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ceent developiments in communications
are driven by several things: 1) high

tween two portable terminals that
may be located anywhere in the
world, 2y the vision of a single
phone thar acts as a eraditional cel-
lular phone when used outdeors and as a conventional
high quality phone whenused indoors [3], and 3) the ueed
for access media to the homes ether than the conventional
copper phone lines, The grear popularity of cordless
phones, cellular phones, radio paging, pertable comput-
ing, and other personal communication services (1'CS)
demonstrates vising demand for these services. Rapid
growth in mobile computing and other wircless data ser-
viees is inspiring many proposals for high-speed data ser-
vices in the range of 64-144 kby/s for micro cellular wide
area and high mobility applicarion and wp ro 2 Mby/s for in-
door applications [4]. In addition to mobile applications,
fixed wircless access (FWA) technologics ofter the promise
of bringing high quality telephony, high-speed Internceac-
cess, multimedia, and other broadband services o the
homic over wireless links [B3, [6]. Rescarch challenges in
this area include the development of efficient coding and
maodulation, signal processing technigues to improve the
quality and spectral efficiency of wircless communications,
and better techniques for sharing the limited specttum
amony different ligh capacicy users.

The intormation capacity of wircless communication
systems increases dramatically by empleying multiple
transmit and receive antenmas [1)], [2]. An effective ap-
proach to increasing daea rate over wireless channels is to
employ coding techniques appropriate to multiple trans-
mit antenias, nanely space-time cading.  Space-time
coding (8T'C) [31]-[43], |37 is a coding rechnique that
is designed for use with multiple transmie antennas. ST
codes introduce temporal and spatial correlation into sig-
nals transmirted from differeat ancennas, in order to pro-
vide diversity ar the receiver, and coding gain over an
unceded system without sacrificing the bandwidth, The
spatial-temporal structure of these codes can be explaited
to turther increase the capacity of wireless systems wid a
relatively simple receiver structure [44]. In chis article we
will review STC and its associared signal processing
framework,

The physical limitation of the wireless channel pres-
enes a fundamental rechnical challenge for eliable com-
munications. The channel iy subject o rime-varying
impairments such as noise, interference, and multipath
[7]-[13]. Limitations on ehe power and sive of the molsile
rermingl and of network terminating devices (NITDs) ina
FWA application is a sccond major design consideration.
Most personal communications and wireless services
portables are meant to be carried in a bricfease and/or
pocket and, therefore, must be small and ligheweight,
which translates o a low power requirement since small
barreries must be used. Although an NTDY in FWA apphi-
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data rate wircless communication be-

cations may have more signal processing power than a
mobile computing portable, power consomprion and de-
vice and antenna size are still a concern. TTowever, many
ot the signal processing techmques which may be used for
reliable communications and efficient spectral wiilizarion
demand significant processing power, precluding the use
of low power devices, Continuing advances in VI.ST and
application-specitic incegrated cireuit (ASIC) echnology
for low power applications will provide a partial solution
to this problem. Henee, placing more signal processing
burden on fixed lacavions {base stations) with relatively
larger power resources than the portable makes good en-
gineering sense,

Several divessity techniques have been emplayed in
wircless communication systems to improve the link mar-
gin, Diversity techniques which may be used include
time, frequency, and space diversity.

A Time Diversity:  Channel coding in combination with
limited interleaving is used o provide time diversity.
However, while channel coding is extremely eflective in
fast fading cuvivorments (high maobility), ir offers very lit-
tle protection under slow fading (low mobility and FWA)
vnless significant interleaving delays can be tolerated.

A Freguengy Diversity: The fact that signals transmitred
aver different frequencies induce different multipath sorue-
ture and independent fading is exploired o provide {ie-
quency diversity (sometimes referred to ag path divesity),
In time division multple access (T1IIMA) systems, fie-
quency diversity is obtained by the use of cqualizers [14]
when the nmltipath delay spread is a significant fiaction of
a symbol period, Global system for mobile communtica-
tion ((GSM}) uses frequency hopping to provide trequency
diversity. To direct sequence-code division multiple access
(DS-CDMA) gystems, RAKE receivers |15], T16] are
used to obuain path diversity. When the multipath delay
spread is small, compared to the symbol period, however,
{requency or path diversity does not exist.

A Space Diversity: The veceiver/transmirter uses multiple
antennas that are scparated and/or differently polarized
for receprion/transmission to creare independent fading
channels, Cureently, mulriple anreuinas ar base stations
are nsed for reccive diversity at the base. It is difficult,
however, to have more than one or two antennag at the
portable unit due co the size limitations and cost of malti-
ple chains of RE down conversion.

Borh recetve and polarization diversity have received
much attention [11], | 12], [17]. Tn fact, in current cellular
applicarions, receive diversity is alrcady used for improving
reception from mabiles. Transmit diversity, on the other
hand, has received comparatively little atention, "Lhe in-
formarion theoretic aspeets of transmit diversily were ad-
dressed in [ 1], [20], [21], and | 2]. Previous work on
teansmit diversity can be classified into thiree broad carcgo-
rics: schemes using feedback, schemes with feedforaard or
training information but ne feedback, and blind schemes,
"Ihe fivst caregory uses feedbacl, either explicitly or implic-
itly, from the teeciver to the transmitter to train the trans-
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put. We show that there is a significant
gain to be realized by viewing this prob-
lem from a coding perspective racher

than from a purely signal processing
point of view.
‘Lhe third category does not require
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feedback or feedforward information,
Instead, it uses multiple transmit an-

A ], Space-time coding.

mitrer. For instance, in time division duplex (1131))
systems 18], the same aneenna weights are used for recep-
tion and transmission, so feedback is implicit in the exploi-
tation of channel symmerry. These weights are chosen
during reception to maximize the receive SNR, and during
transmission fo weight the amplitudes of the transmitted
signals, and, therefore, will also maximize the SNR ac the
receiver. Explicit feedback includes switched diversity sys-
temns with feedback [19]. In practice, however, movement
by cither the transmitter or the receiver (or the surround-
ings such as cars) and interference dynamics causes a mis-
match between the channel perceived by the transmitter
and that perceived by the receiver.

