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Design and Performance of Space-Time Trellis Codes for Rapid
Rayleigh Fading Channels

Salam A. Zummo and Saud A. Al-Semari

Abstract: Space-Time (ST) codes are known to provide high trans-
mission rates, diversity and coding gains. In this paper, a tight
upper bound on the error probability of ST codes over rapid fad-
ing channels is presented. Moreover, ST codes suitable for rapid
fading channels are presented. These codes are designed using the
QPSK and 16-QAM signal constellations. The proposed codes are
based on two different encoding schemes. The first scheme uses a
single trellis encoder, whereas the second scheme uses the |-Q en-
coding technique. Code design is achieved via partitioning the sig-
nal space such that thedesign criteria are maximized. Asa solution
for the decoding problem of |-Q ST codes, the paper introduces a
low-complexity decoding algorithm. Results show that the [-Q ST
codes using the proposed decoding algorithm outperform single-
encoder ST codes with equal complexity. The proposed codes are
tested over fading channels with different interleaving conditions,
whereit is shown that the new codes are robust under such imper-
fect interleaving conditions.

Index Terms: Fading channels, diver sity, space-time codes, MIM O,

1-Q, union bound, error probability.

I. INTRODUCTION

Wireless communication systems are emerging in various
applications that require reliable communications at high data
rates. Conventional channel coding techniques make use of the
channel diversity to improve the performance. However, chan-
nels with memory suffer of insufficient channel diversity at the
decoder, which degrades the performance severely. A popular
channel model that exhibits memory is the block fading chan-
nel model [1,2]. This model approximates many wireless com-
munication systems such as orthogonal frequency-division mul-
tiplexing (OFDM) and frequency-hopping (FH) systems. Re-
cently, space-time (ST) codes [3-5] were proposed for block
fading channels. ST codes combine efficiently transmit diver-
sity and channel coding to provide reliable communications at
high datarates. The performanceand design criteriaof ST codes
were derived in [4] for quasi-static and rapid fading channels. In
particular, the Chernoff bound was used to upper bound the pair-
wise error probability (PEP) which is aloose bound. Later, the
exact expression for the PEP was derived in [6]. However, this
expression cannot be computed using the transfer function (TF)
of the trellis code. In this paper tight upper bounds on the PEP
and the bit error probability (BEP) are derived for rapid fading
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channels and evaluated using the TF of the code.

Information theoretic resultsin [7, 8] have shown that using
multiple transmit and receive antennas improve the capacity of
the system significantly in the presence of block fading chan-
nels. Different ST coded systems were proposed in [3,4, 9-11]
for quasi-static fading channels. Also, ST coded OFDM systems
were considered in [12, 13] and more recently in [14], where
a low-density parity-check (LDPC) coded OFDM system with
transmit diversity was presented. Many powerful ST codes have
appeared in the literature as in [15-20]. However, trellis codes
are suitable for low-complexity and short-delay applicationsdue
to their simple encoding and decoding algorithms.

If atrellis code is used on a block fading channel and the
coded sequence is interleaved to break up the channel memory,
then the effect of the channel memory is reduced significantly
provided that the number of fading blocksis several timeslarger
than the code constraint length [21]. Under this assumption
the block fading channel can be approximated by a memory-
less channel, and ST codes can be optimized accordingly with
no significant loss in performance. Note that codes for single-
antenna systems perform well under this assumption without the
need for ST codes. However, consider wireless systems with
multiple antennas at the base station. These antennas are used
conventionally to provide receive diversity at the base station.
However, the same antennas can be used for transmit diversity
in the reverse link without imposing extra cost on the system.
Motivated by this, this paper considers the design of good ST
codes for rapid fading channels. Examples of QPSK and 8-PSK
trellis codes optimized for rapid fading channels have appeared
in[22,23]. However, the codes in [22] were based on computer
search for the best codes and no systematic design approach is
followed. This paper presents ST trellis codes employing QPSK
and 16-QAM constellations using the set partitioning approach
and optimized for rapid fading channels.

