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The workshop was held at the auditorium of the De-
partment of Mathematical Sciences of the University of
Tokyo, Komaba campus, on Friday November 2nd, 2001.
It was a great success, both in terms of attendance and
due to the high quality of the presentation material and
the presenters. About 200 persons attended this event,
coming from many universities and companies, some for
places far away from Tokyo. The attendance number
may be a record for this type of events. Most attendees
were graduate students, the main target of the workshop.
The author would like to take this opportunity to thank
Professor Toshiyuki Katsura for his kind support in re-
serving the site, specially Professors Motohiko Isaka and
Hiroshi Kamabe for the hard work they put in arrang-
ing all organizational details, and last but definitely not
least, the students and staff from the University of Tokyo
for their invaluable logistic support.

The aim of the workshop was to give the audience a
glance at the latest developments, both theoretical and
practical, in joint spatial-and-temporal signal processing
techniques for broadband wireless communication sys-
tems. The workshop helped to enhance the enormous
interest and excitement, among many graduate students
and colleagues in Japanese academia and industry, in
the study and application of space-time processing tech-

niques. The workshop also served to provide evidence

of the importance and possibilities that a multiple-
antenna system may offer to increase capacity (outage),
to increase diversity gain, to increase antenna gain, and
to reduce multiuser interference.

From a technical content viewpoint, the workshop was
intended to give a view of several important issues re-
lated to space-time communication, such as antenna-
array technology, channel modeling and estimation, and
space-time processing. It is a great pleasure to thank
once again the speakers, for their participation in making
the workshop truly an epoch-making event. The follow-
ing six talks were delivered by experts in the above areas,
listed next in order of appearance: (1) ”Spatio-Temporal
Channel Modelling,” by Professor Yoshio Karasawa



(University of Electro-Communications); (2) ”Turbo-
Equalization Techniques for MIMO Systems,” by Dr.
Tadao (Tad) Matsumoto (NTT DoCoMo); (3) ”Trans-
mit Diversity Techniques,” by the author; (4) ” A Glance
at Coding for Multiple-Antenna Channels,” by Dr. Mo-
tohiko Isaka (University of Tokyo); (5) ”Beamforming
for SDMA in MISO and MIMO Channels,” by Professor
Takeo Ohgane (Hokkaido University); and (6) ”Electron-
ically Steerable Passive Array Radiator (ESPAR) Anten-
nas,” by Dr. Takashi Ohira (ATR). Each of the six talks
was very interesting and the audience did not loose a sin-
gle word or slide from each of the presentations. In what
follows, a brief summary of each of the talks is given.

Electro-
Communications) gave an enlightening talk entitled

Professor ~ Karasawa  (University  of
”Spatio-Temporal Channel Modeling.” The talk covered
propagation modeling of mobile and indoor channels. In
particular it discussed complex baseband descriptions,
one- and two-dimensional statistics, and time-frequency
modeling. The last part was devoted to a channel simu-
lation model followed by a discussion of the applications
of propagation channel modeling, via correlation and
transfer function matrices, to adaptive arrays.

Dr. Tadao (Tad) Matsumoto (NTT DoCoMo) de-
livered with mastery a talk under the title ”Turbo-
Equalization Techniques for MIMO Systems.” After
background material on adaptive equalization, a simi-
larity between turbo coding and equalization was drawn.
The structure of an iterative equalizer was then exhibited
as a natural consequence of this similarity. Several struc-
tures of turbo equalizers for both SISO and MIMO sys-
tems and their performance were presented. The study
of turbo equalizers and impact in error performance and
capacity using link- and system-level simulation results
was also discussed.

The author of this foreword gave the talk ” Transmit
Diversity Techniques.” In this talk, the basic ideas of
transmit diversity were presented. Most of the talk was
spent on space-time block coding techniques. Recent de-
velopments in the area of transmit diversity were pre-
sented in the last part of this talk. This included space-

time coding with estimation errors, and over ISI channels,
quasi-orthogonal space-time block codes and differential
space-time codes.