Transmit diversity schemes mentioned in the second cat-
egory nsc lincar pracessing at the transmirter to spread the
information across antennas. At the receiver, information is
recovered by an optimal receiver. Feedforward information
is required to cstimate the channel from the transmitter to
the receiver, These estimates are used to compensate for the
channel response at the receiver. The first scheme of this
type was proposed by Wittneben [22], and it includes the
delay diversity scheme of [23] as a special case, The lincar
processing technigues were also smdied in [24] and [25]. Tt
was shown in [26] and [27] chat delay diversity schernes are
indeed optimal in providing diversity, in the sense that the
diversity gain experienced at the receiver (which is assumed
to be optimal) is equal to the diversity gain obtained with re-
ceive diversity. The lincar filtering used (to create delay di-
versity) at the transmitter can be viewed as a channel code
that takes binary or integer input and crcates real valued out-
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A 2. Eight-PSK eight-state ST code with two transmit anfennas.
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tennas combined with channel coding

to provide diversity. An example of
this approach is the nse for channel coding along with
phase sweeping [28] or for frequency offser [29] with
muitiple tranamit antennas to simulate fast fading. An ap-
propriately designed channel code/interleaver pair is used
to provide the diversity benefic. Another approact: i this
category is to encode information by a channel code and
transmit the code symbols using different antennas in an
orthogonal manner, This can be done by cither time
multiplexing [28], or by using orthogonal spreading se-
quences for difterent antennas | 30). The disadvanrage of
these schemes as compared to the previous two categories
is the loss in bandwidth cfficiency due to the use of the
channel cade. Using appropriate coding, it is possible to
relax the orthogonalicy requirement needed in these
schemes and to abtain the diversity as well as a coding
gain without sacrificing bandwideh. This will be possible
to do if one views the whole system as a multiple in-
put/multiple outpur system and vses channel codes that
are designed with that view in mind.

Space-Time Coding

We will deseribe a basic model for a communication sys-
tem that employs space time coding with N transmit an-
tennas and M receive antennas, As shown in Tig, 1, the
information symbol s{f) at time/ is encoded by the 8T en-
coder as N code symbols ¢, (3, ¢, (),...,c,, (/) Each code
symbol is transmitred, simultancously, from a different
antenna. The encoder chooses the N code symbols 1o
transmicso that both the coding gain and diversity gain at
the receiver are maximized.

Signals arriving at different reccive antennas undergo
independent fading, The signal at cach receive antenna is
a noisy superposition of the faded versions of the N rrans-
mitted signals, A flat fading channel is assumed. We as-
sume that the signal constellation is scaled so that the
average energy of the constellation points is one. Alsa, let
ug assume that B is the total energy transmited (from all
antennas) per input symbol, Therefore, the energy perin-
put symbol transmitted from each fransmit antenna is
H, [ N.Letr; ), j=1,..., M be the reccived signal at an-
tenna § after matched filtering. Assuming ideal timing
and frequency information, we have

r =T TNY b e, m, @ =L M N
il
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where 1, (Y are independent samples of a zero mean com-
plex white Gaussian process with two-sided power spec-
tral density N, /2 per dimension. Tt is also assumed that

n, () and n, () arc independent for j#k 157, kS M.
ﬂ1u gain /(1) models the complex fadmg channcl gain
from tr: ammlt fmtcnnat to recejve antenna 1. It is assumed
that 5, () and b, (/) arc independent for izg ov j+4,
L=4, 4= < N1 <_;.', k< M. This condition is satistied if the
transmit antennas are well separated (by more than A /2)
or by using antennas wirh different polarization.

Let ¢, =[¢, {8)ymey (H]" be the N x1 code vector
transmitted from the N anrennas at time 4
h (G=[b ()l #1717 be the corre'%ponding Nxl1
channel vu.ror ﬁom the N transmit antennas to the 4y
receive anenna, and v() =7, ()., ,,?’M {H" bethe M x1
rccuvedqlgnal veetor, Also Ietn Y=[1, (), M, (D] be

the M = 1 noisc vector at the receive antennas. Let us de-
fine the M » N channel matrix H, from the N tr’msmit to
the M receive antennas as ’H( V= [hl B,eah ).
Equation {1) can be rewritten in a matrix form as

= JI, /N H-¢, +1(l). @)
We can easily sce that the SNR per receive antenna is
given by
Ei

SNR=2'
N, (3)

Space-Time Trellis Codes

Suppose that the code vector sequence

C:cl, L
was transmitted. We consider the probability that the de-

coder decides erroncously in favor of

-Af

(E, 4N,

P(Cﬁﬁ)g(gh") (5}

where # is the rank of the error matrix A and A ,7=1,...,»
arc the nonzero cigenvalues of the error matrix A. We can
casily sce that the probability of error bound in (5) is simi-
lar to the probability of crror bound for mellis coded
modulation for fading chanoels. The first term
i, H A, represents the coding gain achieved by the
ST code, - and the second term (B, /4N Y™ representsa
diversity gain of #M. It is clear thag in designing an ST
trellis code, the rank of the ervor matrix » should be maxi-
mized (thereby maximizing the diversity gain) and at the
same time g, should be also maximized (thereby maxi-
mizing the coding gain).