In this paper we propose the use of 1-Q encoding techniqueto
design better ST codes. Originaly in[24], I-Q trellis codes for
single-transmit antenna systems were shown to have high cod-
ing gains over conventional codesin rapid fading environments.
This is due to the high minimum time diversity (MTD) pro-
vided by the I-Q encoding. Traditionally, increasingthe MTD is
achieved either by reducing the number of input bits to the en-
coder, which reduces the throughput, or increasing the memory
of the encoder, which increases the complexity. By encoding
the input stream using two parallel encoders, where each one
encodes one dimension of the signal constellation, the MTD is
increased with no penalty in the complexity. Hence, the I-Q ap-
proach is used to design more powerful trellis ST codes at the
same delay and complexity as conventional ST codes using one
encoder.

The paper is organized as follows. In Section |1, the model of
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Fig. 1. The block diagram of the I-Q ST transmitter.

atrellis coded ST system is described. The proposed I-Q coded
ST system and the decoding algorithm are presented in Section
I11. The new upper bounds on the PEP and BEP are derived
in Section IV. Then, the ST codes based on the conventional
and [-Q encoding schemes are presented in Section V. The per-
formance of the proposed codes is compared with existing ST
codesin Section VI. Finaly, conclusions drawn from the work
arediscussed in Section VII.

Il. CONVENTIONAL ST SYSTEMS

In this section, the model for trellis coded ST systems em-
ploying single encodersis described, whichis similar to the sys-
tem model in [4]. The transmitter consists of atrellis encoder,
an interleaver, n; modulators and n; transmit antennas. Dur-
ing a frame transmission period of length N'T', the input to the
transmitter is alength-N sequence U = {u,}}Y, of input vec-
tors each of length k. Each component of the input vector u; is
assumed to be from a binary alphabet. The encoder produces a
length-N sequence S = {s;}{¥, of signal vectorseach of length
ne. The it element of each signal vector s{ is an element of an
M-ary signal constellation, such as MPSK or M-QAM, which
is modulated and transmitted using the 3" transmit antenna in
thetimeinterval [. Therefore, the overall system throughput is
k/T hits/s. Before being modulated, the signal vectors are in-
terleaved to avoid burst errorsin the decoder.

The receiver consists of blocks that do the reverse processes
of the corresponding blocks in the transmitter; namely, n,. re-
ceive antennas, n,, demodulators, a deinterleaver and a Viterbi
decoder. The received signal at the j*" receive antennain time
interval [ is

ne

yis = VE: > hisi+ 2, (1)
i=1

where E; isthe average energy of the constellation used at each
transmit antenna and 4 ; is the channel gain between the ith

transmit and j*" receive antennas at time interval [. The channe!
gains are modeled as independent zero-mean complex Gaussian
random variables with unit variance, CA/(0, 1). Also, z;,; isan
additive white noise modeled as CA (0, Ny). It is assumed that
channelsfrom different transmit antennas and channelsto differ-
ent receive antennas are uncorrelated. Thisis achieved by keep-
ing the antennas apart by a distance greater than half the wave-
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Fig. 2. The block diagram of the simplified decoding algorithm of I-Q ST
codes.

length of the carrier [25]. The transmitted frame is decoded ac-
cording to the maximum likelihood (ML) decoding rule, which
is implemented using the Viterbi algorithm. In the following,
the 1-Q coded ST system is described.

1. 1-Q CODED ST SYSTEMS
A. Encoder

The block diagram of the ST transmitter employing I-Q en-
coding is shown in Fig. 1. The input to the transmitter is as
described in Section 1. Each input vector u; is split into two
equal vectorsu;; and ug,;. The vector uy ; is encoded by the
| encoder into a signal vector s ; of length n., whose elements
are drawn from an alphabet Az which is a 1-D constellation
such as M-PAM. The 1-D signals in s ; constitute the | com-
ponents of the 2-D signals to be transmitted over the n, trans-
mit antennas. The same applies to the Q branch, resulting in
two length-V sequences of 1-D signal vectors S; = {Sl,l}fL
and Sq = {sg,},. After that, the | and Q codewords S,
and S, areinterleaved. After interleaving, the 2-D signal s! to
be transmitted over the 7" antenna is drawn from the al phabet
A = Az x Ag accordingto: sj = s ,+jst, ,, wherej = /—1,
resulting in atransmitted codeword S = S; + jSg.

