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ABSTRACT

Recently, a new form of transmit diversity has been
developed and included for Interim Standard 2000 (IS-
2000) the third generation successor for IS-95 code di-
vision multiple access (CDMA) systems. This transmit
diversity scheme which was developed by Bell Labora-
tories is similar in principle to space-time block coding
methods developed for UMTS systems by Texas In-
struments and TDMA Systems by Tarokh et al. This
paper presents performance results of this new transmit
diversity method, termed space-time spreading.

1. INTRODUCTION

Improving the performance of forward link of cellu-
lar systems even marginally can be difficult. Numer-
ous practical constraints limit the ability of technical
schemes which have merit but are often not feasible to
implement. Operators are generally not inclined to add
significant numbers of antennas to their towers as they
face increasing resistance from communities to beau-
tify or reduce the size of their antenna towers. Further,
the systems themselves do not often readily lend them-
selves to enhancements without changing the standards
themselves.

Recently, phase II of the IS-2000 standardization
process has been completed where a review of forward
link antenna techniques was completed. A few differ-
ent schemes were proposed as possible enhancements
for the system. The standard originally supported a
method of transmit diversity known as orthogonal trans-
mit diversity (OTD). This method offered significant
performance gains for rate 1/4 convolutional codes at
low speeds, but did not offer the same types of gains
for rate 1/2 codes. Further, the scheme was open-loop,
and made no use of user specific data such as location
or condition of its channel, other than through user
independent power control.

A scheme was proposed which attempted to close
the loop by adaptively updating a set of user-dependent
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complex weights. This scheme was really designed to
mitigate fading rather than attempt to limit or reduce
spatial interference. This method was met with signifi-
cant resistance as numerous practical issues arose with
closing the loop and feeding back the weights.

Through the efforts of Bell Laboratories [1], an ad-
ditional open-loop scheme was developed which signif-
icantly improved performance of weaker convolutional
codes or codes with higher rates. This scheme which we
will term “Space-Time Spreading” can offer significant
performance gains over the existing form of open-loop
transmit diversity. This scheme is similar in concept
and performance to the schemes proposed by Texas In-
struments for the UMTS system (W-CDMA) [2], and
by Tarokh et al. (3] for TDMA applications. This paper
discusses the performance of this scheme, and shows
some of the performance results which were used to win
approval of this scheme in the 1S-2000 standardization
process.

2. AN IS-2000 SYSTEM MODEL

For a system with K mobiles receiving signals from a
common base station, the transmitted signal on a single
antenna can be modeled as:

K
x<r)=(z\/ﬁsfu)wi(n+ Ppwo(r))pu) (1)
i=1

where P; is the power transmitted to the i** mobile,

si(t) and w;(t) are the data signal and unique Walsh
function intended for the i** mobile respectively, P, is
the power of the pilot signal which uses Walsh function
0, and p(¢) is the covering code for the base station of
interest. Further, the Walsh functions are orthogonal
and repeat every symbol time Ty, i.e.
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At the mobile the following signal is received on a single
antenna

y(t) = h(t)z(t) + n(t) 3)

where h(t) is the scalar complex multiplicative distor-
tion caused by the wireless channel and n(t) is thermal
noise and all other interference. Mobile i correlates
the received signal with the i** Walsh function during
the k** symbol interval after uncovering to achieve the
decision statistic z;[k]:
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where h[k] represents the cumulative effect of the chan-
nel h(t) over the kth symbol interval (assuming perfect
sampling conditions), and s;[k] is the k*» transmitted
symbol for the it* mobile.

The transmitted symbol can be recovered by using
an estimate of the channel distortion h{k] obtainable
from the pilot channel, i.e.,

alk) = £ (alklhek) (5)

where f(-) is-an appropriate decision function. Alter-
nately, in a coded system z;[k]h*[k] may be used di-
rectly as a symbol metric. If the channel is a flat, slow
Rayleigh faded channel, in the absence of fast, accu-
rate power control, the resulting performance of the
link will be rather poor due to the lack of diversity. As
a result, it is desirable to have a second antenna at the
receiver to allow diversity reception, improving perfor-
mance considerably. However, mobile handsets do not
easily allow a second antenna to be added.