Asancxample for 8T trellis codes, we provide an 8-PSK
(phasc-shift keyed) cight-state ST code designed for two
transmit antennas. Figure 2 provides a labeling of the
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A 3, Eight-PSK eight-state delay diversity as an ST code.

the legitimate code vector sequence { ¢

Consider a frame or block of data of
length L and define the N »x N error

ok ]
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where () denotes the conjugate opet-
ation for scalers and the conjugate
transpose for matrices and vectors. If 2

-0 4-Stats Code
—— 8-State Code
—+ 16-State Gode
—— 32-Btate Code
- ] —&— 64-Btate Code

ideal channcl state information (CSI)
H{H=1,..., Lis available at the receiver,

;
o
r

then it is straightforward to show that
the prabability of transmitting C and
deciding in favor of C is upper

10

SNR (dB) per Receive Antenna

bounded by |45]
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A 4. Performance of 4-PSK ST irellis codes with two transmit and one receive antennas.
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One of the goals of the third-
and fourth-generation wireless
systems is to provide broadband
access to both mobile and
stationary users.

8-PSK constellation and  the trellis description for this
code. Each row in the matrix shown in Fig, 2 represents
the edge labels for transitions from the cor 1L5p011d111g3
state. The edge label s, s, indicates that symbol s, is trans-
mirtted over the first antenna and that symbol s, is trans-
mitted over the second antenna. The input bit stream o
the ST encoder is divided into groups of 3 bits, and cach
group is mapped into one of elght constellation points,
This code has a bandwidth efficiency of 3 bits/channel use,

Figure 3 shows the STC representation of delay diver-
sity. [t is also interesting to note that the two neellis codes
in Figs. 2 and 3 are similar. Tn fact, we can get the code in
Fig. 2 by swapping the row thatstarts with a “1” with the
row that starts with a “5* and the row that starts with a
“3” with the row that starts with a “7.” By looking at the
constellation points in Fig. 2, we will casily realize that
this 8T code is delay-diversity except that the delayed
symbol is multiplied by —1ifitisanodd symbol{1,3,5,7}
and by + 1 ifit is an even symbol {0,2,4,6}. This simple
mapping of the delayed symbol gives 2 2.5 dB of coding
gain as compared to simple delay diversity.

For decoding §T cades, we assume that the chanoel in-
formarion H{f),/=1,..., L is available at the receiver. Sup-
pose that a code vecror scqucncc C:c1 ,€, 5, C, has
been transmitted, and R=r ,r, ..., r, has been received,
wherer, is given hy (2). At th receiver, optimum decod-
ing amounts ro choosing a vector code sequence
C=T,T,,.., € forwhich the a posteriori probability

1>1-(’c'| RH(), = 1,...,L)

1s maximized. Assuming that all codewords are
cquiprobable, then since the noise vector is assumed to be

a multivariate AWGN, it can be casily shown that the
optimum decoder is [45]

€ =arg_ min ZHr(l)— JE, Hib: T:‘,r
C =6y €y, = (6)
Tor the ST codes with trellis representations (as in the
cxample in Fig. 2}, it is obvicus that the optimum de-
coder in (6) can be implemented vsing the Viterbi algo-
rithm. Note that knowledge of the channel is required tor
decoding. ‘The yeceiver, therefore, must estimare the
channel cithier blindty or by using pilot/training symbols.
Vigure 4 shows the performance of 4-PSK ST trellis codes
for two transmit and one receive antennas with different
numbers of states,

Space-Time Block Codes

When the number of antennas is fixed, the decoding com-
plexity of 8T trellis coding (measured by the number of
trellis states at the decoder) inereases exponentially as a
function of the diversity level and oransmission rate [35],
In addressing the issuc of decading complexity, Alamouti
{37] discovered aremarkable ST block coding scheme for
transmission with two antennas. This scheme supports
maximum-likelihood detection based only on linear pro-
cessing at the recetver, This scheme was later generalized
in |38] to an arbitrary number of antennas and is able to
achieve the full diversity promised by the number of
transmit and reccive antennas, HMere, we will briefly re-
view the basics of 8T block codes (STBCs). Figure 5
shiows the hascband representarion for 8T black coding
with two antennas at the transmitter, The inpuc symbols
ta the ST block encoder are divided into groups of two
symbols each. Aca given symbal period, the two symbaols
in cach group {c ,r, } are transmitred simultancously
from the two anrennas. The signal transmitted from an-
tenna 1 s ¢, and the signal transmirted from antenna 2 is
¢, . In the next symbol period, the signal —¢, s transmit-
ted from antenna 1 and che signal ¢; is transmitted from
antenna 2. Let &) and &, be the chanoels from the first
and second transmit antennas to the receive antenna, re-
spectively. The major assumprion here is that 4, and 4,

are constanc over two consecutive symbol periods, thatis

hmtYy=h(n+1T), i=12.

ngn?z/
\V/

We assume a receiver with a single ce-

5T Block Code

Canstellation
Mapper

Infermation
Bource
Ca

[0y 02) — [

ceive antenna and denote the received
signals over two consceutive symbol
periods as 7, and #, . The received sig-
\V nals can be written as

vo=he vho, 1) {7}

Sigr;;\

A 5. Transmitter diversity with ST block coding.
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where | andn, represent the AWGN and are modeled as
1id. complex Gaussian randent variables witch zero mean
and power spectral density N/ 2 per dimension. We de-
fine the received signal vector r=|#, 7, |*, the code sym-
bol vector € =le, ¢; |, and the noise vector n=|1, 1, 1"
Equations (7) and (8) can be rewritzen inamatrix form as

r=H-c+n (9
where the channel matrix T s defined as

bk,

H=| . .
,hz -4,

(im

The veceor 118 a complex Gaussian random vector with
zero mcan and covariance N, - L. Let us define € as the set
of all possible symbol pairs ¢ = {¢, ,¢, }. Assuming that all
symbol pairs are equiprobable and since the noise vector 1)
is assumed to be a mulovariate AWGN, we can casily see
that the optimum naximum-likelihood decoder is
2

¢ =argmiafr - H-J
(4%

(11

The MI, decoding rule in (11) can be further simpli-
tied by realizing that the channel marrix I3 s orthogonal
and, hence, HUH=p-1 where p=lh |* 1|4, |*. Consider
the modified signal vector ¥ given by

