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Abstract—In this paper, the performance of a bit-interleaved over space and frequency indices simultaneously. In afliti
space-time coding (BISTC) scheme is investigated for OFDM a combination of TCM with a STBC is also considered in

systems. The BISTC scheme considered here concatenates bit ; -
interleaved coded modulation (BICM) with the well-known space- 18] to improve the performance. Further, a grouped space

time trellis code (STTC) of [1]. The codeword of the BISTC time-frequency block coding (GSTFBC) based on OFDM

system spans space, time and frequency dimensions, while spatiasubchannel grouping [9] and constellation precoding [80] i
and temporal/frequency diversity are conveniently decoupled introduced in [11]. The objective of GSTFBC is to maximize

and exploited separately by the STTC and BICM, respectively. poth spatial and frequency diversity orders.
Performance analyses based on both pairwise error probability The second category of schemes is based on spatial do-

(PEP) and error bounds are conducted over a more general block . ltiolexi Spatial ltiolexi SM) i ft
fading channel that possesses both frequency and time divergijt main multiplexing. Spatial multiplexing (SM) is often em-

and of which the fast and quasi-static fading channels are two Ployed in conjunction with bit-interleaved coded modudati
instances. An improved error bound assisted with a limitation and (BICM) [12], and spatial diversity is exploited indirectly
uniform interleaver approach is derived and shown to provide through random distribution of information bits over diféat
much more accurate error rate estimation than the standard transmit antennas made possible by the interleaver opgrati

union bound in block fading channels. Both simulation and . ;
error bound analysis indicate that BISTC is ef cient in taking O coded bits. Such schemes have been proposed in [13]

advantage of available diversity. Simulation results also show [14] [15] [16] based on well-established codes, such as the
that iterative decoding/demodulation (IDD) in BISTC allows the convolutional code (CC), turbo code [17], and low density

frame error rate performance to approach the theoretical bond.  parity check (LDPC) code [18]. The original layered space-
time signaling and processing architectures [19] [20] dap a
fall in this category.

The BISTC scheme investigated in this paper for OFDM

In many wireless environments, signal fading causes sevegastems concatenates BICM with a STTC of [1] and, as such,
performance degradation and thus limits data rates, esfyecican be viewed as an extension of Cat-1 schemes. In this paper,
for broadband communications. Coding and diversity techwe shall be concerned with the performance of BISTC relative
nigues have been employed to combat the fading effecttim Cat-1 schemes only.
wireless communications. Traditionally, coding is typiga  While the STTC ensures a maximum spatial diversity order,
done in the time, frequency or space domain, and diversitye presence of BICM will help further exploit frequency
along only one of these three dimensions is exploited atdaersity, when available, in the context of OFDM. Broad
time. Recently, however, two or three dimensional coding hdiscussions [21] [22] have already been taken place tharcov
become the subject of intense research and many ideas alorige or less all conceivable arrangements of existing space
this direction have been proposed. time coding ideas; therefore, the particular concatenatio

One category of such schemes (referred to as Cat-1 schesw®eme considered here can hardly be viewed as a new idea.
hereafter) is based on the philosophy of coded modulatibfowever, we emphasize the practical signi cance of this par
(CM), making coding and modulation a joint operation to diticular concatenation, namely exible system architeethuilt
rectly map the incoming bits onto coded symbols over mutipupon known and available components. The main contribution
dimensions. Two typical examples of Cat-1 schemes are thiethis paper is the investigation and performance analysis
original space-time trellis code (STTC) [1], and the spacerovided for understanding of the additional time-frequen
time block code (STBC) [2] which is a generalized version dafiversity effect that this particular form of concatenatio
Alamouti's orthogonal design [3]. In [4] the applicationtbe BISTC, can achieve on top of the spatial diversity advantage
STTC to the fast fading and multipath channel are considerelat the STTC already provides. GSTFBC, the Cat-1 scheme
but in general a STTC or a STBC designed for narrow bamd [11], guarantees maximum frequency diversity order via a
will not exploit the extra frequency diversity available indirect and explicit frequency diversity maximization tadue.
broadband channels. Thus, a space-frequency code (SFCWisen used in OFDM systems, the present BISTC scheme
proposed in [5] [6] to be used with orthogonal frequencglso attempts to take advantage of the available frequency
division multiplexing (OFDM) [7], so that coding is donediversity but rather through an indirect way of relying on
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random distribution of coded bits across different subeesr BISTC

subject to independent fading. Thus, the GSTFBC approachu A i

can always lead to a superior performance relative to BISTC | "L ECC[——12] STTC : Y
discussed here, but the latter provides a higher level dafdes
exibility in that it utilizes known and well-establishedffe
the-shelf components.