B. Decoder

In this section, the subscript of the receive antenna is omit-
ted to simplify notation. However, the discussion applies com-
pletely to multiple receive antennas. Thereceived signal at each
receive antenna (1) is expanded using complex representation as

ne

Y= Z(h?zsir,l_}lég,zség,z)+j(h§,l5iQ,l+hiQ,153,z)+Zl, %)
i=1

where hj = hy, + jhi,,. DefineY = {y}{\, and H =
{h;}Y,, where h; = {hi}!, is a vector containing the fad-
ing gains from all transmit antennas at time [. The ML decod-
ing rule at the | and Q decoders requires the computation of the
likelihood functionsp(Y |H, S) andp(Y|H, Sg), respectively.
However, dueto the received mixturein (2), Y dependson both
Srand Sq. A straightforward solution is to use the super-trellis
of the | and Q codes to compute the likelihood functions. In the
super-trellis, the number of states is the product of the number
of states of the | and Q codes, which prohibitsits use for practi-
cal encoders memory. For example, if each code had 32 states,
the super-trelliswould have 32 x 32 = 1024 states. Therefore,
alow complexity decoder is of interest.
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A simplified decoding algorithm is proposed, which consists
of a ST demodulator and two Viterbi decoders, one for each of
thel and Q codes. The block diagram of this algorithmis shown
in Fig. 2. Inthe ST demodulator, metrics corresponding to all
possible pairs of signal vectorss = (sy,sq) in the frame are
computed using

: 3)

ne o 2
m(ylvs) = ‘yl -V Es Zhisl

i=1
When multiple receive antennas are used, the metric in (3) is
modified to include maximal-ratio combining. Therefore, the
following metrics are computed in the ST demodulator for time
intervalsi =1...N

m(y;, s)|

The metrics corresponding to the signal vectorss 7, s are com-
puted as

Vsr€ Az, sg € Aog. (4)

s=(s1,8q)’

my(sy) = Sgg;‘lg m(y;, S)‘s:(s,,SQy sr€ Az (9)
my(sq) = min m(y;,s)| sg € Ag.  (6)

si€A7 s=(s1,8q)’

These metrics are fed to the | and Q Viterbi decoders, which ap-
ply separately the ML decoding rulefor | and Q coded branches.
Note that the complexity of this algorithm is linearly propor-
tional to the number of states of the | and Q codes. However, the
complexity of the ST demodulator is exponential in n;. When
a signa constellation of size M is used at each transmit an-
tenna, there are M ™t such metrics. In general, sphere decod-
ing in [26, 27] can be used to reduce the complexity of the ST
demodulator, especially for large number of transmit antennas.
The performance of ST codes over rapid fading channelsis pre-
sented in the following.

IV. PERFORMANCE ANALYSIS

In this section, an upper bound on the PEP of ST codes over
rapid fading channels is derived. The bound is tight and ex-
pressed in a product form, making it easy to use the TF of the
codes to compute the BEP. The section starts with the derivation
of the new bound and then the code TF is discussed and used to
evaluate the BEP,

A. Pairwise Error Probability (PEP)

The subscripts ¢, u and b are used to denote conditional, un-
conditional and bit error probabilities, respectively. The condi-
tional PEP is defined as the probability of decoding a received
sequence as S given that S was transmitted conditioned on the
fadingvariablesH = {h;;,j =1,...,n,,l=1,...,N}. Itis
given by

P.(S,8) = Pr (M(Y, S) - M(Y,8) > 0|H, s) )

where M(Y, S) isthe ML decoding metric corresponding to the
codeword S given by

N n, n

ZZ le_\/_Zh zsz

=1 j=1

(8)

Substituting (8) into (7) and going through some algebra, the
conditional pairwise error probability simplifiesto

_1 d3(8,8)
P.= ierfc( 1N , 9
where
N n, o 2
d3(S,8) = B> Y D hly(si—4)) (10)
=1 j=1|i=1

Using the matrix notation, the squared distance in (10) becomes

N n,

=Es ZZthAl il

=1 j=1

d%(s,8) (11)

where (.)* denotes the complex conjugate of a complex vector.
The matrix A; = e;.ef, wheree; = {(sl §9) i, isacolumn
vector. Then the conditional PEP is given by

) 12)

1
P, = —erfc (\J N ZZhJ 1A h;
Since A; is symmetric, its eigenvalue decomposition is written

=1 j=1

as. A = V}H D;V;, where the rows of V; are orthonormal and
Dy = diag{\],...\*}, with \! isthe " eigenvalueof 4,. Here,
() denotes the Hermitian transpose of a matrix. Moreover, al

Al are zero except \; = |e|? = >, |ei|* because all the
columnsin A; are dependent on each other except one column.