T=H r=p-c+Hh {12}

where =T 1. [n chis case the decoding rule becomes

~ - ~12
c~(1|g|111(}1|‘1 —p-c” . (13)
Sinee His orthogonal, we can casily verify that the noise
vector ) will have a zero mean and covarlancepN | -1, ie.,
the clements of 7 are independent and identically distrib-
uted, Henee, it follays immediarely that by using this sim-
ple linear combining, the decoding rule in (13} reduces w
twe separate, and much simpler, decoding rules fore, and
¢, , as established in [37]. In fact, for the above 2 <2 STRC,
only two complex multiplications and onc complex addi-
tioi per symbol are required for decoding. Also, assuming
that we are using a signaling constellation with 2* constel-
lation poins, this lincar combining reduces the ommber of
decoding metrics thae has to be compured tor ML decod-
ing from 2" 022" Tris also straight forward to verify

that the SNR tor ¢, and ¢, will be

snr=LF
N, (14)

and henee a two-branch diversity performance (i.c., a di-
versity gain of order twa) is obrained at the receiver,
When the vecelver uses M oreccive antennas, the re-

ceived signal vecror v, at receive antenna m is

I'H! :I_]-FH-C+TIJH (15)
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1 ML Decision
ll Linear Comblnar
o [T
F=[H; He] [r;]
N
ra

H Soft Decision for ¢

A B, Recejver tor ST block coding.

where 1, is the noise vector and H ,, is the channel ma-
trix from the two transmit antennas to the smeh receive an-
tenna. In this case the optimum MI. decoding rule is
A .
C:;lrgr!‘lll]z|r”2 '_HHF ‘C! ‘
vl = 1 (
mr=l ( ))

Asg before, in the case of M reccive antennas, the decoding
rule can be further simplified by premuoltiplying the re-
ceived signal vector v, by H',, . Tn chis case, the diversity
order provided by this scheme is 2., Figure 6 shows a
simplificd block diagram for the receiver with two receive
antennas, Note that the decision rule in (13) and (16)
amounts te performing a hard decision on T and
7, © H,r,, respectively. Therefore, as shown in

M i 1
1{; 6, the received vector after linear combining, T, , can
be considered as a soft decision for ¢, and ¢, . When the
STBC is concatenated with an outer conventicnal chan-
nel code, fike a convolutional code, these soft decisions
can be fid tor the outer channel decoder to yield a becter
performance, Note also that for theabove 2 x 2 STBC, the
transmission rate is onc while achieving the maximum di-
versity gain possible with two transmit antennas:

The extension of the above STBC was studied in [38].
There, a general technique for constructing STBCs tor
N >2 that provide the maximum diversity promised by
the numiber of transmit and receive antennas was devel-
oped. ‘These codes retain the simple M1 decoding algo-
rithm based on only linear processing at the receiver [37].
Tt was also shown that for real signal constellations {(PAM
constellation), STBCs with transimission rate 1 can be
constructed | 38]. However, for a general complex con-
stellations like M-QAM or M-PSK, it is not known
whether an §1TBC with transmission rate 1 and simple lin-
car processing that will give the maximum diversity gain
with N 2 cransmitantennas does exist or not. Morcover,
it was also shown that such code whete the number of
transmit antennas N equals e number of equals both
the number of information symbols transmitred and the
number of time slots need to ransmit the code block does
not exit. However for rates < 1, such codes can be found.
For example, assuming that the transmitter unit uses four
transmit antennas, a ratc 4/8 (Le,, iris arare 1/2) STBC s
given by
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STC is a new coding/signal
processing framework for
wireless communication systems
with multiple transmit and
multiple receive antennas. This
new framework has the potential
of dramatically improving the
capacity and data rates.

4 6 & &y Ty T 2 S e

. ] . )

£ I £ &, =t ¢ £ £, —€
2

2 1 4 3 2 ! i 3

€ £, Tty £ & £y Ty ¢ 3

' . .

Ly £y £y 6 £ £y £y £y

(17)

In this case, ar time =1, ¢ ,¢, ,¢,,¢, are transmitted
from anterinas 1 through 4, respectively. At time £=2,
—E, 1€ £, £, are rransimitred from antenna 1 through 4,
respectively, and so on, For this cxample, let 7, ,r, ,...7,
be the received signals at time £=1,2,...,8, respectively.
Define  che new  received signal  vector
1-:rr1 Wy oFaat, ,r;',r;,r,;,w,ﬂ . In this case we can
write the received signal vector r at the receive antenna as
r=H-c+n (18)
where 11 is an 8x1 AWGN noise vector and H is §x4
channel matrix given by

1
1

b h, b,
by b b, -k,
b, ~h, —b b
h, h, —h, b
SV
hy =b b, —h
by ~b, b b
By by =hy b (19)

We can immediately see chat H is arthogonal, that is
H'H=p, I, where p,=2.% |h|*. Therefore, the
same procedure used for decoding the simple 2 x2 STBC
can be used for this code too. In this case, the SNR for
£, 58, i8p B, /N, providing a 3 dB coding gain in ad-
dition to four-branch diversity performance. The 3 dB
coding gain comes from the (incuirive) fact that eight
time slots are used to transmit four information symbols,
Note that the decoding of STBCs requires knowledge
of the channel at the receiver. The channel state informa-
tion can be obtained at the receiver by sending training or
pilot symbols or sequences to estimate the channel from
each of the transmit antennas to the receive antenna
[46]-[53]. For one transmit antenna, there exist differen-
tial detection schemes, such as DPSK, that neither require
knowledge of the channel nor employ pilot or training
symbol transmission. These differential decoding
schemes are used, for example, in the I8-54 cellular stan-
dard {r/4-DPSK). This mativates the generalization of
difterential detection schemes for the case of multiple
transmit anrennas, A parcial solution to this problem was
propasedin [41] for the 2 x 2 code, where it was assumed
that the channel is not known at the receiver. In this
scheme, the detecred pair of symbols at time 2 — L are used
to estimate the channel ar the receiver and these channel
estimates are used for detecring the pair of symbols at