Another contribution here is that we generalize the pagwis ECC . STTC
error probability (PEP) analysis to a block fading channel™ | Decoder Decoder
where a codeword may span multiple quasi-static fading (
blocks. This is a convenient, albeit crude, way to paranester
the Doppler effect in otherwise quasi-static packet-dgdn Fig. 1. System Model of BISTC
transmission systems so that the time diversity effect argpe
explicitly in the PEP analysis. We note that time selegtihias
been previously considered in the PEP analysis of [16], it t2dopt a more general block fading channel model of [30],
channel model there was based on the series approximatdich assumes that a frame may span multiple independent
of the Doppler effect and is different from the block fadindading blocks each of which lasts fdig symbols. This
model used in the present paper. We note, however, thatm@del can cover the potential scenarios where there emits ti
both analyses the time diversity parameter appears asa fagtiversity due to e.g. Doppler effect. While more physically
in the diversity exponent in a consistent way. accurate model exists for Doppler, this model allows theetim

Finally we provide an improved error probability boundliversity parameter to appear explicitly in the PEP analysi
in this paper well-suited to the analysis of the presentedVe denote the channel coherence time and coherence band-
concatenation scheme. While the PEP analysis is useful\ifith by T. and B, respectively, and the OFDM symbol
understanding the interplay between coding and divertigy, duration and the subcarrier spacing in frequencyTgyand
error bound need be evaluated in order to capture the moré. respectively. We also leM represent the number of
accurate performance of the system. There have been sGy@carriers in an OFDM symbol and/ the total signal
investigations on the error bound of a STTC itself. For faandwidth, i.e.W = M f. . _
fading channels, the standard union bound is shown to bg tigh ASSUmeTc = Ty, thenNg = M where is an integer
and available in [12] [24] etc. For quasi-static fading ahels, number. Also assume the codeword lengtiNis= N g =
this union bound is very loose due to the fact that therd¥ . with  denoting the number of independent blocks a
exist no dominant error events [25]. Recently, an exputgatEOdeWOVd spans. Similarly, the order of frequency selégtiv
distance spectrum for the STTC was proposed in [26], bigt de ned asL = W=B. = M =B, and soM =L V
the expurgation alone is insuf cient to obtain a tight boundvhereV = B¢= f. The parametet denotes the number of
Furthermore, a "limit before averaging” technique was &gpl independent frequency— at channels over the signal badﬂv.yl
to the upper bound, independently by [27] and [28], all basdde parametel; is usually speci ed as the number of taps in a
on the idea originally proposed in [25]. However, obtainin{PPed-delay-line channel model [32]. Note that whers 1
the error bound of BISTC for general block fading channel§€ channel reduces to one of at fading where the motivation
poses new challenges. For example, the existing approacl¥sOFDM does not exist.
based on simple error events and transfer function are ot System Model

applicable; instead the weight-metric enumeration fuomcti In Ei . . .
. ... In Fig.1, a BISTC scheme is depicted as applied to MIMO-
(WMEF) of the STTC must be found to be combined WltQ)FDM with nt transmit andmg receive antennas. The

the distance spectrum. of the outer code, an_d thg WMEF hcahsannel between each pair of transmit and receive antenna is
to be computed at different stages by taking into account

the time selectivity of a general block fading channel _Imodeled as a block fading channel described above. OFDM
) 1y 9 . 9 - thodulation and demodulation are performed by IFFT and
this end, we derive a bound with manageable computatio . : .
L : S T, respectively, and the guard interval is assumed to be
complexity, involving the limitation method as well as th

i £ unif interl 29 d show its tight . L. An error-correcting code (ECC) is chosen together
hotion of-unitorm n ergaver[ . and show its tightness 'with a STTC to form BISTC. The iterative decoding and
both fast and block fading channels.

demodulation (IDD) is optional.
Il. SYSTEM CONFIGURATION Each component of the complex-valued BISTC codewqrd
Xi (k), denotes the symbol transmitted on tih subcarrier

