Optimal two-fold diversity gain over single antenna
case

Linear Complexity Receiver

Disadvantages

Two code sequences per user
Effective number of users halved
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Objective

Achieve two-fold diversity with rate = 1 code without
reducing the total number of users in the system

Solution

Space-Time Spreading (STS)
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Space Time Spreading
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Practical Considerations

Assumptions So Far

Synchronous system

Orthogonal Code Sequences

Frequency non-selective fading (no multipaths)

⇒ no inter-user interference

Perfect channel estimates

In a Realist Scenario

Frequency selective fading (multipaths)

Imperfect channel estimates

System Performance

With multipath components and no other user

With multipath components and other users
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The LRT for any one of the components of defined in (38)
becomes (dropping the subscript )

(40)

The two types of error (e.g., choosing when is trans-
mitted, and vice versa) are equal. We evaluate the probability
of error equal to the probability of error given that is trans-
mitted, in terms of the characteristic function of the left-hand
side of (40)

E

E

(41)

where the region of convergence is

Im

The probability density for the log-likelihood ratio is the inverse
Fourier transform of the characteristic function. Thus, the prob-
ability of error can be represented by a double integral with re-
spect to the value of the log-likelihood ratio and with respect to

(42)

Res

(43)

The key step in obtaining this exact closed-form expression is to
invert the Fourier transform of the characteristic function within
its region of convergence for a positive imaginary value of .
As seen in (42), we pick Im in this case. The positive
imaginary value permits the interchange of the two integrations
and ensures that the integrand vanishes at . The inte-
gration with respect to is performed by closing the contour in
the upper half of the complex plane and evaluating the residue of
the th order pole that is enclosed. The formula for the residue
is obtained in another context in [15].

The probability of error (43) depends only on and as
defined in (39). The effect of imperfect knowledge of the fading
coefficients, as manifested by a finite value for the expected
SNR of the pilot , is an effective reduction in the SNR of the

Fig. 2. Probability of error for BPSK modulation versus expected message
SNR for one, two, four, and eight antennas, where errors in estimating the
propagation coefficients are accounted for; total pilot power is 10 dB stronger
than the total message power for each user.

message-bearing signal . We can define an effective SNR to
be the value of , that, with perfect knowledge of (e.g.,

), yields the same evaluated for finite . When ,
we have . Hence, we solve

Holding the total transmitter power fixed, while increasing the
number of transmitter antennas, trades off two opposing effects:
gain in diversity versus reduction in effective SNR. The gain in
diversity is due to the independent paths between the trans-
mitter and receiver; the reduction in effective SNR is due to the
crosstalk caused by the lack of knowledge of the propagation
coefficients.

Fig. 2 shows plots of the probability of error, according to
(43) for , as functions of , where
(i.e., 10 dB greater). For dB, using two antennas rather
than one yields a gain equivalent to approximately 2.0 dB. For
sufficiently low SNRs, increasing the number of antennas can
actually increase the probability of error.

B. Complex Signals

Here, we assume that and that the signals are
complex-valued with . This is only possible for
or . Immediately after despreading (but before conjugation),
we have the message-bearing signal and the pilot signal given
again by (32) and (33), respectively. Again, (34) and (35) hold.

We denote the version of with conjugated by , or

(for , ), which has the conditional density

CN

Probability of error for
BPSK modulation vs.
expected message SNR
for 1, 2, 4 and 8
antennas, where errors in
estimating the
propagation coefficients
are accounted for; total
pilot power is 10 dB
stronger than the total
message power for each
user i.e. Ep = 10Eb.

Pe =
1
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[
2
√

4 + 4β√
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where β =
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Effect of Multipath (Single User)HOCHWALD et al.: TRANSMITTER DIVERSITY SCHEME FOR WIDEBAND CDMA SYSTEMS 59

Fig. 4. Probability of error for BPSK modulation versus expected SNR for
one and two transmitter antennas, in flat-fading and in multipath, with perfect
knowledge of the fading coefficients.

receiver has perfect knowledge of the fading coefficients. Fig. 4
shows the bit-error performance of combinations of
transmitter antennas and multipaths. We describe the
curves in more detail below.

