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Abstract

This report serves as a complement to the presentat ion t it le "Space-Time
Coding: An overview of mult iple antenna communicat ion and simulat ion
results." Itsorganizat ion in principle follows theoneof thepresentat ion. One
could �n d the slides from this presentat ion on the UCLA EE Undergraduate
Research program's site at www.ugres.ee.ucla.edu

Thisreport coversmoredepth and includesmathemat ical derivat ionsthat
were missing in the slides. It is writ ten with the assumpt ion that the read-
ers have had knowledge in digital communicat ion and some background in
wireless communicat ion. For preliminary readings, Proakis's "Digital Com-
municat ion" is recommended.

The introductory sect ions in the � rst two chapters are rudimentary in-
format ion but yet they are essent ial to lead the readers into more advanced
topics. They should give an accurate overview of the wireless communica-
t ion and space-t ime coding as well as providing a condensed record of what
I learned during the program.
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Chapter 1

Introduction

1.1 Wireless Communication

Having a picture of the current state in wireless communication is beneficial
before entering into study of space-time coding. Here is a short overview of
the impact and present technological challenges of wireless communication.

Wireless communication is currently the fastest growing segment of the
communication industry. Many new applications, including wireless sensor
networks, automated factories, intelligent traffic system, smart homes and
appliances, and remote telemedicine, are emerging from research ideas into
concrete systems. However, challenges remain in designing robust networks
that deliver the performance necessary to support emerging applications.
The gap between the performance of current system and the vision for future
systems leave much room for further research. For interested reader, he or
she can find researches on various aspects of wireless communication on the
UCLA EE Undergraduate Research program’s website.

The technical problems to be solved extend across all levels of the system
designs. At the hardware level, terminals must have multiple operational
mode to support different applications and different media. Circuit design
breakthroughs are req uired to implement such multimode operation in a
small, lightweight, handhold device. Due to these constrains, power becomes
a pressing design issue for the portable units. However, signal processing
techniq ues req uired for efficient spectral utilization and networking demand
much processing power, precluding the use of low power device. Today, the
common compromising solution is placing the processing burden on fixed
location sites, i.e. base stations, with large power resources.[1] Such design
has and will continue dominate wireless system designs, and the associated
bottlenecks are undesirable for the overall system. Moreover, the finite band-
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width and random variation of the communication channel will also require
robust schemes which degrade gracefully as the channel degrades.[2] The fo-
cal point of our space-time research is to implement space-time schemes that
will overcome channel impairments efficiently, i.e. achieve high performance
as well as optimizing among all critical design criterions.

The wireless communication channel is an unpredictable and difficult
communication medium as opposed to the wired one. As a signal propa-
gates through a wireless channel, it experiences random fluctuations in time
if there is relative motion between the transmitter and receiver. Thus, the
characteristic of the channel appears to change randomly with times, which
makes it difficult to design reliable systems with guaranteed performance.
This is not the most challenging problem yet, and the availability of the
spectrum imposes a much bigger design restriction than its physical char-
acteristic. The radio spectrum is such a scarce resource and many different
applications and systems are competing for the limited bandwidth. In U.S.,
spectrum is allocated by the Federal Communications Commission (FCC)
and allocated spectrums are usually very crowded and/ or expensive. For
commercial applications, the spectrum must be used extremely efficiently in
order to get a reasonable return. In the other word, a wireless system de-
sign must be able to achieve high capacity and good performance. Potential
technological breakthroughs could enable higher frequency systems and thus
reduce the spectral shortage. Nevertheless, path loss increases at these higher
frequencies and thereby limiting range.[2]

Other problems with the current wireless technology include its lack of
security protection. The airwaves are susceptible to snooping from anyone
with an RF antenna and the level of encryption today can be cracked with
enough time and knowledge. Finally, the dynamic nature and poor per-
formance of the underlying wireless communication channel indicates that
high-performance wireless network must be optimized for the wireless chan-
nel and must adapt to its variations as well as to user mobility. Thus, these
networks will require an integrated and adaptive protocol stack across all
layers of the OSI model, from the link layers to the application layer.[2][3]