Let the vector B;; = h;;V}", and d; = Alfﬁ, then the condi-
tional PEP can be written as

P. ——erfc( ZdlZ'ﬁ]” )

Here the summation over the transmit antennas was removed
since only one nonzero eigenvalue \; exists, where (3, is the
element in B;; corresponding to the nonzero eigenvalue. Since
each 3;,; is a normalized linear combination of Gaussian ran-
dom variables, its distribution is CA/(0, 1), and hence |3;,|?
is exponential random variable with parameter one. Define

(13)

ro=y, |8;.11°, then T, is an n,-Erlang random variable
with parameter one, whose probability density function (pdf) is
1
- - (np—1) J—v >
fr(v) o e, 7=0. (14)

Substituting I'; in the expression of conditional PEP, it becomes

P, = —erfc ( Zdll“l) .

The unconditional PEP is found by averaging (15) over the ran-
dom variables {I';} ¥, and is written as

_%/OOQ.../OOo erfc( gdm)

(15



Xfp(rl) fp(FN) dP1 dFN (16)
Doing the following change of variables: 6, = %4 and w; =
T';(1 + d;) and using pdf transformation, the PEP becomes

1 1 [e.¢] o N
P, == —_— erfc ow
53 | ey AR A (PR

N
X exp <Z lw) Jo(wi) - folwyy) dwr ... dwpyy, (A7)

wheren = {l : ¢ # 0} and |n| is the size of . De-
fine L = min|n| (the MTD of the ST code) and dpmin =
mm{él}l"' Note that Zfil Oiw; > Omin Zfil w; and the
function erfc(x) exp(x) is monotonically decreasing, then the
PEP is upper bounded as

L
% H a +dl /00 erfc( (5minQ)

l=1
x eOmin) fo,(Q) dQ, (18)
where @ = SN w;, which is a sum of L independent 7,.-
Erlang random variables, has an n,.L-Erlang distribution with

parameter one. The pdf of 2 is given by (14) with replacing n. -
by n,. L. Substituting this pdf, the PEP becomes

1 L 1 [e’e}
Pu < Z(TZTL — 1)' ll_[ (1 + dl)”T A erfc( 6minQ)

=1

Qe L=1) qQ). (19)

Thisintegral is evaluated using an equality in [28] and the resul -
tant expression for the PEP is

nyL . j

2n.L —j —1 2 J
Pus g Z L T
n,« —1' nRL—l 1+ 5min

X e Omin€2

(20)

By employing the union bound and averaging over al trans-
mitted codewords we obtain an upper bound on the error event
probability P, ,,

Peu <)) P(S)Pu(S,S)
s s

where P(S) isthe probability of acodeword S. If thetrelliscode
satisfies Zehavi and Wolf criteria[29], the error event probabil -
ity in (21) can be computed by assuming that the al-zero code-
word Sq was sent and

Pe,u S ZP’LL(SO) S)
S

(21)

(22)

In order to evaluate (22) and to find the corresponding BEP, we
need to enumerate the number of codewords with certain Eu-
clidean distance from the all-zero codeword. This is accom-
plished using the TF of the ST code as described bel ow.
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Fig. 3. Bounds and simulation of the 4-state QPSK code in [4].