Dr. Motohiko Isaka (University of Tokyo) took the
audience to A Glance at Coding for Multiple-Antenna
Channels.” In this talk, the block fading channel model
was first characterized in terms of its conditional prob-
ability density function. The pairwise probability of er-
ror of a code was then shown to depend on its prod-
uct distance. The complex baseband MIMO channel was
overviewed, an expression on its capacity given, and out-
age capacity described. Design criteria for trellis codes
were discussed, to achieve coding and diversity gains over
block fading channels. The last part of the talk covered
optimal coding techniques, turbo space-time codes and
space-time block codes.

The talk entitled ”Beamforming for SDMA in MISO
and MIMO Channels,” presented by Professor Takeo
Ohgane (Hokkaido University) discussed important de-
sign issues related to smart antennas and beamforming
techniques. The talk focused on space-division multiple
access techniques, that is, in the removal of multiuser
and intercell interference with smart antennas via beam-
steering and null-steering. Analysis of these techniques
for both MISO and MIMO channels was outlined. Sev-
eral performance results (average bit-error rate versus
normalized transmitted power and capacity curves for
fixed and dynamic channel assignment) were shown in
the talk, comparing the various techniques introduced in
the first part of the talk.

Finally, Dr. Takashi Ohira (ATR) gave a most en-
joyable talk on ”Electronically Steerable Passive Array
Radiator (ESPAR) Antennas.” Using a multimedia for-
mat, the talk went on to explain the fundamental con-
cept of electronic steering and how beams and nulls can
be steered electronically. The talk was made of "movies”
and animations to illustrate how impedance and corre-
sponding radiation patterns are modified electronically
in a ESPAR antenna.
successful workshop.

It was a great finale to a very
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Data Model: 1-User, 2-Path, 2-Antenna (Example)
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Fig. 4 (2) SC/MMSE Signal Processing (2)
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Fig. 4 (3) SC/MMSE Signal Processing (3)
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Approximation 1: Frame Length is Short Enough Compared to Fading Variation
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Transmit Diversity Techniques
ORobert Morelos-Zaragozall SONY Computer Science Laboratories, IncO §

Summary — Basic techniques of transmit diversity are
presented. First, a background on space-time processing
techniques is given. An interesting and little known fact
is that it was Hattori et al. [6] in 1978 who pioneered the
idea of achieving spatial diversity with multiple trans-
mit antennas and a single receive antenna, via frequency
weighting. This result was published well before Wit-
tneben’s paper in 1991, which is being credited as where
the transmit diversity technique originated from.

In 1998, Alamouti published a paper that revolution-
ized the notion and applications of transmit diversity.
The proposed system allows for very simple processing
at the receiver, using linear combining of two noisy re-
ceived symbols. Although his scheme was designed ad-
hoc for the case of dual transmission antennas, it has been
quickly adopted in wireless standards, such as 3GPP.
Moreover, shortly afterwards, Tarokh and his colleagues
proved the scheme to be optimal, attempted to gener-
alize it, but failed to find optimal schemes for a higher
number of transmit antennas. They were able, however,
to find full-diversity reduced-rate space-time block codes
for more than two transmit antennas.

Since 1999, numerous papers have reported perfor-
mance results and applications of systems based on trans-

Transmit Diversity (1)

* Diversity complexity (multiple RF front ends) is
Pplaced at the transmitter end (base station) !!!

* Important schemes:

— Wittneben (1991) [2]
* Base station and modulation diversity

— Alamouti (1998) [3]

« Two-antenna transmit diversity

— Tarokh et al (1998) [4]
* Design criteria for space-time codes
« Space-time trellis codes (STTC)
« Space-time block codes (STBC) [5]

TDT by R. Morelos-Zaragoza (SONY CSL/ATL)

1 Email: R.Morelos-Zaragoza@QIEEE.org
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mit diversity. When receive diversity is added to the
system, one obtains a MIMO system, ideally creating
as many parallel channels as the minimum between the
number of transmit antennas and the number of receive
This is the fundamental result of Bell Labs’

BLAST system. Unfortunately, the analysis of this ca-

antennas.

pacity or outage result is based upon rather unrealistic
assumptions about the statistical nature of the space-
time channel. Consequently, it is of interest to find
out how space-time coding schemes, and transmit diver-
sity techniques in particular, perform under correlated
channels with intersymbol interference (ISI), as well as
when the channel is not accurately estimated. Space-
time codes that are robust under channel estimation er-
rors are the topic of most recent research activity in this
area. Latest published results include differential space-
time coding and universal space-time coding techniques.
There are many research opportunities in the design of
good space-time codes that trade off diversity gain, cod-
ing gain and decoding complexity. The author invites
colleagues and young researchers to look into this chal-
lenging research topic.

