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Abstract—New space-time trellis-coded modulation (STTC) information, the received signa{ at thejth antenna at time
which best satisfies the design criteria proposed by Taroktet al. can be expressed as
over fast fading channels are presented. STTC with feedforward oy
structure have been constructed by a systematic and exhaustive j ; j
search. Simulation results and parameter comparison show that = VEs Z hi i (t)xy + ny 1)
these codes offer a better performance on fast fading channels than i=1

other known codes while maintaining a comparable performance \yhere hi j(t) models the complex fast fading gain
on slow fading channels. from transmit antenna to receive antenng at time ¢,

Index Terms—Diversity, fading channels, multiple antennas, ; = 1,2, ..., ny,j = 1,2, ..., ng, andE, is the energy
space-time codes. per symbol. On a fast fading channel, we assume the fading
coefficients change independently from symbol to symbol. The
I. INTRODUCTION fading gains are modeled as independent samples of a complex

Gaussian random variable with mean zero and variance 0.5

R ECENT developments of transmit diversity combineda, imension. The noise/ at the;jth antenna is modeled as
with coding techniques brought about a new schemjgjenendent samples of a zero-mean complex Gaussian random
called space-time coding. Tarolet al. proposed a powerful |- iovie with a noise spectral density 5.
space—time trellis-coded modulation (STTC) scheme [1], and
showed the performance of these codes on quasi-static fadigA Brief Review of Design Criteria for Fast Fading Channels
channels. Grimnet al. [2] extended the work in [1], and Baro
et al. proposed some improved codes [3] on quasi-static fadi
channels.

The main contribution of this paper is a set of new ST
which best satisfies the design criteria on fast fading chann
as proposed by Taroldt al. A systematic and exhaustive searcré — (e1, €2, ..., €1, ..., &), Wheree, = cle2...cI™ can
was conducted to find a set of codes with a feedforward structyyg exprésséd as [1]’ P e
over 4-PSK and 8-PSK signal sets.

Assuming that a codeword = (xi, X2, ..., X¢, ..., Xz)
Where! is the codeword length an<l, is a space-time symbol

t timet given byx;, = xlz?...2}”7 was transmitted, the
ng)bability that a maximum-likelihood decoder at the receiver

cides erroneously in favor of another legitimate codeword

Px—e< [] <M>m ©)
[l. SYSTEM MODEL culxe) 4No
The system under consideration employs space—time TGMere v(x, e) denotes the set of time instances e
with n transmit antennas antk receive antennas. While they; o I} such that the Euclidean distance between

transmitter has no knowledge about the channel, it is assur@'ﬁé two space-time symboallsc; — e;|| is nonzero.
that the receiver can recover the channel state informatioqf we define &, the symbol Hamming distance, as the

perfectly. Information bits are encoded intor strgams_ of number of time instances in which two codewordsand e
M-PSK symbols by the STTC encoder. At any given time giter, thens;; = |uv(x, e)|, and the pairwise error bound can
an M-PSK symbolz; is transmitted through théh antenna, pe expressed as
1= 1, 2, .., .
At the receiver, each antenna receives a noisy superpositiop)( —2 E, \ o

N . ) . x—e)< H |x: — €] 7= F - . (3)
of ny transmitted symbols which have been subjected to inde- 4N,
pendent fading. After matched filtering, assuming ideal timing

tCv(x,e)