A. General Block Fading Channel Model . : )
The f lecti d slow fadi h I . Ifrom the nth transmit antenna during tjeh OFDM symbol
© :eq“den.cy'tie e?tg’e and s OI"V ading annet'séymclawithin theith time block, where the 3-D indices adk>; 1
encountered in the indoor wireless environment. By sloy\, "o 1 0 ] and<i:j> 1 i 1 ]

fading we mean that the channel is invariant during at least Orhen the BISTC codeword is de ned in a matrix form:
OFDM symbol period. In the literature, block fading usually

means quasi-static fading, which assumes that the chann&l= [f(i{zﬁ} f(i{zﬁ T( 1 iz X }] 2 ct Ne (1)
stays invariant for the whole frame period. However, here we -
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where 3 and irj]k = Xj (k) ] (K).
xﬁ (1) x% (M) Further, we represept (M) in 'Fhe form of vectors and matrices
: : % 20 ML (2) After some manipulations as in [11], we have
nr nr R
W XM (xi2)= g Ag, ©®)
However, the notation above is a bit cluttered; the indices m=1 i=1
i;j andk can be mapped into a discrete virtual-time index
so that the 3-D STF coding becomes a 2-D space-virtual-ti
(SVT) coding, as discussed in [11]. The conversion is giv

by

Xij =

Mbere A; 2 C"TL "TL is a nonnegative Hermitian matrix,
&pming from the codeword difference matrix and the Fourier
transform matrix. Examples of ho#v; is de ned can be found
below in 1lI-B. After the diagonalization ofA; and averaging
t=(i 1) +j 1M +k forl1 t Nc (3) of (6) over all channel realizations, the PEP is obtained as

The two representations are completely equivalent, antl wil 0 v 1 me
be used interchangeably hereafter when no confusion arises .

A general multiglicati)\//e model is applicable to both at Pxt #) @ (L+ i Es=aNo)A - O
fading and frequency-selective fading channels, as long as
OFDM is used in the latter case. Thus in (4), the discreteetting R(x;®) denote the set of 3-D indices n nt,
form of the received signal by thmth receive antenna at1 i andl | L such that ,; 60, where  are the
virtual-time slott is: eigenvalues ofA;. Letr(nt; ;L ) denote the cardinality of

X p__ R(x;%), and , denote those nonzero eigenvalues, we further

'm(t) = EsHnm (t)X{1 + m(t) 4) bound (9) as

n=1
where 1, (t) is circularly symmetric complex Gaussian noise r(ny: k) N
with zero mean and variandgo=2, x{' is the symbol trans- P(x! ) @ pA (Es=4Np) "(Mrit)me:
mitted from antenna at slott andEs is the average energy p=1

(10)

per symbol. . o

Note thatHnm () Ham (i:j: k ) is the frequency response Following [1111‘g$n“?fff$d r(nr; L) mg andGc
of the channel between transmit antemnand receive antenna r(:an k) P " as diversity advallj_}age and coding
m, for kth subcarrier of th¢th OFDM symbol within théith  54yantage, respectively. Sincént; ;L ) = o T(AY)
time block. If we letgr, =[gn (i:1);  ;9m(L)IT, where | ‘the highest possible diversity order(is; L mg),

Om (51)=[Gm (i;1); G, m(i;1)]7 denote thdth-tap time \yhich is sometimes used to approximéig in pragmatic code
responses of the channels between all transmit antennas &é‘é’ign. Equation (10) also implies that the individual civty
the receive antenn@, during time blocki, thenHnm (i5j;k ) order in each of the three domains can be traded with one

iin;l 2R (X;R)

meg

can be computed as another, as long as their product is xed. This observation
. _ _ ~ is consistent with that of [16], where the Doppler effect was
Hom (5K )= gam (i;1)e 12 (¢ DA DM (5) jncorporated via series approximation.

I=1
which is modelled as a complex Gaussian random variabR, Remarks

assuming Rayleigh fadinddnm (i;j;k ) is invariant over all  Given mg, the diversity advantag&y depends on and
]'s because the channel time respomgge is constant within  the rank of eachA;. Next we illustrate how BISTC and the
theith block. original STTC or STBC might achieve differei@q, using

1. PAIRWISE ERRORPROBABILITY ANALYSIS some example's with an arbitrargr andnt = 2. We focus
A. Pairwise Error Probability (PEP) on the at fadmg c'hanneIsL( = LM = D 'here, so the

) . . . frequency diversity is ruled out of consideration.
Consider an error event associated with a pair of symbol S . _
. . : Quasistatic Channeidn this case, =1, the codeword

sequence® andx. Assuming channel state information (CSI) . o _ G
) . o difference matrix in (8) become& = BB ", where
is perfectly known at the receiver, the conditional PEP over

this error event is approximated by the Chernoff bound 5= i3 %lc
- 2 2 2
P(x! ®H) = Q P ( X;R)Es=2Ng o2 Ne
exp( ( x;R)Es=4No) (6) It has been shown that all possibte of the STTC [1]
and the STBC [3] have full rank, thus both the STTC
where the distance x;%) is de ned as and STBC will achieve the diversity advantage2nfir .
Xr X X W Xr 2 Since Gy = 2mg is the maximum diversity advantage
( x;%) = Hom (i k) i (7) available here, concatenating a STTC/STBC with BICM

m=1 i=1 j=1 k=1 n=1 to form BISTC will not improveGq at all.