1.2 Channel Model

Here is a brief description of the statistical model of multipath fading chan-
nels which are frequently used in the analysis and design of communication
systems.[4][5]

The fluctuation in the signal level is called fading. Such signal level of a
continuous-time received signal is typically composed of two multiplicative
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components as:
α(t) = αs(t)αr(t)

in which the first term is called slow fading and represents the long-term
variations of the received signal, whereas αr(t) represents multipath fading.
Notice the slow fading is the envelope of the signal level α(t). [4] We use a
quasi-static Rayleigh fading channel with constant envelope as our channel
model during simulations.

A fading multipath channel is generally characterized as a linear, time-
varying system having an equivalent lowpass impulse response of c(t; τ). This
is a wide-sense stationary random process in the time domain.[6] In general,
a fading multipath channel may be characterized as a doubly spread channel
in time (due to multipath propagation delay) and frequency (due to Doppler
spreading). Now, considering the scattering function S(τ ; λ), a measure of
power spectrum for the channel delay at τ and frequency offset f from fc.
Averaging S(τ ; λ) over τ , we obtain delay power spectrum,

Sc(τ) =
Z 1

� 1
S(τ ; λ) dτ

Similarly, the Doppler power spectrum is,

Sc(λ) =
Z 1

0
S(τ ; λ) dλ

The range in which these two power spectrums is nonzero is defined as mul-
tipath spread Tm and Doppler spread Bd, respectively. This leads to two
other channel parameters, the channel coherence time Tco h = 1

Bd
and channel

coherence bandwidth Bco h = 1
Tm

. Tco h is large in a slow fading channel and
vice versa. Bco h provides a measure of frequency band over highly correlated
fading and desire to be bigger than the signal bandwidth in a frequency-flat
assumption. Also, we desire to have a small enough spread factor, TmBd, for
the ease of measurement in the demodulation process.

Before moving on, we can depict a picture in the received signal sense.
The following mathematical model incorporates all these channel character-
istics,

Y (t,A) =
MpX

n= 1

Hnexp [j
2π∆ cos (β − αn)

λ
+j2π cos (χ − αn)fDt]x(t−τn) +W (t)

where the summation and corresponds to multipath propagation, path delay
τ corresponds to the delay spread component, the first component in the
exponent represents the angle of arrival, and the second one represents the
Doppler spread.[7]

4



Finally, let x(t) be the equivalent lowpass signal t ransmit ted over the
channel and X (f ) its corresponding frequency domain expression. Then,

r (t) =
∫

∞

−∞

c(t; � )x(t − � ) d�

=
∫

∞

−∞

C(t; f )X (f )ej2π f t df

Not ice here the noise is ignored and we assume the bandwidth W of X (f )
is much smaller than Bcoh. In the other word, within the bandwidth W
occupied by X (f ), the t ime-variant t ransfer funct ion in thefrequency domain
of the channel, C(t; f ), is constant . For such a frequency non-select ive or 
 at
fading channel, the equat ion could further simpli�e s to

r (t) = C(t; 0)
∫

∞

−∞

X (f )ej2π f t df

= C(t)x(t)

= � (t)ejθ (t)x(t)

where, � (t) represents the envelope and � (t) represents the phase of the
equivalent lowpass response.[5]

As a summary of this sect ion, we use a quasi-stat ic Rayleigh fading chan-
nel with constant envelope in the simulat ion. Looking at the last equat ion, it
naturally leads to simpleexpression of thechannel model, which is a complex
pair of Gaussian random variables.
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Chapter 2

Space-Time Coding

2.1 Introduction

Space-Time Codes were pioneered by Tarokh et al. from AT& T research
labs as a method of providing diversity in wireless fading channels using
multiple transmit antennas. Previously, multipath fading in multiple an-
tenna wireless systems was mostly dealt with by time diversity, frequency
diversity, and receive antenna diversity, with receive antenna diversity being
the most common applied techniques. However, it is difficult to use receive
antenna diversity at remote units while keeping them to remain relatively
small and inexpensive. Therefore, for commercial reasons, multiple antennas
are preferred at the base stations, and transmit diversity scheme are growing
increasingly popular.[8] A general space-time code communicates in a MIMO
or MISO environment (Fig.1).