Burst/E/'
Information Space-Time g
Source Block Encoder \\ V
i Interfarence Cancellation | Terminat 1
Burst 1 L and Infarmation
. ML Descision
Terminal 1
o\ aielel
BurV \% & :)j{:ﬁ: :
v :“ alelas )
— ., i ,» Terminal 2
: : sl : Information
Information :—b Space-Time v T T T T T
Source ¢ Block Encoder [
- Burst 1
Terminal 2
A 7. Interference cancellation with STBCs.
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time £, The scheme in [41], however,
requires the cransmission of known pi-
lot symbols at the beginning and
hence is not fully differential. The 107
scheme in [41] can be thought as joint
data/channel estimation approach
which can lead to crror propagation.
In [40], a true differential detecrion
scheme for the 2x2 code was con-
structed. This scheme shares many of
the desirable properties of DPSK: it

100 ¢

Frame Error Rate
=
(4]

P
i

can be demodulated with or without 104 F-

sity gain in both cases, and there exists 05 k.

performs within 3 dB of the coherent

. N . - . —.(h '

CSI at the receiver, achieves full diver- | = 2%2%2 %. ; 2:} " MMSE DEG, SIR=0dB |~

~—L- STBC(2 Tx, 2 BX) + MMSE.DEC, SIR=10dB |

a simple noncoherent recciver that ] —O~ 8TBC(2 Tx, 2 Rxj + MMSE.DEC, 8IR=20dB |,
—t— STBC(2 Tx, 2 Ry}, No Interference :

1

receiver. However, this scheme has 18
some limiracions. Fisst, the encoding
scheme expands the signal conseella-

10

15

20
SNR per Rx Antenna (dB)

tion for nonbinary Sigml& Sccand, it & 8 MMSE interference cancelfation with STBCs.

is limited only to the N =2 STRC for

complex constellations and o the case N <8 for real con-
stellation. This is based on the results in [38] thatthe2 %2
STBC is an orthogonal design and complex orthogonal
designs do not exist for N >2. In [54], another approach
for differential modulation with transmit diversity based
on group codes was proposed. This approach can be ap-
plied to any number of antennas and to any constellation.,
The group structure of theses codes greatly simplitics the
analysis of these schemes and may also yield simpler and
more transparent modulation and demodulation proce-
dures. A different no-ditferential approach o transmit di-
versity when the channel is not known at the receiver is
reported in [55] and |56] but this approach requires ex-
ponential encoding and deceding complexities.

Interference Suppression with
Space-Time Block Codes

The properties of the ST block coding scheme in [37] and
its extension in | 38] can be further exploited to develop
efficient interference suppression techniques that can be
used to increase system capacity or inerease throughput
for individual users. In peneral; we consider a mulriusey
environment with & synchronous cochannel users where
cach user is cquipped with N transmit antennas and uscs
an STBC with N transmit anterna, In general, in this sce-
narie, theee will be K x N interfering sighals arriving ac
the receiver, Therefore, classical interference suppression
techniques [57] with multiple receive antennas will re-
quire N X (K - 1)+ | antennas at the receiver to suppress
signals from the K — Leochannel ST users and achieve a
diversity order of N for the desired terminal. By exploit-
ing the temporat and spatial structure of STRGs, itcanbe
shown [42], [43], and [58] that only X antennas arc re-
quired to suppress the inrerference from rhe K—1
cochannel users while maintaining the diversity order of

o=1+Tr{GG; l}/'Ir{G Gz}

é=arg mmH

'1(1.'—Hc )

"~ hy [hllhllhlzhzz:[
- =first column of H-

: -[;3:11 hn bzz IFf’u]?-:

‘=second column of H

zrw,"=M"hl =

w, =M,

- L, " 2 . ~ 2
c=agin|wiv-i [ el |

A=lwie=af +wie—a,|
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A 9. Downlink slot structure for STCM-based modem.

N provided by the STBC. Given the assumption that the
receiver is equipped with M = K antennas, zero forcing
(ZF) and minimum mean-squared error (MMSE) inter-
ference suppression techniques that exploit the structure
of the STBC are developed in [42] and [58]. Thesc tech-
niques will perfectly suppress the interference from rhe
K -1 cochannel users and provide a diversity order of
N x{M - K +1)while maintaining the simple linear pro-
cessing feature of the STBCs.

We outline these interference cancellation schemes for
the 2x2 case here. For a more detailed treatment the
reader is referred to {42, Figure 7 shows a simple sce-
rario for two synchronous cochannel 81 users {each em-
ploys the 2x2 STBC) and a receiver with two receiver
antennas, Using the signal medel developed above, the
received signal vector at antenna 1 and 2 are

v =H -¢c+G -s+7, (207

r,=H, c+G, '5+1, (21
where v, is the received vector arangenna 1, r, is the received
vector at antenna 2, ¢ is the vector of code symbols from fivst
uscr, and s is the vector of code symbols from second user,
The matrices H, and H, are the channel matrices from the
first ST user to the fivst and second receive antennas, respec-
tively, and arc defined similar to {10}, Similatly, the matrices
G, andG, are the channcl matrices from the second ST user
to the first and second receive ancennas, respectively, The lase
two equations can be rewriten s

'Lb 1.I —
| — , Bust2 | F= . =H-T+n
Tralning . : . Trairing 2 .
Sa(uance Data P}'-_l‘gt Data P|Igt “o P'Igt Data | Sequence _[H' G, J[c}“k‘:nl}
e — — p—— H, G,[s] (22)
Ll Lp LS
L \ ) r_pM Le In the zero-forcing solution, the
Tramin TFraining interference beeween the two 8T
91 pata [Pilot paa  [Pilot P! paa | g -ochannel e 4. witl
Squence ata o) ata - A P, 90159"09 cochanne! users 18 removed, without
" 1 — ! any regard to noise enhancement, by
Ly Burst 1| yising a matrix linear combiner W
such that

I

by

_|H ©
0 G

weeli b gL

s| |7,
In this case, the modified reccived signal vector E de-
pends only on signals from first terminal and the modi-
fied received signal vector ¥, depends only on signals
from second terminal. It was shown 1n |42] that a solu-
tion for W is given by

(23)

I,
_HZHI—]

_G‘IG;]
I .