3. TRANSMIT DIVERSITY METHODS

One method of achieving diversity performance is to
transmit the same signals on multiple carriers. How-
ever, this is wasteful of the one resource we cannot af-
ford to waste in mobile communications, namely band-
width.

As another alternative, re-transmitting the same
waveform with a chip-level delay, also known as de-
lay diversity, can help performance [4], but it can also
degrade performance as it increases the amount of self-
interference which degrades the performance of most
typical Rake receivers.

Artificial Doppler distortion or phase switched trans-
mit diversity (PSTD) has been suggested as a means
to improve forward link performance [5]. It can help
but it has been difficult to implement in practice and
the gains are marginal.

Orthogonal transmit diversity (OTD) which is avail-
able in the standard as an option transmits half of the
bits via one antenna, and half of the bits via a second
antenna {6]. The received stream of coded bits will be

{h,’o[O]S([O]‘ h,"[O]Si[I]! hio(l )3,’ [2], h,-‘(l)si [3], .. } (6)

Using a Viterbi decoder, the link-level performance
of the forward link becomes a function of the guality
of both channels. Transmissions via channels with slow
fading conditions benefit greatly from this method. How-
ever, this method offers less performance gain as the
speed increases!, and the code rate decreases.

A related concept introduced periodic switching of
data between a two antenna system. It may achieve im-
provements in performance, but it is also possesses sim-
ilar performance degradation problems as OTD. and
the transmitted signal has a higher peak to average
ratio than OTD.

Finally, the primary topic of this paper. Space- Time
Spreading was recently introduced as a possible method
to improve performance. This scheme does not re-
quire additional bandwidth, introduce additional inter-
ference, or depend on code rate for diversity gain.

4. SPACE-TIME SPREADING

Based upon space-time block codes, attributed to Alam-
outi {7], a signal transmission scheme which utilized the
multiple orthogonal code structure already available in
the standard was developed. On the first antenna we
transmit

ry(t) = (\/%Tse(f)u’l(t) - \/‘?SS(’)W?U)) p(t) (7)

and on the second antenna we transmit.

. P
ra(t) = ( ‘51'5:(1)102“) +y/ %so(t)wx(f)) p(t)

(8)
where P; and w; are the transmit power and Walsh code
dedicated to the ith transmit antenna respectively, and
se(t) and s,(t) represent the even and odd streams of
bits, respectively. Note that a separate Walsh code is
required for each transmit antenna to support a pilot
on each antenna. Since the data rate has been reduced
by a factor of two by this scheme for each stream of bits,
it is possible to use double length Walsh codes and not
utilize additional bandwidth or Walsh resources.

!"The interleaver helps compensate for loss of bits during
bursty errors, because at high speeds, the duration of the errors
tend to be shorter.
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At the receiver, we again uncover and correlate with
the two Walsh codes. At the output of the two Walsh
correlations we obtain (dropping the dependence on

symbol interval)
[P [P
—‘z—l-hlse + _,zlhf?so + ny (9
P x P x
\/T’hgse - ,/-.zlhls,, +ny (10

which obviously introduces interference terms in the
decision statistics. However, if we have estimates of
the channel distortions h; and ha from pilot signals 1
and 2. we can obtain a signal estimate for the even bits
by

<1 =
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where we've assumed that the channel estimation is
exact, hy = h; and hy = hy. Similarly, we can estimate
the data for the odd stream of bits as

s = 1 {me—hiss)

P w [P
= f{(\/-gl-|h,|‘+\/—2—l|hg|“)sa+h;n1—h1n§}

(12)

It can_be easily shown that this is identical to the
decision statistic for two-antenna diversity reception
(without the 3dB aperture gain){8].