B. Transfer Function (TF)

In this subsection, we describe how to evaluate the TF of a
ST code. The transfer function of atrellis code enumerates the
number of codewords at every input weight and output distance
and can be calculated using the error state diagram [30]. The
label associated with each branch connecting two states in the
error state diagram depends on the error vector between the sig-
nal associated with that branch and the zero signal vector sy,
i.e, e = s —sg. If an M-ary signal constellation is used at
each transmit antenna, there are M ™ — 1 different error vec-
tors. Denote the distinct squared Euclidean distancesfrom s as
{5175% cee 7£m} = {5 : f = ESHS - SO||27S € Am}! where
||x||*> denotes the norm of avector x. In the error state diagram,
each branch is labeled by J“D7* ... Dy where v; = 1 if the
corresponding signal vector has distance &;. Also, the exponent
of the variable J is the weight of the input vector causing the
transition. For example, a state transition with input weight
and signal vector with distance &; is represented by J“D,;. The
reader is referred to [30] for the complete details of computing
thetransfer function of trellis codes. Thetransfer function of the
ST codeiswritten as

T(J,Dl,---7Dn):Z Z

U Vi,eeyUm
xJUDJ' .. (23)
where a(u,v1,. .., vy,) isthe number of codewords with input

weight » and v; error vectors with distance &; from s, for i =
1,...,m.

a(t,v1,...,Um)

D'Um

m

C. Bit Error Probability (BEP)

Using the new bound in (20) and comparing the expressions
in (22) and (23), then the error event probability and the BEP
are written, respectively as

”i: 2an j—1 2 J
eu—22nTL L—1 1+\/m
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Fig. 4. The 4-D QPSK signal space partitioning.

xT(J, D1, ..., D)

¢ —np
J=17D1,=(1+4]\?0) o=1,....m

(24)
p< Lt 1 Ko L—j -1 2 ’
b > k | 22n.L 4 an -1 1+ vV 5min

. , (29)
J:l,Dv:(1+4§\?D) w=1,...,m

wheres,,;, = min { lfg/]‘jfg,o,l =1,...,m} andk isthenum-

ber of input bits to the encoder. The corresponding Chernoff
bound in [4] as afunction of the TF iswritten as

1 OT(J, D1, ..., Dy,)

Psz aJ

J:I,Dv:(1+ . ) T o=1,...,m.
(26)
Theboundsin (25) and (26) were eval uated for the 4-state QPSK
ST code in [4]. The curves corresponding to the bounds and
simulation are shown in Fig. 3. Itis observed that the Chernoff
bound is loose where the new bound is tight to the simulation
curve. The designed codes are presented in the following.

V. THE PROPOSED ST CODES

In this section we describe the proposed ST codes employ-
ing single encoders and the I-Q encoding scheme. The design
criteria of ST codes over rapid fading channels were derived in
[4] and appear in (20). The design criteria are summarized in
maximizing:

1. The MTD of thecode, i.e., L.

2. The minimum squared product distance defined as: d,% =
BTy Y0 Isi - 8P

These two criteriaare used below to design trellis ST codes that
use either a single encoder or the I-Q technique. The codes are
designed using the set partitioning approach and use QPSK and
16-QAM constellations and two transmit antennasi.e., n; = 2.
From the second rule, the set partitioning is performed in the
same way as in additive white Gaussian noise (AWGN) chan-
nels. In this approach, the distance d%, = E; > i, |s* — 8|2
between signal vectors at branches diverging from or remerging

00, 02, 22, 20
21, 23,03, 01
33,31, 11,13
12, 10, 30, 32

Fig. 5. Trellis diagram of the 4-state QPSK2 code.

to the same state is maximized. To maximize d%,, the 2n,-D sig-
nal spaceis partitioned into subsets such that d%, between signal
vectors in the same subset is increased. If d%, cannot be in-
creased anymore, partitioning is performed so that d% between
signal vectorsin the same subset isincreased. Asaresult, both
d% and d% between pairsin the same subset are maximized. The
detailed description of the codes are discussed in the following.

A. Single-Encoder Codes

All QPSK codes presented in this paper have a throughput of
k = 2 bitg/s, i.e., the encoder receives two bits every time inter-
val and outputs two QPSK signals. The first proposed code is
referred to as QPSK2. The set partitioning of a 4-dimensional
QPSK signal spaceisshowninFig. 4. Inthe codetrellis, signal
vectors labeling branches leaving the same state are taken from
the same subset, and hence, signal vectors of these branches
have the maximum possible d% and d%. The trellis diagram of
the 4-state codeisshowninFig. 5. Fromthetrellis, the MTD of
the codeis 2 and d% = 24 with corresponding error event [0 2;2
1]. Note that the performance of this code is equivaent to that
of the codein [22] since they have the same design parameters.