The average word error probability at high, /N, is dom-
inated by the minimum symbol Hamming distanég, ., =
7 u(x, e)|, which determines the diversity gain, taken over all
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TABLE | TABLE I
4-PSK STTC, BRNDWIDTH EFFICIENCY 2 bits/s/Hz 8-PSK STTC, BNDWIDTH EFFICIENCY 3 bits/s/Hz
v=2 v=3]v=4|v=5 v=3 |v=4t | p =5t
(ad, ad) (3,1) | (0,2) | (0,2) | (0,1) (a},a?) (2,1) | 0,4 | (3,9
(al,ad) (2,1) | (1,3) | (0,10 | (2,0) (a},a?) (2,4) | (4,2) | 0,0
(ad, a?) - (2,0) | (2,2) | (3,0 (b}, b3) 0,4) | (1,8 | (1,1
(al,a?) - - - (1,2) (b},0%) (4,0) | (2,1) | (0,6)
(b3, b3 (2,2) | (2,20 | (2,00 | (1,3) (b}, 13) - (0,5) | (6,1)
(b, %) 0,2 | 1,2 | 1,2 | (1,2) (db, d?) 4,6) | (5,1) | (1,2
(b3, b3) - - 10,2 | 2,1 (dl,d?) (2,1) | (6,8 | (3,1)
new 6, 2 2 3 3 (d}, d%) - - (1,0)
Baro dm,,, 2 2 3 n/a new Oy, 2 2 2
Tarokh dy,. 2 2 3 3 Tarokh &g, 2 2 2
new pdpin 24.0 | 48.0 | 64.0 | 144.0 new pdpin 15.51 1 24.0 | 29.66
Baro pdgin 8.0 | 32.0 | 32.0 | n/a Tarokh pdpi, [ 2.0 8.0 | 13.66
Tarokh pdpin | 4.0 | 16.0 | 16.0 | 128.0

For 8-PSK STTC, the input to the encoder at titrie a se-
along the paths with the minimum symbol Hamming distancquence of three binary b|($t, ct, ¢%). With two transmit an-
Maximizing the coding gain is equivalent to maximizing,gg.  tennas, the output;}, =7, is the modulo 8 sum of the linear

combinations of the current and delayed binary inputs which
Ill. CopeE CONSTRUCTION AND CODE SEARCH can be expressed as

The encoder is implemented as a feedforward shift register vo v vo
with a memory order of.. For 4-PSK STTC with two transmit ;! = Z c?_jo %1'0 + Z Ctl_jl b}l + Z ct2—j2d]1'2 mod 8

=

antennas, the input to the encoder at tinea sequence of two jo=0 h:o j2:0
binary bits(c?, c}). The outputz;, 2, is obtained as a modulo o
4 sum of the linear combinations of the current and delayed; = Z )i, a5, + Z G i b5+ Z ¢_j,d5, mod 8
binary inputs, and can be expressed algebraically as Jo=0 J1=0 j2=0
o YL 1 3l g1 .2 12 g2
_ o 1 1 g1 wherev = wo + 1 + w2, a;, b, d; a5, b7, d5 €
= ZO Ci—jo®jo T ZO C—j: by, mod 4 {0,1,...,7}hie{0,1,2} andj; € {0, 1, .7, v}
= ne Table I lists the new 8-PSK STTC with 8, 16 and 32-state
Z &2 Joajo + Z k. th mod 4 trellises. We did not search for 4-state 8-PSK STTC since any

4-state 8-PSK STTC will have parallel transitions, resulting in

o= = on.... = 1. None of the new codes in Tables | and Il coincides
wherer = o+, 0}, b}, a5, b5 € {0, 1,2,3},4€ {0, 1}, with those presented in [1] and [3]. We also computed.,,
andj; € {0, 1, ..., 1/1} ct_ji is the input bitc; delayed byj; andpd,;, of 8-PSK STTC proposed by Tarokdt al. in [1].
time units. (Reference [3] did not provide any 8-PSK codes.) All codes in

Given this encoder structure, we would like to search forEable Il have a diversity gain of 2 but different coding gains, as
set of coefficientga} , o7.) and(b., b ) which will maximize indicated by different values gfd
6m,... and paLi,. The search was conducted over all possible
pairs of paths in the trellis. Table | lists the new 4-PSK STTC
with 4, 8, 16 and 32-state trellises which best satisfy the design
criteria. A symbolt indicates that the search for that memory In the simulations, two transmit and one receive antennas are
order was not exhaustive. We also computgd.  andpd,;, of assumed. Each frame consists of 130 symbols transmitted out
4-PSK STTC proposed by Tarokhal.[1]and by Barcetal.[3] of each antenna. The performance curves are plotted against the
for comparison (n/a indicates that no code of that memory ordggnal energy to noise ratio at the receive antenna, defined as
is available from the corresponding author). Table | suggests t8NR = nrE;/N,. An ML Viterbi decoder which operates on
for a given memory order, the new code and those proposedtbg code trellis is employed at the receiver. If we define the de-
Baro and Tarokh achieve the same diversity gains but differexdder complexity as the product of the number of trellis states
coding gains. It is worthwhile to point out that while on a slovand the number of branches entering each trellis node, the de-
fading channel each of these codes achieves a diversity gairtafler complexity is given bg” - M. It is assumed that the re-

