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In this paper, we propose multiple trellis-coded differential Encoder Channel
unitary space-time modulation (MTC-DUSTM), by assign- ore
ing k > 2 singal blocks to a single trellis branch. We present Delay e 9
the derivation of the formulae for the pairwise error-event Nosie X
probability (PEP) and the bit error probability (BEP) for e Y, 7 ‘
. . . . ata Bits MTC-DUSTM Block B o
MTC-DUSTM. Design criteria and a systematic code de- < Decoder e pginieiaver X
sign have also been proposed. When compared with the trel- XL ot

Delay

lis coded differential unitary space-time modulation where
k = 1 signal block is assigned to a branch, we demonstrate
that MTC-DUSTM has a better BEP performance when the Fig. 1. Block diagram for MTC-DUSTM.
two schemes have the same number of states.

schemes have the same number of states.
1. INTRODUCTION The rest of this paper is organized as follows. In Sec-
tion 2, DUSTM is briefly reviewed. Performance analyses
are given in Section 3, with design criteria proposed accord-
ingly. Systematic code design and examples are presented
in Section 4 and 5, respectively. Conclusion is made in Sec-
tion 6.

Unitary space-time modulation (USTM) [1], has received

much attention for its potential in realizing high data rate

transmission in a multiple-input multiple-output (MIMO)

wireless communication system, where the channel state in

formation (CSI) is unknown both at the transmitter and the

receiver. Later, a differential USTM (DUSTM) scheme was

proposed in [2]. By making use of Ungerboeck’s idea of 2. DIFFERENTIAL UNITARY SPACE-TIME

“mapping by set partitioning” [3], a power and bandwidth MODULATION

efficient trellis-coded USTM (TC-USTM) was proposed in ) ] )

[7,8,9]. In[10], atrellis-coded DUSTM (TC-DUSTM) was Consider a MIMO system withl/ transmitter andV re-

proposed. In all these trellis coded schemesingleunitary ~ ceiver antennas. In [2], the unitary space-time signal con-

space-time signal block is assigned to a trellis branch. stellationV, = {V,l = 0,---,L — 1} is designed to be
Assigning multiple (¢ > 2) signals to a branch was an Abelian group under matrix multiplication. Each signal

first proposed for single-input single-output (SISO) systems ©f V1. is constructed cyclically according 1 = Vgl =

[4, 5]. In this paper, we extend it to MIMO systems and 0.+, L — 1. L = 2" denotes the signal size, whefe

propose multiple trellis-coded DUSTM (MTC-DUSTM) by 1S thg |nf0rmat|on. ratg in bits per channel u$g.is aM x

assigning multiple signal blocks to a branch. The system M diagonal matrix with elementsep[i(27/ L)u., ], where

model is shown in Fig. 1. We first present the derivation 4m € {0, ,L—1},1 <m < Mis aset of integers found
of the decision metric for the coded sequence detection inby making thedissimilarity ¢, = 3 [1,,,_; om (Vi = Vi)™

an ideally interleaved Rayleigh flat fading channel. The aslarge as possible for &li# I, whereo,, (Vi- —V;) denotes
formulae for the pairwise error-event probability (PEP) and the mth singular value of the matrix;, — Vi. As ¢, =

the bit error probability (BEP) are also derived, which sug- | [T, sin(mum (I — I')/L)[*/™ [2], ¢ is a function of
gest the design criteria for the MTC-DUSTM encoder. Ac- thesignal index intervald; ;; = (I’ — I)modL and can be
cordingly, a systematic code design method has been prodenoted ag; ;; = ((A;1). ¢ = mingyeqo,... . 13 G de-
posed. Through computer simulations, we demonstrate thatermines the average block error probability and is referred
MTC-DUSTM outperforms the TC-DUSTM when the two to as thadiversity producin [2].
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The general idea of TC-DUSTM [10] is to partitidvy, derived as\ = pMN(p + 2)I,;. Therefore the pdf of,
into a series of subsets such thatdtincreases after succes- givenV;_ is
sive set partitioning. Therefore a “mapping by set partition-
ing” rule analogous to that in [3] can be applied. After com- p(ffT|Vz~T) =
bining with a convolutional encoder with memary a rate
ﬁbl TC-DUSTM encoder witl2” states is formed, where
b = RM denotes the information bits per signal block.