The QAM codes presented in this paper have a throughput
of k = 4 bits/s. Therefore, the encoder receives 4 bits every
timeinterval and outputs two signal points from a Gray-mapped
16-QAM constellation. The first proposed scheme is referred
to as QAM2. Partitioning the 4-D 16-QAM signa space in a
systematic way followed in the QPSK case is difficult. Hence,
asimple approach that produces good d% is proposed, which is
a modified version of the permutation method in [31]. In this
method, the allowed 16-QAM signal vectors labeling branches
leaving or emerging into the same state are forced to be different
in both symbols. The method starts with listing all the possible
16-QAM symbols in order, starting by sy and ending with s15
inal6 x 1 vector. Thenal6 x 2 vector isformed by listing all
the pairs of same first and second symbols and denoted by A .
Denote the vector that has the second column of A g shifted by
i rows by A;o. Similarly, when the vector A, is shifted by j
rows it is denoted by A;;. The labels of branches leaving each
state are taken as the rows of the vectors having the maximum
Hamming distance from each other. The trellis diagram of the
16-state QAM2 codeis shown in Fig. 6. Thiscode hasaMTD
equal to 2 and d2 = 3.2 with the corresponding error eventis[1
1;157]. The I-Q based codes are considered in the following.

B. I-Q Codes

Thel-Q QPSK codes use BPSK constellation as the 1-D con-
stellation at the output of the | and Q encoders. The set partition-
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Fig. 6. Trellis diagram of the 16-state QAM2 code.

ing described aboveisfollowed for the 2-D BPSK signal space.
Thisis straightforward since only four signals exist in the space.
Thetrellisdiagrams of the 4-state and 8-state codesare shownin
Fig. 7. Notethe labels of branches leaving or remerging to the
same state differ in both symbols, which is similar to designing
codes for single-antenna systems over fading channels. The re-
sultant MTD values are 3 and 4 for the 4-state and 8-state codes,
respectively. Theincrease in the MTD values resulting from us-
ing the-Q encoding schemewill be clearly observedin the code
performance. The product distance of the I-Q ST codes cannot
be calculated unless the super-trellis is formed. For comparison
purposes, it is computed in one dimension only. For example,
the 4-state 1-Q code has an MTD of 3 and d% = 5.66 in one
dimension with corresponding error event [1 1;1 0;1 1].

Thel-Q 16-QAM ST code uses4-AM constellation at the out-
put of the | and Q encoders. The signal space to be partitioned
is the 2-D 4-AM signal space, which is shown in Fig. 8. As
in above codes, partitioning is performed such that d% and d%
of the generated subsets are higher each time the partitioning is
performed. The trellis diagrams of the 4 and 32-state codes are
shown in Fig. 9 and 10, respectively. From the figures, the
labels of branches departing or remerging to the same state are
chosen from different subsets in the last partitioning level. This
maximizes the MTD of the 4, and 32-state codes to 2 and 4,
respectively. For the 4-state code, d% = 3.2 in one dimension
with corresponding error event [0 3;2 3], whered % = 7.2 for the
32-state with corresponding error event [0 3;2 3;3 0;3 1]. The
differencein the MTD compared to conventional trellis codesis
aresult of using the I-Q encoding scheme.

In general, the complexity of atrellis codeisequal to the total
number of branches leaving all states divided by the associated

00, 11
10,01
11,00
01,10

00, 11
11, 00
10,01
01,10
11, 00
00, 11
01,10
10.01

Fig. 7. Trellis diagrams of the I-Q QPSK codes (4 and 8-state).

information bitswith each transition [24]. The complexity of the
I-Q QPSK codes, with the simplified decoding algorithm, is the
same as the QPSK2 code. However, the complexity of the 32-
state I-Q code, decoded by the simplified algorithm, is 64, which
is the same as that of the 16-state QAM2 code. If the super-
trellis decoding is used, the 4-state I-Q code has a complexity of
64. Therefore, for fair comparison, the 16-state QAM2 codeis
compared with the 32-state I-Q code with the simplified decod-
ing, and to the 4-state I-Q code with the super-trellis decoding.