2, on a fast fading channel the same codes of memory 4 andéiver has a perfect knowledge of the channel. Note, however,
achieve a diversity gain of 3, d&g; . = 3. that in a practical system a perfect channel estimation may be

min

min*

IV. CODE PERFORMANCE
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Fig. 1. FER comparison between Tarokh's, Baro’s and the new 4-PSK STHg. 3. FER comparison between Tarokh's codes and the new 8-PSK STTC
with 4 and 16 states on fast fading channels, bandwidth efficiency 2 bits/sec/kith 8 and 32 states on fast fading channels, bandwidth efficiency 3 bits/s/Hz.

1e+00 T T T T T T
8-st code by Tarokh —+—

S 8ot code by Baro —— order proposed by Tarokét al. on a fast fading channel. The
\ e cone s | bandwidth efficiency is 3 bits/s/Hz. The performance curves for
' : 8-PSK STTC with 16 states are not shown to avoid clutter. All

figures suggest that the new STTC offers a better performance
on fast fading channels than the previously proposed codes. This
claim is supported by the parameter values in Tables | and I

which show that for a given memory order the new codes have

largerpd,,;, than all other known codes.

It is worthwhile to mention that on quasi-static fading chan-
nels where fading coefficients remain constant over a frame and
change independently between frames, most of the new 4-PSK
STTC maintain a comparable performance to those proposed in
[1] and [3]. Further analysis shows that the new 4-PSK codes of
4, 8 and 16-states listed in Table | have full ranks, which is the
most important parameter determining STTC performance on
Fig. 2. FER comparison between Tarokh'’s, Baro's and the new 4-PSK STBIOW fading channels [1]. A further improvement can be gained
with 8 and 32 states on fast fading channels, bandwidth efficiency 2 bits/s/Hg;hen an STTC is combined with an outer code. It would be in-

teresting to see how the new STTC performs in comparison to

symbol interval. This may deteriorate the performance.

Fig. 1 shows the frame error rate performance of the new
4-PSK STTC with 4 and 16 states on a fast fading channel. Their V. CONCLUSIONS
performance is compared with STTC of the same memory order
proposed by Tarokht al.and by Barcet al. The bandwidth ef- New space-time trellis codes_, designed for fast fading chan-
ficiency is 2 bits/s/Hz. Fig. 2 shows the performance of 8-stafi€!S have been presented. Simulation results and parameter
and 32-state 4-PSK STTC on fast fading channels. In both figemparisons confirm that these codes offer a better perfor-
ures, the performance curves of the codes with the same merrf@??f'c‘e on fast fading channels than previously introduced
order appear parallel, as predicted by the same valdgof. STTC. They also offer a comparable performance on slow
Different values opd

i
2
T

Frame error rate

1e-02 |-

SNR (08)

_vield different coding gains which are fading channels, as suggested by their full ranks.
illustrated by the horizontal shifts of the curves. Furthermore, it
is worthwhile to mention that all 4-PSK STTC of 16 states have
a steeper slope than those of four states. This occurs because
the 16-state codes hadg_. = 3, while the 4-state codes have [1] V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for

min

81... = 2. 0n slow fading channels, the performance curves high data rate wireless communication: Performance criteria and code
i . - . . construction,"EEE Trans. Inform. Theortyol. 44, pp. 744-1765, Mar.
appear parallel [1], [3] because the diversity gain is 2, as indi-  {ggg

cated by their full ranks. The same observation can also be madg] J. Grimm, M. P. Fitz, and J. V. Krogmeier, “Further results on space-time
on the 8-state and 32-state 4-PSK STTC in Fig. 2. coding for Rayleigh fading,” irAllerton Conf., Sept. 1998. _
. ... [3] S.Baro, G. Bauch, and A. Hansmann, “Improved codes for space-time
Fig. 3 shows the performance of the new 8-PSK STTC with trellis-coded modulation,/EEE Commun. Lettvol. 4, pp. 20-22, Jan.
8 and 32 states, in comparison with codes of the same memory 2000.
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