The space-time coding scheme by Tarkoh et al. is essentially a joint
design of coding, modulation, transmit and receive diversity, and has been
shown to be a generalization of other transmit diversity schemes, such as
the bandwidth efficient transmit diversity scheme and the delay diversity
scheme.[8][9]

After Tarkoh et al. first introduced its space-time coding scheme in 1998,
Alamouti follows with a simple transmit diversity scheme, which improves
the signal quality at the receiver side by simple processing across two trans-
mit antennas at the opposite end. Alamouti scheme is able to achieve the
same diversity order provided by receiver diversity and is significant because
of its processing simplicity.[10] Tarkoh immediately follows with an effort to
generalize Alamouti scheme to other orthogonal space-time block code de-
sign. He noted that Alamouti scheme is a special case of complex orthogonal
design (COD).[11]It was proven that Alamouti scheme is the only optimal
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full diversity full rate design.

2.2 Alamouti’s Space-Time Scheme

Alamouti’s scheme has two main features. First, it achieves full diversity
using a transmit diversity scheme. Second, it is an orthogonal design and
guarantees a simple maximum-ratio receiver combining scheme.The best way
to understand the Alamouti’s scheme is by reading its schematics. (Fig.2)
Translating the schematic into matrix representation, we have

r = hS + n

where

r =

[

r1

r2

]

h =

[

h1

h2

]

S =

[

s1 s2

−s�
2 s�

1

]

n =

[

n1

n2

]

For reader not familiar with space-time coding, the column of the trans-
mission matrix S corresponds to spatial variation and its row corresponds
to time variation. The receive vector and noise vector are represented over
time variation. The channel matrix is represented over spatial variation only,
implying a quasi-static fading channel.

Note the transmission matrix is called orthogonal since

SH S = (|s1|
2 + |s2|

2)I

At the receiver end, using a matched filter, the linear combiner (or maximum-
ratio combiner)gives s̃1 = h�

1r1 + h2r
�
2 and s̃2 = h�

2r2 − h1r
�
1. If substituting

r1 = h1s1 + h2s2 + n1 and similarly for r2 and expanding these results from
the linear combiner, we will have, for example

s̃1 = (α2
1 + α2

2)s1 + h�
1n1 + h2n

�
2

It is not difficult to see that, the only time that the receiver would detect a
noisy signal is when both channels from the transmitter to receiver fall below
the noise level. This transmit diversity is the essence of Alamouti’s scheme.
Finally, the maximum likelihood detector estimate the signal by calculating
the metric, over all possible values of s1 and s2,

M = d2(r1, h1s1 + h2s2) + d2(r2,−h2s
�
2 + h2s

�
1)

After some basic complex operation and decompose s1 and s2, we obtain,for
example,

M(s1) = (α2
1 + α2

2 − 1)|si |
2 + d2(s̃1, si )

For a PSK signals, the signal constellation are of constant energy. Thus, the
final maximum likelihood estimate simplifies to the minimizing the Euclidean
distance between the maximum-ratio combiner output with the estimates.
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2.3 Space-Time Trellis Code