exp{—tr(A~' (Y — pNV; )(Y; — pNVz )1)}
TMXN detN (A) '

(6)
Assuming an ideal interleaving, elementdi = {Y,, 7 =
1,---,K} are independent. The joint pdf & X given
VEisp(YK|VE) =TI, p(Y+|Vz,). Notep(Y;|Vs,) =

3. PERFORMANCE ANALYSIS AND DESIGN p(?T“/gT). The ML sequence decoder can be developed as

CRITERIA FOR MTC-DUSTM

K
i VE —ar max tr{Y, VI +Vv, YI}. (7
3.1. ML Sequence Detection mi szTe{%,~--,VL_1}; {2V +V. Y7} (7)
As shown in Fig.1, suppose a multiple trellis-coded sig-
nal sequenc& X = {V, ,7 = 1,--- K} isfed intothe ~ 3.2. Performance Analysis and Design Criteria
interleaver, with the output sequend® = {V; ,7 = ) )
1,---,K}. 7is the time index for each signal block and At the receiver end, suppose the decoder selects a different

2 € {0,---, L —1} is the data represented by each coded sequenc&™ = {V: ,7 = 1,---, K}. The length of an
singal. K = ¢ - k, whereq is an integer. The differentially ~ ©T0r event is defined as the number of places for which the

two coded sequences differ, i.e., the Hamming distance be-
tweenV* andV*. From (7), the PER(V* — V) of
S, =V. 5,1, (1) mistakingV* for VK is

transmitted signab, and the received signal . are [2]

K
Xr = VpScH+Wr. ) p(VE = V5) =p(>" D, >0) (8)
The initially transmitted signa¥, = I, isaM x M iden- =1
tity matrix. h; ;,1 < i < M,1 < j < N inthe channel  whereD, = tr{Y, (V. =V, )T+ (V2. =V, )Y} In[2],
matrix H are assumed to change continuously according to D, is the quadratic form used to derive the PBEP between
Jake’s model [6]. For differeritor j, h; ; are assumedtobe Vv, andV;_ . WhenV,_ # V;_, the characteristic function
independent. For a slow Rayleigh flat-fading chanigls of D, is[1, 2]
assumed to be constant during two consecutive signal block M N
intervals. In this period; ; are independent and identically Vp_(iw) = H [ 1+2p ] 9)
distributed (i.i.d) complex Gaussian random variables with T
zero mean and 0.5 variance in each dimension, denoted a8 here
CN(0,1). The additive white Gaussian noise at each re- 1 1+2p
ceiver antenna ifiV; is alsoCN (0, 1) distributed. p is the Am,r = [= + o) (10)
SNR at each receive antenna. The differentially detected 4 o,
signal sequence is ando,, - is themth singular value of the matrik, — V;_.
~ WhenV, =V, , Vp, (iw) = 1. Assuming an ideal inter-
Yr = XTXLNT =1 K 3) leaving, the quadratic formB..’s are independent for dif-
) L ferent7’s. Therefore the characteristic function 6f =
wheret denotes conjugate transpose. Substituting (1) andzf:1 D is Vp(iw) = [L. , Vp, (iw), wherer is the set
(2) into (3), we have of 7 for which V,_ # V:_. We can invert the characteristic