Fast Fading Crlx_annei%m this case, = N, =1, The PEP analysis here is general and subsumes previous
and ( x;%) = %, {\‘;l gt," A gl,, whereg!, = PEP analyses in the literature. For example,# 1, it reduces
[91m (1) gom (D)]T and to that of SVT coding in [11], and if = 1 it reduces to those
1 of the SFCs in [5] [6]. IfL = 1, the assumption of OFDM
A= 54 is not necessary and the PEP analysis here reduces to that of

. . the original STTC of [1].
Obviously,A has a rank of 1, and the PEP (9) becomes
!

mg IV. ERRORBOUND PERFORMANCEANALYSIS

P(x! %) (1+ Es=4No) © (A1) The error bound evaluation involves both the PEP and
2R 1 distance spectrum of the ECC and the STTC. The union bound
It follows that = j {j? + j 2j2, denoting the nonzero on the frame error probabilitp; may be calculated as:
eigenvalues ofA, and R; denote the set of-indices VA 1 X X
such thatA; 6 0. The cardinality ofR 1, jR 1j, indicates Ps —
the number of positions whergx;R) are different. So H IS X R6x

jR1j is also called the "hamming distance” of the code .
and denoted as (w), wherew is the hamming distance wherejSj denotes the number of the whole BISTC codeword,

of the input information bits associated witk; ®). For a andf (H) is the jpint probapility Qensity function (paf) of
STTC/STBC, the minimum distanagy (1) corresponds all chann_el coef cients contamed iH . The_Chernoff bounc_j
to the error event witlw = 1. For BISTC, the minimum for PEP in (6) can still be applied to obtain the asymptotical
distance isdy (d ), whered; denotes theree distance behavior of (1_3). However, in order to tighten the bpun_d, an
of BICM. Usually dy (df) > dy (1) is guaranteed by exact evaluation oP(x ! RjH) based on aQ-function is

the code design, so BISTC will achieve higher diversitﬁmployeldF@?re' Using the Craig's formulation 1(x) [33]:

[y
[ N lad ™
TNTN

P(x! RjH)f(H) dH  (13)

— =2 —9 i
advantage than the original STTC/STBC. Q)= = o "exql "XZ‘Z sin )d , (13) becomes
Block Fading Channelsin a general block fading case, Z 1 X X 1 Z . ( x:R)E #
the PEP (9) becomes P — = exp( ——>>)d f(H)dH:
NERY) P ome HIST | pex 0 4Ny sin
P(x! R) (1+ ipEs=No) : _ (14
2R 5 p=1 In the standard approach, (14) is evaluated by changing the

(12) order of summation and integral and averaging with respect
The ip's are eigenvalues oA, which has a similar tof (H) rst. Assuming Rayleigh distribution and making use

form as in the quasistatic case; = B;B", where of (9), we get
1 1 1 2 3
B. = i1 02 i:N g . 127 1 X X Y  E mR
I |21 |22 |2N s ' Ps — 4 _— 1+ Lz 5d:
o IS 4N sin

The design of the STTC/STBC guarantees thatis full X REXR(x;R)

rank as long asA\; 6 0. The set ofR, denotes those . . (15)
i-indices whereA; 6 0. For the original STTC/STBC, For the sake of simplicity, we will focus only on the at fad-

however, it is possible that only one out of theA;'s is N9 (L = 1) case. More investigations on frequency-selective

nonzero because the minimum error event is associafd"nels can be found in [23]. For fast fading channels, (15)
with a information bit sequence ofv = 1, so that San be computed based on the transfer function approach [24]

jR2j = 1. For BISTC, if the free distance of BIC This union bound is tight in this case, but for general block
which is usually’satis ed. and with an appropriatéading channels including the quasi-static channels, thieru
interleaver design, it is reasonable to assume that thgUNd (15) will be very loose, and sometimes even diverge.