A trelli s coded modulat ion is a subset of channel coding that targets appli-
cat ions for bandwidth-constrained channels. In a narrowband environment,
performance gain is desired without expanding the signal bandwidth. Thi s
can be achieved by increasing the number of signals over the corresponding
uncoded system to compensate for the redundancy introduced by the code.
A trellis coded modulat ion is an integrat ion of the encoding and modulat ion
process designs to increase the minimum Euclidean distance between pairs
of coded words. One of the e�ect ive method for mapping the coded bits into
signal points such that � E mi n is maximized was proposed by Ungerboeck
in 1982, based on the principle of set part it ioning. (see Fig.3 for demon-
strat ion) One can learn how to read a trellis by reading Ch.8 in Proakis's
"Digital Communicat ion" . For convenience sake, a 2 space-t ime, 4 state,
4-PSK, and 2b/ s/ Hz trellis is included in the appendix (Fig.4). Each point
on the trellis represents a state. Each of the four states has four t ransit ion
branch, with each corresponds to one of the coded input bits. The transit ion
branch has two coded output since the scheme shown is using two transmit
antennas.Given a sequenceof coded input bits, theencoder traverses through
the trellis and then select a corresponding transmission matrix.

The performance of a trellis is determine by its bound on the pairwise
error probabili ty (see[9] for details derivat ion on STTC's PEP). In general,
PEP is asymptot ically bounded by

Pe(� ; � ) =

 
2� H � 1
� H � 1

!


 � H
b

Q � H
i = 1 � i

Here, it is su�cie nt to know that PEP can be obtain from the rank and
determinant of the constructed codeword matrix. The codeword matrix of a
trellis is given by,

Cs(� ; � ) � (d� � d� )H (d� � d� )

where d� and d� are all possible pair of codeword. Then we de�n e the Ham-
ming distance, � H , and product distance, � P , as the minimum rank and
determinant (or product of all nonzero eigenvalues) of all possible Cs(� ; � ).
For the determinat ion of Hamming distance, it is equivalent to �n d the rank
of the error matrix (d� � d� ). (see Fig.5 for demonstrat ion) The two methods
wil l be used interchangeably. In terms of PEP performance, the rank crite-
rion � H corresponds to the diversity gain and the determinant criterion � P

determines the coding gain. On the performance curve, the diversity gain
translates to the slope of the curve while coding gains cause vary horizontal
shifts. (Fig.6)
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These design criterions can apply to other space-t ime coding scheme, not
just restrict ing to STTC. Using Alamout i' s scheme as example. Let us have
two di�e rent codewords � and � ,

d� =

"
a1 a2

−a∗

2 a∗

1

#

d� =

"
b1 b2

−b∗2 b∗1

#

The error matrix is full rank, thus results in diversity gain.

(d� − d� ) =

"
a1 − b1 a2 − b2

−a∗

2 + b∗2 a∗

1 − b∗1

#

However, the determinant of the codeword matrix is not large, indicat ing
Alamout i code does not provide coding gain.

� = det

"
|a1 − b1| + |a2 − b2| 0

0 |a2 − b2| + |a1 − b1|

#

2.4 Concatenated Scheme:STC-MTCM

Since we know that STTC can maximized the minimum Euclidean distance
between pairs of coded words. Now we concatenate the STTC with space-
t ime block code, which would provide diversity gain. The STTC is the outer
encoder and space-t ime block code is the inner encoder. (Fig.7)

2.4.1 STC-MTCM Ov erv iew

Maybe the best way to understand a concatenated scheme is by case study.
Here, we wil l take a look at a STC-MTCM (Space-Time Code w/ Mult i-
ple Trellis Coded Modulat ion) code proposed by Dr. Siwamogsatham and
Prof.Fitz.[12] Its structure is based on a typical concatenat ion of a space-
t ime block code and an outer TCM/ MTCM encoder. Unlike the exist ing the
schemes, theproposed design enables full -rate transmission by expanding the
cardinali ty of the available orthogonal space-t ime signal points before con-
catenat ing with the outer MTCM encoder. Thus, the design guarantees the
diversity order using the space-t ime block code and it achieves good mini-
mum Euclidean distance between the space-t ime signal points. The classic
set part it ioning techniques is employed to realize large coding gains. Also,
by expanding the codebook of the orthogonal space-t ime block code, the
design is able to produce high-rate transmission that the exist ing rate-lossy
STC-MTC M is not capable of. Furthermore, the decoding complexity of the
proposed scheme is reduced by exploit ing the signal orthogonali ty.
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2.4.2 Space-Time Block Code D esign