Y. ~ oV S, HHTST | 4 W, 4) function to find the pdf ofD and the PEP can be derived as
N 1 [ 1
K K —
where p(VE = VE) = M/Oodww2+1/4
W = /pV: S, 1 HW! |, + VoW, H'S!_|. (5) 1 ﬁ 1+2p flvl)
. o , pPoq (W +af, ;)
As S,_; is a deterministic unitary matrix§,_;H and H Tenm=1 ’ ’

have the same distribution. L#l = S,._;H. Entries At sufficiently high SNR, the PEP is upper bounded by
h;;;1 < i < M,1 < j < NinH are also i.i.d as MNC, M
CN(0,1). As E{h,, ,h, ,} = 61, p0n ¢ , Whered denotes p(VK N \‘/K) < 1 <8> H H g;ﬂN
the Dirac product function, we have{HH'} = NI,; and 2bmin \ p e m=l
E{Y,|V:.} = pNV;._. The variance of, givenV;_ can be (12)
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wheren,,;, denotes) along the shortest error event. (12)
indicates that the PEP error curve variepad/Vémi» . To
minimize the PEP, we have the following design criterion:
Criterion 1. ¢,,,;,, should be maximized.
As there aréhk information bits perk signal blocks in
a trellis branch, there arg’* paths emanating from each

G, G, G, G,
G, G, G, G,
G, G,G,G,
G,,G,;G,,G,,

S, 85

@) (b)

state. Ifbk > v, there are parallel paths between consec- Fig. 2. Trellis diagram for MTC-DUSTM. (a)/ = 2,2

utive states and,,;, < k. In this paper, we focus on this
case. Therefore it is desirable thay;,, = k.
We define¢=][,, . (., :, as theeffective diversity

product ThusT],., Iy _;0m=26"2MN. To mini-

mize (12), the minimum of of all the parallel branches,

denoted as§,,,;,», should be maximized. Therefore we have:
Criterion 2. £,,,:», should be maximized in the set formed

by the parallek-tuples.

It is also desirable that the PEP upper bound in (12) is

statesi = 2, (b)M = 3,4 statesk = 2.

we adopt the method in [5] to forn¥9 systematically by
9 ={V,;,j=0,--- ,L—1}, wheren € {1,3,--- , L —

1}. As for each subseV, @ ¥¢ 0 < i < L — 1, the
effective diversity products between any t@«uples is

C(A,1)¢(Anjn1),0<T#j<L—-1
(14)

§ = G ilnjoiniei =

the same when the parallel paths emanate from or end at difwhich is not a function of. Thereforet,,;,, for each subset

ferent states. Due to the fact thg};,, determines the PEP
at high SNR, the following criterion should be satisfied:
Criterion 3. &,,:», should be the same for the different
sets formed by the paralléttuples emanating from or end-
ing at different states.
An asymptotic BEP formula can be expressed as

o J)
1 .
Py 30 manVE —VE) a3
=Llpmin j=1

where J(¢) is the number of all the possible error events
having the same length m, ; is the bit-errors associated
with the jth error event with lengtld andp(V, — V)

is the PEP between these two coded sequences along the}t} wheren € {1,3,-
path. ¢’ is chosen so that most of the dominant error events ya ordered Cartesian

are included.

4. SYSTEMATIC CODE DESIGN

We make use of thé-fold Cartesian productgor the set
partitioning for MTC-DUSTM.

First consider the case & = 2. The Cartesian prod-
uct of Vi with itself V x V, forms the set{(15, V}),
(Vo, Vl), ceey (VL—la VL_Q), (VL_1, VL—l)}y with dimen-
sionL2. Let ®Y denote the sefV,,,,, -, Vin,_, }, Where
(mg, -+, mr_1) IS a permutation of the sequen( - - - |
L—1). Then®% = {Vyomiv s Ving @i} @ =0, -+,
L—1 are the cyclic shifted versions @ , where® denotes
addition modulo£. We defineorderedCartesian product as
VvV ®‘IIZL = {(VO’ Vmo@i)a T (VL—lv VmL—l@i)}’ thatis,

is the same and Criterion 3 is satisfied.