nonzero symbols are spread over the whole Codewopa)erefore, a limitation method can be applied to (14) as
in [28], to obtain

and so thatjR,j = . Thus BISTC usually achieves 5 3
higherGq4 than the STTC/STBC in block fading o 1. Z Z_ .x X
. . : . , 1 21 ( X;R)Es
The extension of above discussions to frequency-selectpe min41;= — exp ———2o)d 5
channels I > 1) is straightforward. For example, the in- H o ISI | 464 4No sin
ef ciency of Alamouti's scheme to exploit the frequency f (H)dH : (16)

diversity in broadband OFDM case is investigated in [5],

while BISTC composed of STTC and BICM with a largeThe basic idea behind this limitation is that the conditiona

effective distance is obviously effective in exploitingdgtibnal union bound is only used when it gives reasonable results

frequency diversity as well as spatial diversity. (such as less than 1), otherwise it is upper bounded by 1.
Furthermore, the exploitation of time-frequency selectivDue to the minimization, the order of integral and summation

diversity and spatial diversity is decoupled in BISTC, alsm (16) can not be interchanged and the multidimensional

due to the concatenation of BICM with the STTC. numerical integral has to be carried out.



Furthermore, the BISTC technique can be considered a$l8). Instead of nding them individually for each error ete
guasi-regular code based on the criterion in [34], becauseme compute the summations in (17) and (18) as a whole. Here
consists of a linear coding and a mapping. Thus the boune de ne the weight-metric enumeration function (WMEF) of
can be computed assuming that an arbitrary codeword sBISTC as X
as the all-zero codeword is transmitted. Then in (16) ondy th BC()= A M () (24)
nonzero codewords instead of all pairs of codewords need to
be counted. Denote the value  ( 0;x) as the distance gnd the conditional WMEF of BISTC as
between codeword and the all-zero codeword, and de ne a X
metricM( ; )= ex( Es=Ngsin? ) for , then (16) Be()=  Aw M () (25)
becomes " " jw

Za . 1 Z,x where the set “jw” only picks up those 's corresponding
P ’ min 1 — . A M( ;)d f(H)dH (17) {0 a particularw. In contrast to the original WEF de ned
in [29], the WMEF here is based on the Euclidean distance
where the multiplicityA denotes the number of codewordsind the dummy variable in the WEF expression in [29] is
with distance . Straightforwardly, the improved upper boundeplaced byM ( ). Clearly the WMEF here is a function of

for BERis 4 . Nevertheless, the explicit expression\f ( ) in a product
Z 1 V4 X X W form makes it convenient to evaluate the WMEF from the state
Py min 1; = WAW; M( ; )d transition matrix of a STTC. This will be illustrated in the
H 0 w following.

f(H)dH (18)
B. WMEF of BISTC
whereA,,. denotes the number of codewords with distance

ted b inf tion bit f weightnd Every codeword of BISTC is a sequence composed of
generated by an information bit sequence of wewhand  grre symbols, so the error events analysis of BISTC bagicall
N is the frame length of the information bit sequence. In th

followi il di how t te th b Coincides the analysis for a STTC. However, the concatemati
oflowing, we will discuss how to compute these upper Ounc{?/ith the outer code via an interleaver changes the weight
A. ComputeM ( ; ) distribution of the input sequence to the STTC, and so manage
corresponding to a particular error evenfo reduce the frequency that shortTIength error ev_entsdrmpp
can be written as Due to the dif culty to ch_aracterlze a specic m_terleaver
! in the error bound analysis, a popular uniform interleaver
X X  Xr o _ .
- . i HA qf 19) concept [29] is employed.
1 gm [ gm ( fe) o
Let Ay and A}, denote the number of outer codewords

The distance

i=1 i=L  m=1 ;
h : PImR i HI i bstituti ) h with Hamming weightd and the number of such codewords
where | = 3 Om ' AiOp. Substituting (19) into the generated by an information bit sequence of weightre-

expression foM (- ; ), we have spectively. Similarly, letAST denote the number of STTC

codewords with the distance generated by a bit sequence

M(C )= Mi( i) (20)  of weightd. Following [29], the WMEF of (24) and (25) can
i=1 be written as
where X N=R ,
e Es | BE() = AZ BJ'()= d
Mi( ;)= ex —_— 21 d
i€ i) . TN (21) X r.
- . . o By() = AJg B§' ()= d (26)
Within the ith block, the channel is quasi-static anfl gs diw
xed. So besides the metricM;( i; ) is determined by p _ -
A;, which is the codeword difference matrix within thth Where B§T( ) = ASTM () is the conditional
block: WMEF of a STTC similarly de ned as in (25), anR, is
j 12 1o 3 the code rate of the outer code. Therefore, (17) and (18) can
Xe Xe ! C be rewritten as
Ai= Ay = : : £. (22) Z 17 #
1= = i Py min 1;= . BC()d f(H)dH (27)
H
Then (20) becomes Z ) Z _x #
1 =z W
Y ¥e wr i HpA . g Py min 1,= —B&()d f(H)dH: (28)
M( ' ): exp ES gm A2|J gm (23) H 0 w N w
o 4Ny sin
i=1j=1 m=1