VI. RESULTS

This section presents simulation results of the new codes over
three fading channels. The first one is perfectly interleaved
channel, whichisequivaent to arapid fading channel. The other
two channels have fading rates fpT of 0.01 and 0.005 and in-
terleaved using a 25 x 16 block interleaver, where fp is the
Doppler spread of the channel. An interleaver is considered to
be sufficient if it has a depth on the order of 1/4 f pT and a span
larger than the code constraint length. Note that the interleave
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Fig. 8. 2-D 4-AM signal space partitioning.
00, 03, 31, 32
23,20,12, 11
13,10, 22, 21

30, 33,01, 02

Fig. 9. Trellis diagram of the 4-state 1-Q 16-QAM code.

00,03, 31, 32
23,20,12,11
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03, 31, 32, 00
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20,23,11,12
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33, 30,02, 01
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12,11, 23,20
22,21,13,10
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32,00, 03, 31
11, 23, 20, 12
21,13, 10, 22
02, 30, 33,01
32,03, 31,00
11,12, 20, 23
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02, 01, 33,30
00, 32, 31, 03
23,11,12,20
13,21, 22,10
30,02, 01, 33

Fig. 10. Trellis diagram of the 32-state I-Q 16-QAM code.

is sufficient for the channel with fpT' = 0.01 but insufficient
for the channel with fpT = 0.005. Since the new codes are
optimized for rapid fading channels, it is important to test their
robustness under imperfect conditions; namely, asufficiently in-
terleaved and an insufficiently interleaved channels.

Table 1. The parameters of the designed codes.

| The Code | MTD | d% |

QPSK1 2 4

QPSK2 2 | 24

I-QQPSK (49 | 3 | 566

QAM1 2 0.64

QAM2 2 32

I-Q QAM (4-9 2 | 32

-QQAM (329 | 4 | 72

QPSK1_1Rx  ------ QPSK2_1Rx ———IQ_1Rx

—--— IQ 6Ty 1Rx —8—QPSK1 2RX --0--QPSK2 2Rx

— 8- Q0 _2Rx —-0- 10 8Ty_2Rx

1E-02

1E-03 4

Pb

1E-04

1E-05

EbNo

Fig. 11. Performance of the 4-state QPSK codes over a rapid fading
channel (Rx: receive antenna, STr: Super Trellis).

A. QP Codes

The ST QPSK code, referred to as QPSK 1, is presented here
asabaselinefor comparisonwith the proposed codes. The MTD
of the 4-state codeis 2 and d2, = 4. The new codes (QPSK 2 and
I-Q) are compared with the QPSK 1 codein Fig. 11 over arapid
fading channel. The QPSK2 code provides 2 dB gain over the
QPSK1 code because it has higher d2, value. Moreover, the 1-Q
code with super-trellis decoding provides 3 dB over the QPSK1
at bit error rate (BER) of 10~3. However, the decoding com-
plexity of the super-trellis decoding of this code has increased
from 8 to 32. The I-Q code, using the simplified decoding algo-
rithm providesacoding gain of 3 dB over QPSK 1 and morethan
0.5 dB over QPSK2 at BER of 10 3. Although the product dis-
tance of the I-Q code is lower than that of the QPSK2, its MTD
ishigher, whichismoreimportant. Notethat the gainsof thel-Q
codes increase as the high signal-to-noise ratio (SNR) increase,
where the simplified decoding agorithm works well. Also, the
dope of its performance curve versus the SNR is larger than
those of the QPSK 1 and QPSK2 codes. This is expected since
the MTD of the I-Q code is higher, which controls the slope of
the curve.

The sametrend is observed when the receiver has two receive
antennas. Generally, the coding gain is expected to decrease be-
cause using two receive antennas provides a form of diversity



QPSK1 _1Rx  ------ QPSK2_1Rx ——— IQ IRx

—8—QPSK1_2Rx

--0--QPSK2 2Rx —8- 19 2Rx

1E-02 4

1E-03

Pb

1E-04 4

1E-05

EbNo

Fig. 12. Performance of the 4-state QPSK codes over a sufficiently
interleaved fading channel with fp7=0.01 (Rx: receive antenna).

and hence, the time diversity provided by the code becomes less
important. However, the results show that the gain of the I-Q
code, using the simplified decoding algorithm, over the other
two codes increases compared to the one-receive antenna case.
The reason behind this is that the two receive branches add a
form of diversity in the ST demodulator. This reduces the sub-
optimality of the simplified decoding algorithm. The gains of
the 1-Q code over QPSK 1 and QPSK 2 codes are more than 3 dB
and 1 dB, respectively. Hence, the smplified algorithm provides
better performancefor the case of two receive antennas.