The design of orthogonal space-time block in the STC-MTCM scheme for
two transmitters is straightforward. The only other requirement different
from a typical space-time block code here is that the signal matrix Cs(α, β)
must have the same eigenvalues. In the case for Lt = 3, one have to give
more considerations other than the usual orthogonal, full-rank, and equal
eigenvalue criterion. However, the last two criterions have to be compromised
in order to increase data rate. Nevertheless, the overall scheme can still
achieve full-diversity if designing an appropriate MTCM outer code.

The first step in the overall design process starts simply by adopting the
standard unitary Q PSK space-time block code, which is,

W (3)(s1, s2, s3) =

√

4

3











s1 s2 s3

� s�
2 s�

1 0
� s�

3 0 s�
1

0 s�
3 � s�

2











with si 2 f � 1, � jg. The data rate from this standard unitary design is
Rc = k0

Nm
= 2�3

4
= 1.5 bits/symbol. The data rate bound is log2 5 = 2.32

bits/symbol since there are 5 constellation points(i.e., Q PSK 0). Here, the
proposed scheme formulates a 2 bits/symbol, i.e. Rc = 23

4
, space time block

code. Thus, it demands subsets of 3-symbol inputs. Defining,

Λa =

{

(� 1, � 1, � 1) , (� j � j � 1)
(� 1, � j, � j) , (� j, � 1, � j)

}

and similarly

Λb =

{

(� j, � j, � j) , (� 1 � 1 � j)
(� j, � 1, � 1) , (� 1, � j, � 1)

}

Now, formulating 2-b/s full-diversity block code with unitary transformation

H0(a1, a2, a3, a4) =











a1 0 0 0
0 a2 0 0
0 0 a3 0
0 0 0 a4











similarly

H1(~a) =











0 0 0 a1

0 0 a2 0
0 a3 0 0
a4 0 0 0











H2(~a) =











0 a1 0 0
a2 0 0 0
0 0 0 a3

0 0a4 0











H3(~a) =











0 0 a1 0
0 0 0 a2

a3 0 0 0
0 a4 0 0










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With numerical work to opt imize � H ;mi n and p;mi n , the codewords look like,

S0a(~s) = H0(1; 1; 1; 1)�W (3)(~s) : ~s 2 � ax0b(~s) = H0(1; � 1; 1; 1)�W (3)(~s) : ~s 2 � b

S1a(~s) = H1(1; � 1; 1; 1) � W (3)(~s) : ~s 2 � a

S1b(~s) = H1(1; � 1; � 1; 1) � W (3)(~s) : ~s 2 � b

S2a(~s) = H2(� j ; 1; � j ; 1) � W (3)(~s) : ~s 2 � a

S2b(~s) = H2(� j ; � 1; j ; � 1) � W (3)(~s) : ~s 2 � b

S3a(~s) = H3(1; j ; � 1; j ) � W (3)(~s) : ~s 2 � a

S3b(~s) = H3(1; j ; � 1; � j ) � W (3)(~s) : ~s 2 � b

furthermore,

S(i + 4)a(~s 2 � a) = H4 � S(3)
i a (~s); S(i + 4)b(~s 2 � b) = H4 � S(3)

i b (~s)

S(i + 8)a(~s 2 � a) = H8 � S(3)
i a (~s); S(i + 8)b(~s 2 � b) = H8 � S(3)

i b (~s)

S(i + 12)a(~s 2 � a) = H12 � S(3)
i a (~s); S(i + 12)b(~s 2 � b) = H12 � S(3)

i b (~s)

where H4 = Diagf 1; 1; � 1; � 1g , H8 = Diagf 1; � 1; � 1; 1g , and H12 =
Diagf 1; � 1; 1; � 1g. Examining the Hamming distance, one can observe that
these 2-b/ s space-t ime block code indeed achieve full-diversity. In addit ion,
� p;mi n = 8� (4=3)3 which is equals to the 1.5-b/ s standard unitary space-t ime
block code.