The complete set of slides of this talk is available at:

http://www.csl.sony.co.jp/person/morelos/TDT.pdf

Transmit Diversity (2)

1. Use feedback (closed-loop as in 3GPP)

;

£=v(w*h, +w,*h,)+n

Set w, and w, such that |r|? is maximized

2. Frequency (phase) weighting (w,=1, w,=¢%) [6,7]
Introduce fast fading, use coding
3. Antenna hopping [7]

Switch between antennas. 1/N bandwidth efficiency

TDT by R. Morelos-Zaragoza (SONY CSL/ATL) 11



Modulation Diversity

» Wittneben [2] proposed a scheme for simulcast
systems:

s T ==

v

BSn

» Multiple base stations transmit simultaneously the
same message (macro-diversity)

“Simulcast is a variant of transmitter diversity”

TDT by R. Morelos-Zaragoza (SONY CSL/ATL)

Alamouti Scheme (1)

* Basic idea: Transmit two symbols, over two time
slots, over two antennas (1 symbol/channel use)

Space

S Sy || Time
o1 -8y s

Antenna 1
block encoder

Space-time
Y S
MOD Antenna 2
Timet: s, and s, transmitted from antennas 1 and 2, resp.

Time t+T: -s*, and s”| transmitted from antennas 1 and 2, resp.

12

TDT by R. Morelos-Zaragoza (SONY CSL/ATL)

Alamouti Scheme (2)

» Receiver: Linear combining and separate ML decoding

» Compared to two-antenna receive diversity:

— Same diversity factor of two (slope in BER/SER curve)

— 3 dB loss (half power transmitted per antenna)
— Only one RF front end needed at receiver

— Be careful when comparing the performance of (pure)
transmit diversity with that of receive diversity

TDT by R. Morelos-Zaragoza (SONY CSL/ATL)
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Tarokh Scheme: STBC with N>2

» Tarokh [5] noted that Alamouti scheme is a special case of a
complex orthogonal design (COD)

— “Find an orthogonal transmission matrix, with
maximum diversity & and rate R (symbols/channel use)”
— Orthogonal means
HHF =y ([s)P+[s,P+ ... +[sy?) I
where v is a constant
» Tarokh proved that the only optimal full-diversity (i.e., with

8 =N, for N transmit antennas) full-rate (R=1) design is
Alamouti scheme (N=2) !!

— For N>2, full diversity only possible with R<1
— No general COD is known in the case of N>2
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Performance of STBC

Simulation results for QPSK modulation with block Rayleigh fading
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Quasi-Orthogonal Designs

* Main idea:
Reduced orthogonality (diversity) and increased rate, through
the use of complex quasi-orthogonal designs

* Preliminary results show promise [9]. Example for N=4, R=1,
5=2:

S s s s,
s st s s A Ay
st s s Ay Ap
S s S s

» However, signal processing complexity at receiver increases.
In the above example, symbols are processed in pairs

TDT by R. Morelos-Zaragoza (SONY CSL/ATL)



Concatenated Coded STBC

» Use a powerful outer code, such as capacity-
achieving:
— Binary turbo or LDPC codes
— Turbo TCM

¢ Inner code: STBC

spaeeame 11 |
u Mapping block

encoder

* Outperforms space-time trellis codes
 See, for examples, [14] and [15]
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Alamouti for ISI Channels

* Alamouti scheme with time reversal [10]

FIR channel

'S
hy(q")

Vectors

¢ Main idea:

Manipulate signal vectors to make noise and symbol
sequences uncorrelated at the receiver (Matched filter
and MLSE)
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Differential Space-Time
Modulation [17, 18]

*  N=2 transmit antennas [17]

*  Generalized by using unitary matrix groups [18]
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Universal Space-Time Codes [19]

Receiver does not know the number of transmit
antennas, N

—  Use an upper bound on N

—  Layered coding

—  Decoder same regardless of N

—  No channel knowledge (but lose 3 dB)

Adapt coding rate according to channel conditions
—  Nested codes: Codewords for J<N antennas must lie in a
subspace of the code space £2for N antennas
—  J-antenna codes are subspace-punctured versions of 2
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