1) Flat fading: The two curves in Fig. 4 denoted by circles
and stars show the bit-error probability as a function of expected
SNR, for transmitter antennas in a flat-fading envi-
ronment. These curves differ from those in Fig. 2 in that perfect
knowledge of the fading coefficients is assumed here, whereas
in Fig. 2 the fading coefficients are obtained from noisy pilot
signals.

The transmitter antenna system offers a substantial
improvement compared with the single antenna (of almost 6 dB
at the level). Comparing Figs. 2 and 4, there is little penalty
incurred by estimating the fading coefficients from noisy pilot
signals at the level as opposed to having perfect knowledge
of the fading coefficients.

2) Multipath: The three curves in Fig. 4 denoted by crosses
and triangles show the bit-error probability as a function of ex-
pected SNR for two-component multipath and for
transmitter antennas.

The codes and are orthogonal Walsh codes of length
128, and the delay between the two paths is 10 chips (corre-
sponding to less than 10% of the symbol period, resulting in
negligible ISI). The correlations between the delayed spreading
codes are

For the single transmitter case ( ), the two-finger (
) RAKE receiver gives an 8-dB improvement at the bit-

error level, compared with the flat-fading ( ) performance.
However, for two transmit antennas ( ), the improvement
provided by the RAKE receiver with respect to flat fading is
only 4.3 dB. This reduced gain may be attributed to mutual in-
terference.

These comparisons show that, where favorable multipath
conditions exist, a single-antenna system with a standard
RAKE receiver may perform adequately. However, one cannot
always count on favorable multipath, and that is when our
proposed STS scheme is particularly valuable.

VII. CONCLUSION

We have devised a novel space time spreading scheme for the
forward link of CDMA systems that provides diversity gains
without requiring the transmitter to estimate the channel propa-
gation coefficients and with little extra system complexity. The
essence of the scheme is for substreams of each user’s data to
share common sets of spreading codes in a different way on
each transmitter antenna. Where favorable multipath conditions
exist, a RAKE-type receiver can yield some additional diversity
gains, beyond those attained by STS.

Adding extra antennas requires the addition of extra pilot
signals to enable the mobiles to estimate the multiple-antenna
propagation coefficients. Of necessity, the individual powers of
these pilot signals are inversely proportional to the number of
transmit antennas. We have shown, however, that even with the
increased channel estimation error that this entails, significant
net diversity gains can be realized. A performance evaluation
of the STS approach for two transmitter and one receiver an-
tenna in the context of the IS-2000 standard can be found in
[13] and has contributed to the inclusion of STS in the standard.
Possible extra benefits of STS that remain to be quantified are
the mitigation of both the power control problem, as well as the
intercell interference problem. Increased diversity implies that
adjustments to power do not have to occur as frequently. Di-
viding the downlink transmission for each mobile among two
or more spreading codes should make the interference appear
more Gaussian and more white in other cells. An alternative ap-
proach that groups users instead of substreams was presented in
[1] and may be more suitable for very fast fading channels.
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Multiuser Interference

System

Two transmit antennas — one receive antenna

J multipaths from each antenna

BPSK modulation

Each user is modulated using a random carrier
phase

Coherent demodulation

Assumptions

1 Each path experiences independent Rayleigh fading
2 Multipath delay an integral multiple of chip interval
3 Same set of delays from both transmit antennas
4 Intersymbol interference can be neglected
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Bound on Probability of Error
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Fixed Codewords for All Users
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Effect of Number of Users

Pe vs SNR for Ku = 1,
Ku = 4 and Ku = 16
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Bound vs Performance

Pe vs SNR for Ku = 1
and Ku = 4, union
bound for given set of
codes and union bound
averaged over all codes
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Outline

1 Multiple Antenna Downlink Schemes

2 Space Time Spreading

3 Main Results of Hochwald et. al. (2001)
Imperfect Channel Estimation
Single User — Multipath Components

4 Multiuser Interference
Effect of Number of users
Bounds as Compared to Actual Performance

5 Conclusion
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Conclusion

Space Time Spreading

1 Provides optimal two-fold diversity
2 Rate = 1 scheme
3 Requires linear complexity receiver
4 No extra spreading codes required
5 Acceptable performace in MAI.
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Thank You
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