2.4.3 Set Par t i t ioning

After expanding the orthogonal space-t ime block code, we shall examine the
distance measure among the codewords such that the MTC M encoder can
provide a large coding gain. Here is a simple example when L t = 2, the
product distance � p of a given pair of signals � and � from each block code,

hA(� 0; � 1); A(� 0; � 1)i ; hB(� 0; � 1); B (� 0; � 1)i

hJ (� 0; � 1); J (� 0; � 1)i ; hK (� 0; � 1); K (� 0; � 1)i

is uniformly given by

d2(� ; � ) = j� 0 � � 0j2 + j� 1 � � 1j2

This property is exact ly the same as the one provided by the classic set
part it ioning techniques. Thus, we can de�n e a high-level part it ions for signal
set A,B,J,and K by the standard technique. That is, groupA,B,J,K in the
� rst level, groupA,B and groupJ,K in the second level, and each individual
signal subset const itutes a dist inct part it ion in the third and last level.
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2.4.4 Trel l is Const ruct ion

In thedesign of theouter encoder, it isessent ial to construct a trellissuch that
the overall scheme can achieve full diversity. Since the expanded codebook
produces a signal set with a piece-wise full rank block code, thedesign rule to
construct a full -rank space-t ime code via the expanded STB-MTCM scheme
can, in principle, as simpli fy as,

"Transit ion branches leaving from (or merging to) each state are uniquely
labeled with codewords from the same part it ion."

Details of the design wil l not be included, but in general it involves maxi-
mizat ion of thedistanceamong thetransit ion branches. In Fig.8, theexample
represents trellis diagram for an improved 8-state 2-bits/ symbol QPSK code
for L t = 3.

2.4.5 D ecoding and Complexit y Considerat ion

The decoder can be broken into three main stages. First is a simpli�ed
ML algorithm that can select a most likely branch among all parallel t ran-
sit ions. Then the decoder record all the stat ist ics and corresponding most
likely branch from each state at the current decoding stage into a table.
Eventually, the decoder uses a Vi terbi algorithm to do a linear search over
the ent ire frame and determine the survival path as the decoded sequence.

For the maximum likelihood decoder with perfect channel state infor-
mat ion (CSI) in the case of L t = 3, the branch metric at kth interval for
decoding a transit ion labeled with a transmit ted matrix,

d(k) =











d1(4k) d2(4k) d3(4k)
d1(4k + 1) d2(4k + 1) d3(4k + 1)
d1(4k + 2) d2(4k + 2) d3(4k + 2)
d1(4k + 3) d2(4k + 3) d3(4k + 3)











with channel gain ~c = [c(1) c(2) c(3) ]T is,

M (d(k)) =
4k+3
∑

i=4k

∣

∣

∣

∣

∣

q(i ) −
3
∑

l=1

dl (i )c(l)

∣

∣

∣

∣

∣

2

Complet ing the square and using the orthogonali ty and unit magnitude of
MPSK signals, we have

M (d(k)) = −
4k+3
∑

i=4k

3
∑

l=1

{<[q∗(i )dl (i )c(l)] −<[q(i )d∗

l (i )c∗(l )]} + C
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changing sign and ignoring the constant, we have

M(d(k)) =
4k+3
∑

i=4k

3
∑

l=1

< [q� (i)dl(i)c(l)

Using building subset from the 8-state 3 transmit antenna case,

S0a(~s) =

√

4

3











s1 s2 s3

� s�
2 s�

1 0
� s�

3 0 s�
1

0 s�
3 � s�

2











and rewriting the metric as

M0(S0a(~s), k) =
3
∑

l=1

< f siyi, (k)g

and compare with M(d(k)), we will have our sufficient statistics variable

y1(k) = q� (4k)c1 + q(4k + 1)c�
2 + q(4k + 2)c�

3

y2(k) = q� (4k)c2 � q(4k + 1)c�
1 � q(4k + 3)c�

3

y3(k) = q� (4k)c3 � q(4k + 1)c�
1 + q(4k + 3)c�

2

As an aside, one can reconfirm that the STC-MTCM scheme achieve full rate
by working out the metric. After some basic complex operation, M0(d(k))
becomes,