Fig. 12 shows the performance of the 4-state codes over a
sufficiently interleaved channd with fpT° = 0.01. It is ob-
vious that the 1-Q coding scheme is till the best followed by
QPSK2. The gains of the first two codes over the last one are
dightly reduced due to the non-ideal interleaving. However, the
gainsreductionis small showing the robustness of the codes un-
der imperfect conditions. The case of insufficient interleaved
fading channel with fpT = 0.005 isshown in Fig. 13. The
same trends are observed but with lessrelative gains. It isworth
mentioning that the designed codes are dightly sensitive to slow
environments. In [21], a small performance degradation was
observed when the I1-Q ST codes were tested over block fading
channels.

B. 16-QAM Codes

The 16-QAM ST code, referred to as QAM1, was optimized
in [4] for quasi-static fading channels. It is presented as a base-
line for comparison with the proposed codes. The MTD of
this code is 2 and its d2, = 0.64. The performance of QAM1
and QAM?2 codes over an idedlly interleaved fading channel is
shown in Fig. 14. The figure also shows the performance of
the 4-state and the 32-state 1-Q code. The 4-state code is de-
coded using super-trellis decoding and the 32-state is decoded
using the simplified decoding algorithm, resulting in the same
complexity as QAM1 and QAM?2 codes. In the case of one re-
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Fig. 13. Performance of the 4-state QPSK codes over an insufficiently
interleaved fading channel with f7=0.005 (Rx: receive antenna).

ceive antenna, the gains of the 4-state I-Q code over QAM 1 and
QAM2 codesare 2.5 and 0.5 dB, respectively. Inthetwo receive
antennas case, the above gains are increased to 2 and 0.3 dB, re-
spectively. On the other hand, gains of the 32-state I-Q code
over QAM1, QAM?2 and the 4-state code with super-trellis de-
coding are 2.5, 1 and 0.5 dB, respectively. Although QAM2 and
the 4-state I-Q codes have the same M TD and product distances,
the 1-Q codes outperform QAM2. Thisis dueto the fact that the
product distance is computed in one dimension and hence the
effective product distance is expected to be higher. The same
codes are tested over the sufficiently interleaved channel with
fpT = 0.01 and the results are shown in Fig. 15. Similar
to the QPSK codes, the gains are slightly reduced, showing the
robustness of the new codes.

Note that the performance of the simplified decoding algo-
rithm is significantly degraded in the case of single-receive an-
tenna, and good in the two-receive antenna case. This is due
to the diversity used by the ST demodulator in the two-receive
antenna case. Also, the simplified algorithm performs worse
than the QPSK code for the single-receive antenna case. We
conclude from this that the algorithm degrades the performance
for nonconstant energy constellations, and its performanceis ac-
ceptablefor constant-energy constellations. Thelast observation
is that the degradation of the performance of the simplified a-
gorithm decreases as the SNR is increased. Thisis due to the
sensitivity of the ST demodulator to the received SNR, where
its metrics reliability increases as the SNR is increased.

VIlI. CONCLUSIONS

New trellis ST codes based on the QPSK and 16-QAM signal
constellations are proposed for rapid fading channels. Two en-
coding schemeswere employed in designing the codes. Thefirst
scheme uses single encoder whereas the second scheme uses the
I-Q encoding technique. The design process exploitsthe set par-
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Fig. 14. Performance of the 16-QAM codes over a rapid fading channel
(Rx: receive antenna, STr: Super Trellis).
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Fig. 15. Performance of the 16-QAM codes over a sufficiently interleaved
fading channel with fp7=0.01 (Rx: receive antenna, STr: Super
Trellis).

titioning approach to maximize the design parameters. Results
show that these codes are robust in different interleaving envi-
ronments. A simplified decoding algorithm for 1-Q ST codesis
proposed and used instead of the super-trellis decoding. It was
shown that this algorithm performs near optimum in the cases of
two-receive antennas or constant-energy signal constellations.
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