2 (24)

It is intercsting to note that by using this matrix linear
combiner W, the matrices H and G will have the same
structure as thar of the channel matrix H in (10). Hence,
using the matrix linear combiner in {24} will reduce the
problem of detecting the two cochannel ST users into
two separate problems that have a much simpler solntion
as pointed cut before. Table 1 shows the algorithm for
the zero-forcing interference cancellation and maxi-
mum-likelihood deceding of STBC,

In the MMSE interference suppression technique, lee
us assume, for example, that we arc interested in decoding
signals from the first 8T user. In this casc, the receiver se-
lects two linear combiners w, and w such that

, 2
I, ):“w,r—::1 H
and

J.w,)=wir—e, | (25)

Concatenated Space-Time Encoder

Burst/.?/r
Burst F Pulse 4
3 ; . : Shaper |
-i ST Encoder * »| Interleaving ¥ Building _r J\/‘P :
Information Block Encoder  |; S V\ i}
Source  [|”] (Reed Solomon) [—* *[* oul j’
: H _ : ulse
s | e } s Interleaving [—» BE;ﬁéisrt}g __p| Shaper
o " SE—— ./\f\,/\. : \\
e Byrst |

A 0 Base station transmitter with STCM and two transmit antennas.
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are minimized. It was shown in |42] that the optimum
solution is given by

w,=M"h,
and
w, =1\f1"1h2 (26)

where M=HH' +1/TI, T=E, /N, is the SNR,
h =[k, 17;1 by, '1722 1" is the first column of H, and
h, =[h, —# hy —h,]" is the second colonmn of H. It
was shown in [42] that w, and w, arc orthogonal, and
hence, errors in decoding ¢, do not affect decoding ¢, and
visa versa, thereby maintaining the separate detection fea-
ture for STBC decading, Note that the MMSE solution will
recuce to the ZF solution outlined carlier as T — o, Table 2
outlines the algorithm description for MMSE interference
suppression and decading of STBC, For a more deeailed
treatrnent of both the Z¥ and MMSE solutions the reader is
referred o [42]. Figure B shows the performance of the
MMBSE interference cancellation scheine as a function of
SNR and signal-to-interference rario (SIR) for two
cochannel ST users each using the 2 % 2 STBC and a receiver
with two receive antenmas, Note that the performance of the
ZF interference cancellation wilt always be the same as that
of a single 81" user with one recefver antenna,

Applications of Space-Time Coding
to Wireless

As pointed out carlier, one of the goals of the third- and
fourth-generation wircless systems is to provide broad-
band access to both mobile and stationary uscrs.
Real-time mulci-media scrvices {such as vidco
conferencing) would require data rates two to three or-
ders of magnitude larger than what is offered by current
wircless cechnologices. A higher spectral efficiency can be
achicved by using multiple transmit and/or receive anren-

nas [1], [20], [59]. STC techniques with multiple trans-
mit antennas offer the best possible trade-off between
power consumption and spectral efficiency in multipath
radio channels. §1'C and signal processing techniques
with multiple transmit antennas have been recently
adopted in third-generation cellular standard (e.g.,
CDMA-2000 [60] and W-CDMA [61]) and also have
been proposed for wireless local loop applications (Lu-
cent’s BLAST project [6]) and wide-area packet data ac-
cess (ATE&1"s Advanced Cellular Tnternet Sevvice 15]). In
this section we will outline several examples of applica-
tion of $TC 1o different wireless applications.

Application to Narrow Band TDMA Cellular

In this section, we will present a general architecture for
a narrow band TDMA modem with 8TC and two trans-
mit antennas [46)]. For brevity, we will present the mo-
dem architectore {or the downlink only. The uplink
modem will have a similar architecture, except that the
framing and timing structure will be different and nmst
allow for a guard time berween different asynchronous
(due to difference in propagation delay) bursts from dif-
ferent users. The system avchitecture that we proposc is
similar, bur not identical, to that of the 18-136 US celiu-
lar standard, Figure 9 shows the basic TDMA time slot
structure, cmploying a signaling format which inter-
leaves training and synchronization sequences, pilot se-
quences, and data is used. In cach TDMA slot, two
bursts are transmitied, one from cach antenna, The
training sequences 8, and 8, will be used for timing and
frequency synchronization at the receiver. In addition,
the transtnicter inserts periodic and orthogonal pilot se-
quences P, and P, which are used, along with the train-
ing sequences S, and §,, at the receiver to estimate the
channel from cach of the transmit antennas to the corre-
sponding receive antenna, Figure 10 shows a block dia-
gram for the transmitrer, where in addition ro the ST

Channel Estimation |
and ¥
Interpolation : ) .
Matched Daintarleaving
Fiiter
VAV
— Space-Time
o  Voctor Viterbi
Decoder i
: Roed Sclomon [_
" Decoder [ "
. -+
Matched | T i
Filter : » Concatanaled Space-Time Decoder
PVAPS : i Deintsrlaaving
e | Channal Estimation
and i
Interpolation i
A 11 Mobile receiver with STCM and two receive antennas.
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s{=JE . Af -IT
An=JE, Zc;op(t 2) -

whereT, =1/ R is the symbal period

and p(r)is the transmit fileer pulse. Fig-

ure 11 shows the corresponding block

diagram of a mobile receiver equipped

with two receive antennas, After down

comrversion ta baschand, the received .

signal at each antenna clement is fil-

tered using a veceive filter with impulse

response p(r) that i matched to the

transmit pulse shape p(r). The output
of the matched filters is oversampled at

a rate that is an integer mulriple of the

symbol rare, Received samples corre-

sponding to the training sequences §,

SNR (per Rx Antennz) dB
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and 8, are vsed for tming and fre-
quency synchronization. The received
samples at the optimum sampling in-

15

tennas ot 180 Hz Doppler with different coding rates.