Note that in at-fading cases the integral variable will be
After M () is expressed as (23), the multiplicity d ( ), changed fronH to g. The above derivations clearly illustrate
A andA,. , need be found to evaluate the bounds (17) atbw the WMEF of BISTC is computed by combining the



WEF of the outer code and the WMEF of a STTC through ahe correct sequence for only once. In [28] it is shown that
uniform interleaver. the expurgated bound is still an upper bound while it reduces
Assuming an outer convolutional code (CC), its WEF catthe computation load for a 2-state STTC. However, here we
be typically obtained from its state diagram by an algorithmio not employ the expurgation approach for the following
in [29]. Thus the key issue here is to nd the WMEF of theeasons. First, for a STTC with a larger number of states, the
STTC. It can be computed from its extended state diagramn-simple error events that can be ignored are only a small
as [28], which enumerates every pair of error event assumipgrtion of all error events, so expurgation will not redube t
each codeword is possibly transmitted. However, since aCSTTomputation complexity much in this case. Second, for ganer
is quasi-regular, an equivalent approach based on the sfateck fading cases, expurgation is not appropriate, simag e
diagram will be used, which only enumerates non-zero errevents that happen to stop at the zero state but diverge again
events assuming the all-zero codeword is transmitted andasw end up at some other states should also be counted to
has much less computational complexity. The steps of ndirrt_:pmputeSiNB( ). Third, due to the interleaver, it is more
the WMEF of a STTC are described as follows. reasonable to evaluate the WMEF based on all composite error
Consider a STTC in [1] witl2" states. For théth fading events instead of only the simple error events.
block, the single-step transition from the stateto the state  2) Truncation: In practice, counting all error events is
sy is labeled by the single-step branch met¢?( ), ;b2 ynnecessary. With the limitation applied, the error bounds
f1,2,  ;2'g (27) and (28) converge very quickly and so again we only
( g Qm E.g " A® g, need to deal with some dominant error events. A theoretical
|\/|ialb( )= l m T 4NgsinZ . explanation for this convergence behavior is not compjetel
0 otherwise understood at this point. Due to the convergence, these trun

i ] b ) (29) cated bounds are still the upper bounds, which will be shown
wherel is a dummy variable and™ is the Hamming weight i section VI to be tight with simulation results.

of the input bits for the transitios, ! s,. The matrixA &

has a similar de nition asA; in (22), while A associates

with s, ! s, and keeps unchanged irrespectivejofThe V. DESIGN OFBISTC SrsSTEMS

single-step state transition matrix of a STTC for tlie block

is denoted bySi()  [M( )], with M () as the entry A. Design Principles

at row a and columnb. Note thatM3°( ) for differenti's

share all parameters except fif,, thus it need be computed Similar to existing space-time/frequency (STF) schentes, t

2 exp if sa! sp exists;

individually. general design criterion for a BISTC system is to maximize th
If we compute theNgth power of the matrixS;( ), i.e., diversity advantagésy and coding advantag€.. However,
SNe ()1 , then the entry at rova and columnb of as indicated in [16] for a LDPC-coded spactial multiplexing

Si}\‘B () is an aggregation of some “partial” error events, eactystem, a systematic design is usually dif cult, due to vyde
of which starts froms, and ends as, during theith block. varying fading proles of the wireless channels and the
Note that unlike [28] we do not have to store the distang@ssumption that CSlis known only at the receiver. A pragmati
for each of those error events in that aggregation, instead @pproach is to maximizémg nt L) to achieve as
only need to store the metric summation of groups of errgruch overall diversity order available to BISTC as possible
events having the same input weigtit This modi cation The parameterar andmg are usually predetermined, and

enormously reduces the complexity and storage requireménd L can be chosen judiciously based on the performance