Now it is sufficient to only consideV , @ ®9 . To satisfy
Criterion 2, the optimal odd integer should be selected
such that¢,,;, in Vp ® \Il% is maximized. Therefore the
searching method is:

min
0<j#AI<L—1

max
=1,3,--,L—1

Cj,l(nj,nl (15)

Nopt = aIg
n

To further partition each subset into two subsets, we let
V0L/2 ={Ve;,j=0,---,L/2 -1}, Vi/g ={Voj41,5 =
0,---,L/2—1}and correspondinglyll%}Q:{VQj.n@i,j =

0, ,L/2=1}and® ), = {Vig 1) meinf = 0, ,L/2—
-+,L/2—-1},0<4i< L-—1. Thus

produdd , © V7, andV} , ®

VlL’jQ partition the sizeE subsetV; ® lIﬂ'L into two sub-
sets. For the resulting sizg/2 subsets, it is found that
f = C(AQj,Ql)C(Aan,2ln)7 0<l 7éj < L/2—1 Therefore
Criterion 3 is satisfied. In order to satisfy Criterion 2, (15)
can be employed (replacifgwith L/2) to find the optimal
n. Similarly, we can further partition each subset into two
“smaller” subsets successively.

The above set partitioning can be extended to the gen-
eral case easily wheln> 2.

5. EXAMPLES

We examine several MTC-DUSTM examples and evaluate

the BEP by computer simulations. We assume a single re-

a concatenation of the corresponding elements in signal seteiver antenna/{ = 1) and the information rate iR = 1

V, andWi. ThereforeV, @ ¥ 0 <i < L— 1 partition

bit per channel use. The normalized Doppler frequency shift

the setV x V into L subsets. This method guarantees is 0.0025. To make a fair BEP comparison, we employ a
that there are no identical signal blocks between any two 2-size2500 block-interleaver for all the examples.

tuples in one subset.
There arel.! permutations to formb? . For simplicity,

First we consider the case wheté = 2 andk = 2.
Therefore signal seVg is employed. According to (15),
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Fig. 3. BEP comparison between DUSTM, TC-DUSTM
and MTC-DUSTM & = 2), M = 2.

— - DUSTM
TC-DUSTM, 4 states
— MTC-DUSTM, 4 states

10 15
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Fig. 4. BEP comparison between DUSTM, TC-DUSTM
and MTC-DUSTM & = 2), M = 3.

Nopt = 1. Thus,\Ilg = Vg and the2-fold Cartesian prod-
ucts are

S():V8®‘Ilg {(VbaVO)a ,(V77V7)}

S;=Vs® ¥] {(Vo, Va), -+, (Vz,Vo)}. (16)

As there ar@®* = 16 branches emanating from each state,
a simple2-state trellis can be used to l&},;, = 2 and any
four of the subsets in (16) can be employed. In Fig. 2(a),
subsetsS,;,i = 0, 1,2, 3 are used. It is shown in Fig. 3 that
MTC-DUSTM with k£ = 2 has significant coding gain over
DUSTM and TC-DUSTM with the same number of states
(2).

We also present another example whafe= 3, k = 2
and signal seV ;4 is employed. According to (15),p: =
7 and the resulting subsets are

{(%7‘/0)5 T ,(V15, ‘/9)}

Go=Vis0 ¥

Gis = Vi@ U2 {(Vo,Vis), -+, (Vis, V&) }.

(17)

As there ar@*® = 64 branches emanating from each state
and each subset in (17) compriseselements, the trellis
structure should hav¢ states to let,,,;, = 2. We employ

all the subset&:;,i = 0,--- , 15, as shown in Fig. 2(b). We
show in Fig. 4 that from arount’>dB, the MTC-DUSTM
begins to outperform the DUSTM and TC-DUSTM with the
same number of stat€g).

6. CONCLUSION

We have presented the derivation of the PEP and BEP for-
mulae for the MTC-DUSTM scheme and found the design
criteria and a systematic code design method. The proposed
MTC-DUSTM has a better BEP performance over the un-
coded DUSTM as well as the TC-DUSTM, which has the
same trellis state number as that of the MTC-DUSTM.
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