A 12, FER Performance of 8-PSK 32-state ST code with two transmit and two receive an-

stant zre then split into two streams.
The fiest one contains the received sam-

|

ples corresponding to the pilot and
training symbols, These are used to cs-
tinate the corresponding CSI H(f) at
the pilot and training sequence sym-

bols. The receiver then uses an appro-

Concatenated Encoder

Modulator

: TR

) Modulator
Channel § | Space-Time (1 [~ =
Encoder [ 7| BlockCoda |

priately designed interpolation filter to
interpolate those trained CSI estimates
and obtain accurate interpolared €SI

cstimates for the whole burst. The sec-
ond stream contains the received sam-

ples corresponding  to  the

—J

Space-TIme Processor:
ST Decoder, interference
Suppression, and MLSE

Seft Decision
Generator

_<|

: superimposed information symbols.
The interpolated CST estimates along
with the received samples cortespond-

Channel
Decoder

¥

ing to the information symbols are

Concatenated Decoder

then deinterleaved using a block sym-
bol-by-symbol deinterleaver and

A 13, Concatenation of STBC and conventional channel coding schemes for increasing

capacity.

encoder, a high rate Reed-Solomon (RS} block encader
is used as an outer code. The RS ourer code is used to
correct the few symbol errors at the output of the ST de-
coder. The output of the RS encoder is then encoded by
an 8T channel encoder and the cutput of the 8T encoder
is split into two  streams of encoded modulation sym-
bols, Hach stream of cncoded symbols is then independ-
ently interlcaved using a block symbol-by-symbal
interleaver. The transmitter inserts the corresponding
training and periodic pilot sequences in each of the two
bursts. Each burst is then pulse shaped and transmiteed
from the corresponding antenna. The signal transmitted
from the fch antenna, ¢=12, can be written as

B&
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passed to a vector maximum-(ikeli-
hood sequence decoder followed by a
RS decoder,

Figure 12 shows the performance of the above modem
atchitectre witl a 32-state 8-PSK ST code with two trans-
mit and rwo receive antennas and with different coding race
options {scc [46] for details}. At 10 7z Doppler, this me-
dem archirectire with the 32-state 8-PSK STC would be
able to deliver almast 56 kb/s (over a 30 kHz bandwidch)
with 10% frame ervor rate ar 18 dB and 11 dB SNR for 1
and 2 receive antennas, respectively. At 180 Hz Doppler,
the tequired SNR would be 20 dB and 12 dB respectively.
These results assume basic IS-136 channelization and fram-
ing structure. As pointed our in [46], this architecture has
the potential of almast doubling the corrent data rates sup-
ported by the 18-136 cellular standard.
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Applications to Increasing Capacity/Throughput
of Wireless Systems

First, we consider a seenario where K synchronized ter-
minal units each with two transmit antennas conmuni-
cate wirh a base sration having M = K reccive antennas.
[nereased system capacity (in terms of the number
cochannel terminals that can simultancously communi-
cate with the base station) can be atrained while provid-
ing diversity benefits to cach rerminal by using a
conearenaced coding scheme where the inner code is an
STBC and the outer code is a conventional chanoel error
correcting code (2 TCM, a convolutional cade, or a RS
code, for example), as shown in Fig, 13. More speciti-
cally, informarion symbols are first encoded using a con-
ventional channel code, The output of this channel code is
then encoded using an 8T black encoder with twa frans-
mit antennas (N transmit antennas in general can be used

The spatial-temporal structure of
space-time codes can be
exploited to increase the capacity
and/or data rate of wireless
systems with a relatively simple
receiver structure.

ventional channe] cade which will provide protection
against channel errors.

The above ST block coding and MMSE interference
suppression technique can also be used in situations

with the appropriate STBC). At the
receiver, the inner STBC 18 used o
suppress interference from the other
cochannel terminals using, for cxam-
ple, the MMSE inrerference supypres-
sion rechmique deseribed above, In the
abeve techmique, a hard decision is ap-
plied on the cucpur of the interference
canceler ro produce an estimare for the
rransmitred information symbols,

Sertal
o
Parallal

Channal
p| Encoder

Space-Time

Block Code

R1

e

S0 Sairpt S ol

Concatenated Encoder

That 15, given the two [C weight vec-
wors w, and w,; corresponding w
some terminal £, the ceeciver forms the
two decision variables

E,=w.r (28)

Channet 5 -
i pace-Time
—(.H En;%dar —’ Btock Code

Cancatenated Encoder

£y =W,L (29)

A 14. Paroffel transmission with ST block coding for increased system throughput.

Aard decision is then applied on these '100

decision varfables to decode the two
rransmitted symbols corresponding to
the éth rerminal. Tn the case when the
space-time code is concatenated with
an outer conventional channel code,
however, the decision variables & and
£, arc used as soft decisions for the
transmitted information symbols and
then fed o the conventional channel
decoder, This will improve the error
rate performance of the conventional

Frame Error Rate

channel code as compared to using
hard decision. Thus, in this schene, we
are using the steucture of the inner S1°

LN

—O— STBC Only B
—v— STBC + R5{57,683) over GF({B4) [
-0~ STBC + R8(53,63) over GF(64)|

code for interference suppression and f

we are able o support many cochannel 10-41 5 1i5 2'0
terminals while providing diversity
SNR par Bx Antenna (di3}

benefit ro those terminals. Ac the samne

time, the inner ST decoder provides
soft decision autpur for the outer con-
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A 15. FER Performance of four cochannel ST users with a concatenated cading scheme
over a fiat fading channel.
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smallest coding rate R, it will have