5. PERFORMANCE OF SPACE-TIME
SPREADING

The performance of STS was examined for voice and
data channels associated with the forward link of the
IS-2000 system®. Fundamental channels, which are the
basic dedicated traffic channel in IS-2000, are intended
for voice rate data and communicate data at roughly
9.6kbps. Two different convolutional coders are sup-
ported for voice rate traffic. Radio configuration 3
(RC3) is a 1/4 rate convolutional coder with additional

2 A superset of these results appeared in standards contribu-
tions [9] and {10}

R P o P 9 - *
f {( bl + 7‘|h2|-) s+ himy +h2n2}

(11)

Table 1: Fundamental Channel Parameters
{ (No Div.) & 2

Base Station Antennas:

Bit Rate: 9600bps

Chip Rate: 1.2288Mcps
Coding;: RC3 & RC4
Frame Duration: 20ms
Frequency: 1.9GHz
Mobile Geometry: Iov/l.:=6dB
Pilot E./I,,: -7.-13 dB
Max/Min power allocation: -3 dB/-40 dB
Inner-loop PC rate: 800Hz

PC command error rate: 4%

Inner loop PC step: +0.5dB

Outer loop PC: 1% FER target
Channel: Rayleigh fading

puncturing for overlay of reverse-link power control in-
formation at a rate of 4/48. RC4 is a 1/2 rate convolu-
tional coder with the same type of overlay puncturing
at a rate of 2/24.

In addition, we also studied dedicated traffic chan-
nels which can accommodate higher data rates. These
channels are termed “supplemental channels” in the
standards nomenclature. These channels are intended
for high speed data applications. We examined a 76.8
kbps supplemental channel using a 1/2 rate convolu-
tional coder. Note that there is no puncturing of sup-
plemental channel data.

5.1. Fundamental Channels

The performance of STS was simulated for one and two
path Rayleigh fading channel model for the fundamen-
tal channel. The transmit power fractions, E./Iog,
required to achieve a 1% frame error rate (FER) for
fuil-rate voice using radio configurations RC3 and RC4
were derived from simulation. E, represents the energy
per chip, and Ipg represents the total transmit power
spectral density. The quantity, /or/Ioc represents the
ratio of the transmit power spectral density to the out
of cell interference plus any additional thermal noise.
It is commonly referred to as “mobile geometry™ with
low values associated with mobile locations close to the
edge of the cell and high values associated with mobiles
close to the base station. The geometry is related to
the signal to noise ratio of the receiver.

The effects of power control. puncturing. and coding
using the interleaver specified in the ballot version of
the proposal [6] were included. The major simulation
parameters are summarized in Table 1.

The simulation results for the fundamental channel
are summarized in Figures 1 and 2. For both RC3 and
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R('4, it is clear that STS offers significant performance
advantage and makes the capacity of RC3 with OTD
and the capacity of R('4 with STS approximately equal.
Since RC3 uses /4 rate convolutional codes while RC4
uses 1/2 rate codes, RC3 uses length 64 Walsh codes
while RC4 uses length 128 Walsh codes. Thus, RC4
is less likely to experience a capacity limit due to a
Walsh code limitation and may be preferable in situa-
tions where the number of Walsh codes is a concern.

Shown in Figure 1 for a geometry of Ior/loc
6dB. STS offers up to 5 dB performance improvement
over OTD at low speeds, and a minimum of 1.5 dB im-
provement at high speeds for RC4. For RC3, the gains
are smaller, with STS offering a minimum of 0.5 dB
improvement over OTD and up to 1dB at low speeds.

The two path results for both radio configurations
are shown in Figure 2. Note that for RC4 with high ge-
ometry. lon/loc = 6dB, STS reduces transmit power
requirements by 2.5 dB at low speeds. and a minimum
of 1 dB at high speeds. For RC3, STS offers up to 0.75
dB improvement at high speeds and a minimum of 0.5
dBimprovement at low speeds.

Note that the gains of STS over OTD are more sub-
stantial in RC4 since it uses a higher rate convolutional
code. As mentioned previously, this is an expected re-
sult since OTD relies on the decoding process to ob-
tain diversity gain whereas STS does not. Note also
that STS and OTD (with 1/4 rate coding) both offer
large improvements over no diversity, especially at low
speeds.

5.2. Supplemental Channels

The performance of high data rate channels (i.e. sup-
plemental channels) for STS and OTD was simulated
in the one path Rayleigh environment at high geome-
try. The simulation environment for this supplemental
channel is summarized in Table 2.

The simulated transmit power requirements to achieve

the 1% target frame error rate (FER) are shown in Fig-
ure 3. As shown in the figure, STS outperforms QTD at
all speeds of interest, offering over 2 dB in performance
gain at Jow speeds. and a minimum of 1dB performance
gain at high speeds.