3
∑

i=1

jsij2(jc1j2 + jc2j2 + jc3j2)

which shows a diversity order of three.
The standard simplified ML algorithm then produces the following statis-

tics
ŝi(Z 4) = arg max < f siyi(k)g, si 2 Z 4 = f � 1, � jg

Then the decoder record the statistics and most-likely branch of each of the
state by using the soft-decision ML algorithm states as above. Finally, the
decoder uses a Viterbi algorithm to decode the entire coded sequence in a
transmitted frame.
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Chapter 3

Results and Analysis

3.1 Alamouti’s Space-Time Scheme

Fig.9 is the simulated performance from Alamout i' s paper. The curve in
Alamout i' s plot is signi� cant because it shows that his proposed transmit
diversity is indeed an e�ect ive diversity techniques. However, it shows li t t le
or no coding gain.

In our simulat ion e� ort , we have con� rmed Alamout i' s result for both
one and two receiver case. Fig.10 is the performance curve of the two trans-
mit ter and one receiver case. Beside duplicat ing Alamout i' s result , it also
demonstrate the e� ect of decreasing Euclidean distance among signal points
on the performance. It proves that the a greater Euclidean distance among
constellat ions isdesirableand theperformanceworsen quickly as thedistance
collapses.

3.2 Space-Time Code w/ Multiple Trellis Coded

Modulation

Fig.11 includes the performance curve of a 2-b/ s block code and the 2-b/ s
coded 8-state STC-MTCM modulat ion for the three transmit antennas case.
The horizontal shift indicates approximately an impressive 3dB coding gain.

Several conclusion can be extrated from Fig.12, which includes the per-
formance of 2 transmit antenna Alamout i and STC-MT CM scheme as well
as 3 transmit antenna STC-MT CM scheme. They all use the same frame
structure. In addit ion, in the 2 transmit antenna cases, we compare the per-
formance using perfect CSI assumpt ion with the one using a PSAM (Pilot
Symbol Assisted Modulat ion) channel est imat ion technique.

14



First, we can see the difference in diversity order between the 3 trans-
mit antennas case with the 2 transmit antennas case. Performance slope
is apparently much stepper in the previous case. In fact, tracing the error
matrix after the simulation, we obtain an average rank of approximately
three, which is expected. Second, in the two transmit antennas case, the
performance curves indicates the more complex the coded schemes are, the
better the performance. Last, we observe an approximate 2dB coding loss in
performance due to errors in channel estimation. PSAM simulation for the
three transmitter case is still pending for result, but it is expected to have an
slight higher coding loss because the chance of having an channel estimation
error in any one of the channels from the transmitting end to the receiving
end is higher. An estimation error in any channel would make the orthogonal
decoding algorithm invalid.

A rather unexpected result occurs during the simulation is the bit error
rate performance. In the practical point of view, frame error rate is usually
the indicator and BER might be overlooked. And in general, there is a
lack of discussion about BER for STC-TCM concatenated scheme in the
literature. In Fig.13, we observe a monotonic decrease in the performance
as the coding complexity increases and the coded performance is worse than
the uncoded Alamouti case. The result suggests that there are many errors
bits in any give error frame in the coded modulation. A check using the
distance spectrum and a statistic of error position shows a weak correlation
among the errors, throwing out the possibility of a deep fade scenario which
makes sense since the simulation runs on a quasi-static channel. Thus, a
refinement in the interleaver design would yield little to no improvement. We
are still searching the possible cause and the corresponding remedy measure.
Nevertheless, BER performance of the three transmitter case is encouraging
because the diversity order is not compromised in the BER performance.
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