of the algorithm. requirement and available system resources (such as chan-
Next we c@npute the product of all matrices ofS]'® (), nel bandwidth, latency constraint of the receiver cirgulitr
ie,S()= ", SMe (). The entry at rowa and column FFT/IFFT size constraints, etc.). For channels with giTgn

b of S( ) will carry the information of those “complete” and B¢, increasing L means longer codewords, whereas
error events starting frons, and ending atsp, during the increasingL means a larger signal bandwidth occupied and
whole frame. In practice, all error events both start frord arincreasing means longer latency. Also, an ECC with larger
terminate to the zero state, hence we only need to keep gitective length will likely to improve the coding advantag
entry atthe rst row and the rst column o®( ). As explained Gc. The work of [1] has shown tha&. can be improved with
before, this entry is the enumeration of all error eventhwi@n increasing number of states in the STTC trellis.
different input weightd and output distance . Arranging In typical applications the signal bandwidth is always xed
them according to thed, we can combine these metrics wittHowever, in some potential applications such as the high-
the WEF of the outer code as (26), and so evaluate the bousdeed wireless LAN (WLAN), some excess bandwidth can
(27) and (28). possibly be utilized (for example, there exists a 200 MHzklo
of unlicensed spectrum in the 5 GHz region), and existing
channels can be "bonded” (i.4., is increased) to improve
1) Expurgation: The expurgated bound [26] is based offrequency diversity at the expense of a complexity increase
the simple error events, which diverge from and reemerge (iacreased code length and FFT/IFFT block size).

C. Numerical Considerations



B. ECC and lterative Decoding and Demodulation (IDD)irA. Comparison of BISTC with Known Space-Time/Frequency
BISTC Codes

- 1) Varying Time Diversity:The results forL = 16, =
. Due to the use of Bl.CM’ the ECC in Fig.1 can be choseP 2;4 are depicted in Fig. 2. It is veried that the STTC
independently from existing popular codes. In most cas§s

: . e . of [1]), the SFC (of [6]), both with 16 states, and GSTFBC
convolutional code (CC) with a Viterbi decoder is good erfou Br: [11]) do not benet from the increased time diversity,

to provide satisfactory performance. For example, the IE While BISTC improves with the increased We only show

802.11a physical layer standard [31] chose deefacto64- _ A
state rate-1/2 CC with generator (133, 171), on which ome curves of =1 for the STTC, SFC and GSTFBC in Fig. 2,

investigation is also based. In some cases, siterative’esod> "¢ the curves with different are indistinguishable. To be
ore specic, all other three schemes outperform the STTC,

such as turbo code and LDPC code can give better error per
. . g pand GSTFBC withLq =4 performs similarly to BISTC for
formance, or achieve a higher data rate without performance 1. BISTC, however, achieves a gain of 3 dB and 2 dB
degradation [35]' ) N ) when changes from 1 to 2 and from 2 to 4, respectively.
At the receiver side, as shown in Fig.1, demodulation an 2) Varying Frequency Diversity\We assume. 16, For
decoding can be performed in an iterative manner [36], Wi@STFBC, we X Ly =4 to maintain reasonable decoding

extrinsic information exchanged between the demodulatdr acomplexity irrespective of the value chosen for From Fig.
the decoder(s). According to [13], the exchange of exlminsi,)’ it is seen that the SFC, designed as an improvement of
information redupes the di.sta_me I_OSS resulting_from the b{he original STTC for frequency selective channels, exploi
to-symbol mapping, so this |terat|ve_ strategy improves t%q least some of the available frequency selective diyersit
performance in both AWGN and fading chanpels. Althougg obviously bene ts the least from the increased fregyenc
not presented here du_e to the space consfraint, we Obseraﬁ/grsity resouce. GSTFBC gets better improvement, but als
that IDD can further improve the performange of BISTCE)ene ts little whenL changes from 32 to 64, due to the xed
for bath C.C and 'Furbo. code, but more dramatically fgr CcitonstraintLd = 4. Note that BISTC outperforms the SFC and
Over.aII, with IDI_D |terat|on§ of 5 or more, turbo code did NoLsTERC by 5 dB and 2 dB, respectively, for= 64 which
provide any noticeable gain over CC. corresponds to the expansion of the original bandwidth loy fo
times (from 20 MHz to 80 MHz).