1.0

Throughput

the best immunity against channel er-
rors and most likely it will be error
free. The resulting symbols are then
used to subtract the contriburions of
the first stecam in the received signal

while decoding the remaining L-1
streams. In decoding rthe remaining
L—1streams , the decader will decade
signals from the sccond stream first
~1 | sincc it will have the best immunity
against channel errors among the re-

—_r— ﬂ1=.1 andF!2=1 ) :
" == Ry=53/63 and-F=1 [

maining L1 streams. Then the re-
ceiver cancels out the contribution of
the second stream in the reccived sig-

: ! nal, This process is repeated until all
streams are decoded. In this case, we

15 20
SNR per Bx Antenna (dB)

o5 | define the system chroughput as

A 186, Throughput performance of parallel transmission with ST block coding with un-

equal coding.

where increasing the data rate or the data throughpur is of
interest. In this case information symbols from a trans-
mitting rerminal are split into L paralle] streams, Strcam /
is then encoded using a conventional channel code with
rate R, and then encoded with an ST block encoder with
two transmitting antennas (as before, N transmit anten-
nas in gencral can be used with the apprapriate STBCs).
The coding rates for each of the I parallel streams arc cho-
sen such that R, <R, <. <R,. In this case, symbols
transmitred in stream £ wiil have better immunity against
channel errors than to symbols transmitted in stream #
where # >/ The base station receiver is assumed to be
equipped with L receive antennas. T'he base station re-
ceiver treats cach stream as a different user and uses the
above MMSE interference suppression techniquc to gen-
erate soft decisions &, and £ , for the dara in the fivst
streamy, These soft decisions ave then fed into the decoder
corresponding to the fiest channel code. The oucput in-
formation symbols are then encoded with the same chan-
nel code for the first stream. Since the first stream has the

1 I
=—%R,-(1-FER
P I Z‘ ! ( ;) (30)

where FER, is the frame error rate of
stream L. As we will see from the simw-
lation, this will increase the system throughpur at low
SNRs. Figure 14 shows a block diagram for a terminal that
uses four transmit antennas. In this case, the input informa-
tion stream is split into two parallel streams L.e., (L=2),
Figure 15 shows the performance of the system in Fig,
13 where a concatenated coding scheime is used. The figure
shows the FER of any of the four users with different cod-
ing rates. There was four cochannel users and each uses the
2 x2 STBC and the receiver had four antennas. The above
MMSE-IC scheme was used to sepavate the four users.
This scheme is suitable for fixed wircless access applica-
tions. Figure 16 shows the thronghpue performance of the
system in Fig, 14. Combined MMSE interference cancella-
tion and decoding of the STBC was used to scparate the
two different data steeams, Using this parallel transmission
and making nse of the STBC properties to separate the two
streams will allow for doubling the data rate. Also if one of
the two data streams is coded heavier than the other one,
increased throughput can be obrained especially at low
SNT. See [44] for more details.
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A 18, Receiver for $T coded OFDM for broadband applications.

Application to Broadhand Wireless

Figures 18 and 17 show simplified block diagrams for the
transmitter and veceiver, respectively, for an OFDM mo-
dem with a concatenated §1C scheme. This architectine
[62] is suirable for broadband wircless communications
applications (similar work, but based oun STBCs, can be
found in [63] and [64]). The input information symbols
are first encoded by an outer conventional channel code,
The output of the outer code is then ST cncoded, Each
stream of the ST code output streaims is then QF M mod-
ulated and sent over the corresponding antenna. At the ve-
ceiver, the signal at cach receive antenna is OFDM
demodulated. The demodulated signals from antennas are
then fed into the §1° decoder followed by the outer de-
coder. Figure 19 shows the simulation results for the above
OFDM ST caded madem (STCM). In chis simulation, the
available bandwidth is 1 MHz and the maximum Doppler
frequency is 200 He. The mumber of OFDM tones used
for modnlation is 256. These corvespond to a subcarrier
separation of 3.9 KHz and OFDM {rame duration of 256
ps, Acyclic prefix of 40 ps durarion is added to each frame,
Hach rones modulates a 4-PSK constellation, althougl
higher order M-IPSK or M-QAM may be used. We used a

la-state 4-PSK ST code [35] with two transmit and two
receive antennas togecher with an outer (72,64,9) RS code
over GF(27). We plor the frame error probability as fumc-
tion of SN for difterent delay spread. From this plot, we
cansee thatan £, / N, between 2.7-4 dB (depending on
the delay spread) is needed o achieve a data rare of 1.5
Mb/s. This technique can be used also with the combined
ST black coding and inerlerence suppression scheme, as
shown in Fig. 20, to yield even higher data races (multiples
of Mb/s/L MHz) over a wircless channel,

Conclusions

S1C is a new coding/signal processing framewaork for
wircless communication systems with multiple mransmit
and mulriple receive antennas, "T'his new framework has
the potential of dramatically improving the capacity and
data rates. In addition, this framework presents the best
trade-oft between spectral efficiency and power consump-
tion. S1' codes (designed so far) come in two different
types. 8T trellis codes offer the maximum possible diver-
sity gain and 2 coding gain without any sacritice in the
transmission bandwidth, The decoding of these codes,
however, would require the use of a vector torm of the
Virerbi decoder, STBCs ofter 2 much simpler way of ob-
taining transmit diversity without any sacrifice in band-
width and without requiring huge decoding complexity.
In fact, the structure of of the STBCs is such that it allows
for very simple signal processing (lincar combining) for
encoding/decoding, differential enceding/derection, and
interference cancellation, This new signal processing
framework offered by ST codes can be used to enhance the
data rate and/or capacity in various wircless applications.
Thart is the reason many of these STC ideas have already
tound their way to some of the current third-generation
wireless systems standards.
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