6. CONCLUSIONS

Space-time spreading techniques offer the best over-
all performance that is obtainable by open-loop tech-
niques. Space-time spreading offers performance gains
which are robust to code rate changes and further punc-
turing of the code due to signaling commands. Further
enhancements to the system must consider adaptive
techniques with low rates or potentially no feedback.
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Systems which require high rates of feedback obtain
capacity gains at the expense of capacity of the reverse
link.

7. ACKNOWLEDGEMENTS

The authors would like to thank Drs. Roger Benning,
Bert Hochwald, Howard Huang, Quinn Li, Laurence
Mailender, Thomas Marzetta, Constantinos Papadias,
N. Ramesh. and Harish Vishwanathan for their valu-
able comments and discussions.

8. REFERENCES

[1] C. Papadias et al., “Space-time spreading for
CDMA systems.” Stanford Sizth Workshop on
Smart Antennas for Mobile Communications. July
22-23 1999.

[2] Texas Instruments, “Space time block coding im-
provements,” ETSI - UMTS Contribution. De-
cember 1998.

V. Tarokh, H. Jafarkhani, and A. Calderbank,
“Space-time block codes from orthogonal de-
signs,” IEEE Transactions on Information The-
ory, vol. 45, pp. 1456-1467, July 1999.

(3]

N. Seshadri and J. H. Winters. “Two signaling
schemes for improving the error performance of
frequency-division-duplex (fdd) transmission sys-
tems using transmitter antenna diversity,” Int.
Journal Wirelss Info. Networks, pp. 49-60, Jan-
uary 1994.

A. Hirotke. F. Adachi. and N. Nakajima, “Com-
bined effects of phase sweeping transmitter diver-
sity and channel coding.” IEEE Trans. on Veh.
Technol.. vol. 41, pp. 170-176. 1992.

TR45.5, Physical Layer Standard for cdma2000
Spread Spectrum Systems. TIA/EIA/1S-2000.2.
1999. (Ballot Version).

S. M. Alamouti, “A simple transmitter diversity
scheme for wireless communications,” IEEE J. Se-
lect. Areas Commun., vol. 16, October 1998.

[8] J. Proakis, Digital Communications. New York,
NY: McGraw-Hill, third ed., 1995.

Lucent, “Downlink diversity improve-
ments through space-time spreading,” Contribu-

tion 3GPP2-C30-19990817-014. August 1999.

9]



[10] Lucent, “Performance of Space Time Spreading
Contribution 3GPP2-C30-

(STS) for 1S-2000.”
19990914-013. September 1999.

Voice Rale (9.6 kbpe w/ puncturing). 1 path/anionna, |0 = 6 dB
= < Y T A S A4 |
~—+——  No Div. (RC3)
---------- -4+ - NoDiv. (RC4) | 1
—b—  OTD (RC3)
-p - OTD (RC4)
—6— STS(RC3) [
“. {-¢- STs(ca)

P Ty,

=21

N T T T

100 10'
- Speed (km/hr)

Figure 1: Fundamental Channel (9.6 kbps) Transmit
Power, RC:3 & RC4, One Path, Ior/Ioc = 6dB
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Figure 2: Fundamental Channel (9.6 kbps) Trans-
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Table 2: Supplemental Channel Parameters

Base Station Antennas:
Bit Rate:

Chip Rate:

Coding:

Puncturing:

Frame Duration:
Frequency:

Mobile Geometry:
Pilot E./I,.:

Max/Min power allocation:

Inner-loop PC rate:

PC command error rate:
Inner loop PC step:
Outer loop PC:
Channel:

1 (No Div.) & 2
76.8 kbps
1.2288Mcps
R=1/2

None

20ms

1.9GHz
Ior/1,.= 6 dB
-10.-10 dB

-3 dB/-40 dB
800Hz

4%

+0.5dB

1% FER target

flat Rayleigh fading

(Data Raw = 76.8 kbps. R = 12), 1 pathantenna. o4 = 698

il

10'

Speed (orvhi}

Figure 3: Supplemental Channel (76.8 kbps) Transmit
Power, RC4, One Path, Ipr/loc = 6dB
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