VI. SIMULATION AND NUMERICAL RESULTS B. Performance Comparison BISTC and the STTC Based on
Error Bounds
The OFDM system investigated here is the one specied F ST ;
. or the sake of simplicity, BISTC considered here has a
by the IEEE 802.11a physical layer standard, witdre= 64, simpler outer code of rate-1/2 (7, 5) CC and a shorter bit

G = L and the frequency spacing between SUbC""mersillﬁerleave size of 256. We compare the simulated performanc

f = 0:3125 MHz. In most cases we assume that tth the STTC and BISTC (simulation of BISTC in this section

channel is static over four OFDM symbol periods, so th?st based on 5 IDD iterations), with the ML-based error bound

= 4. The gure of merit here is the frame error rate_ . ; ; . ; .
; . -derived in section IV. The signal-to-noise ratio is de nesl a
(FER), or a normalized FER denoted by block error probeybmrSN R = nrE<=No g
= <=No.

(BLEP), BLEP  FER= , which are usually more appropriate The result shown in Fig. 4 is for at fading channels

measures than BER in blogk fadin.g channe_ls. _ (L = 1). For fast fading, the standard union bound (15) is
The channel model considered in simulation is a multi-rgygistinguishable from the improved bound (27), and both
exponential-power channel, in which each of thechannel of them are tight with the simulation results. For block

taps is i.i.d complex Gaussian random variable with zergyging channels with more realistic block lengths, such as

mean, and variancelz' =@ e TTme) e 0 DLTTme " 16: =4 andNg = 64; = 1, the union bounds
for1 1 L.Tms is the root-mean-square (rms) channgdierge and are useless. However, as shown in Fig. 4 the
delay spread. Here we choo$gns =30 ns, andT, =1=W  improved bound can still estimate the simulated perforraanc
is the sample period. very accurately. On the other hand, the derived bound also

We shall compare BISTC scheme with existing spacealidates the observation in Fig. 2 that BISTC takes adegnta
time/frequency schemes. The paramétgfor GSTFBC is the of the increased time diversity while the STTC does not.
“assumed” channel order for design, irrespective of theact The result shown in Fig. 5 is for frequency-selective quasi-
channel order. To make the comparisons fair, all examples gtatic fading channelsL( 1; = 1). Similar to Fig. 4,
based on the same spectral ef ciencyRyf=2 bit/s/Hz, which pesides showing the tightness of the derived bound, it lglear
means QPSK for Cat-1 schemes and 16-QAM for BISTC wilshows the STTC exploits some of the increased frequency
a rate-1/2 ECC. diversity whereas BISTC bene ts much more than STTC does,

We assume optimal maximum a posterior symbol demodhen the frequency diversity order changes fram= 1 to
ulation and subsequent soft-input trellis decoding in ales L =4.

(and soft-input and soft-output trellis decoding whendz# We nally mention in passing that it is also certainly
is used). conceivable to use a STBC, such as the Alamouti's scheme [3],
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Fig. 2: Comparison of STF scheme for different time divgrsitFig. 3: Comparison of STF schemes for different frequency
orders,Rs=2 bit/s/Hz,nt =2;mr =1;L =16;M =64 diversity ordersRs=2 bit/s/Hz,ny =2;mg =1; =1

in place of the original STTC of [1] in the BISTC con- (3
catenation scheme under investigation. Although not sho
here, we observed that the STBC-based BISTC perform
comparably to STTC-based BISTC, when IDD was employe
Without IDD, however, we observed that STBC-based BIST °
performed better. The STBC is based on the Alamouti schel Tl
applied to each pair of subcarriers taken from two adjace
OFDM symbols, occupying the same frequency bin [37]. *

—— STTC, Bound, fast
* STTC, Simu, fast \
4|| — — BISTC, Bound, fast | X “
VII. CONCLUSION 0 BISTC, Simu, fast N +
__ STTC, Bound, me1,4 N
We considered a BISTC scheme which concatenates BIC e At X
with known ST codes for OFDM, in order to guarantee th o BISTC, Simu, m¥1 AN
. . . . . . . +- BISTC, Bound, n¥4 N
spatla! diversity while exploiting thg available tlme<11uzelncy A BISTC. Simu, mea N
diversity. The performance analysis for general blockiffgd 1%, - > o = e - > 24

channels are given. An improved error bound for BISTC |
derived by applying the limitation approach to the standard
union bound, and combining the WMEF of a STTC and theig. 4: FER bound and simulation of a STTC, and BISTC
WEF of the outer code through an uniform interleaver. THeased on rate-1/2 CC (7,9Rs =2 bit/s/Hz,nt = 2;mg =
bound is shown to be able to accurately capture the perfdrl =1, for fast and block fading channels

mance of BISTC. Comparisons with other existing techniques

based on ST coding show that the BISTC scheme has merits.
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