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Abstract—By deriving 3 generalized Shannon capacity formula
for multiple-inpnt, multiple-outpui Rayvleizh fading channels, and
by smgpesting a lavered space—time architecture concept that at-
taios a tight lower bound on the capacity achievable, Fosching has
shown a potential enormous incresse in Lhe information capacity
of a4 wireless system emploving muléiple-element anlenna arrays
at hoth the transmirter and vecciver. The lavered space—time
grchitecture allows signal processing complesity to grow lincarly,
rather than exponentially. wirh the prowmised capacity increase,
This paper includes two importsat confributiens: First, we show
that Foschini s Lnver bound is, in fact, the Shannor boind when the
owtput signal-te-naise ratio (SNR)Y of the space—time provessing in
cach laver is represented by the corresponding “matehed filter™
hound. This proves the optimality of the lavered space—-time
cencept. Seeond, we present an embodiment of this concept
tor a coded system operating ai g low average SNE and in the
presence of passibic interyymbol joterference, This cmbodiment
utilizes the already advanced spuce—time filtering. coding and
turbo processing techniques to provide yei a peactical soluiion
ta the processing needed. Perlermance results are provided for
quasi-static Rayleigh fading chamnels with no ehannel estitnation
errgrs, We see for the first fime thiat the Shannon capacity for
wireless communicatinns can be beth increased by N times (where
AN is the number of the antenna clewents ac the transmitter
and receiver} and achieved within about 3 dB in average SNR.
abwut 2 dB of which is a loss due to the practical coiding scheme
we assume——ihe layered space—timie processing itseld is nearly
information-lossless?

frdex Terms—Equahization, inferference suppression, space—
L processing, turho processing.
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URBO™ and “space-time™ are two of the most explored
T congepts in modern-day  eormmumnication theory  amd
wireless research. From a comnimcation thearsst's view soint.
coding processing 15 & way Lo approach the Shannon
limitt en channel capacity. while ™
a way to inerease the possible capacity by exploiting the rich
multipath nature of tading wireless envirouments. We will =ee
through a specttic embodinent i this paper that combining the
fwa coneepts provides even g practical way to both inercase
and approach the possille wireless channel capacity.
With growing bit rate demand i wirgless commurnicarions,
it is ggpecially impostant o use the spectral resource efficiently.
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The bastc information theory results reprrted by Foschin and
Gans [1] have promised cxtremely hivh spectral efficieneies
possible thvough multiple-clement antennag acray technology,
In hiph scaitering wireless environments {¢.g., lropoescalier,
cellular, and indoor radio). the use of muluple spanally supu-
rated ancior diflerently polarized antennas at the receiver has
been very efcctive In providing diversiiy against fading {2].
3] Recelver diversily techinigues also creale sipnal processing
oppotunitics for nterferenes suppression and  equalization
{2 [4H-16] However, using multiple antennas al either the
transmitter or the receiver does noi enable a significant gain in
ihe possible channel capacity, According o [1], the Shannon
capacity for 4 systom with 1 transmit and & receive antennas
scales only leganthmically with N, as N - . Fora svsem
using N teansmit and 1 orecerve antennes, asymprotically
there 1s no additional capacity 1o be gained, assuming that the
transmit power s divided equally among the &

Foschimi and Gans 1] have shown that the asvimptotic
capacily of mulitple-input, mutple-oucput (MM Ravleish
fading channels grows, instead, Hncosrly with NV owhen Y
antennas are wsed at fordt the trapsmiiter and the Tecciver
Furthermore, in }7], Foschini sugpested a layered space—time
arcliiecture concepl that can atiain 4 tight lower bound on the
capacity achicvable. I this lavered space time architcoturs,
AN anformation bt seams are transmitied  simultaneously
(in the same irequency hand) using & diversity antennas,
The receiver uses another A& diversity antennaz o decouple
and cdereet the N dransmitied signals, vne signal at o time,
The decoupling process in each of the NV processing “lavers”
involves 2 combination of awliing owf the mterference from
vet undetected signals OV diversity antenmas can null up to
N — 1interforors, regardless of the angles-of-arival [3]) and
canceling mur the interference from already detected signals.
Onte very significant aspect of this architecture is that
allows an A-dimensional signal processing problem—which
would otherwise he soivable only threugh multinser detection
mutheds [3] with 7™ complexity (i i the sipnal constellation
size)—1te be solved with only & similar 1-1 processing steps,
Namiely, the processing complexity prows omly linearly with
the promiscd capueity.

This paper includes bwe importa conrribulions. First, ws
show tur Foschini™s lower bound s, m faci, the Shanmon
hound when the outpur SNR ot rhe space—time processing in
each laver 15 reprezented by the correspanding “maiched fitter”
hound A 1e., the maximum SNE achicvable g hypothetical
situation where the artay processing weights ie suppress the
remaining interference in cach layer are chosen to maxinuze the
output signal-to-interferenee-plus-noise ratio and uny possible
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itersymbol interference (1813 15 assumed to be completely
eltminated by some means of equatization. The Yroatched tilter”
bound has been shown to be approachable using mininum
mean-square error (MMSE)Y space—time filtering technigues
[6].! By showing the equivalence of the generalized Foschini™s
bound and the Shunnoen bound, we essentially prove the
aptimality of the toyered space—tinme concept.

Second, we present an embaodiment of Foschini's lavered
space-time concept for a coded system operating at a low av-
erage SNR and in the presence of unavoidable 1S1. Previously,
a different anbodiment has been pravided in 9] For an uneoded
system with viuduble signal consiellation sizes, operating at
a4 high average SNE withont 151 Adding coding redundancy
might, at first, seem conilicting with the desire w imerease the
charne) bit rate, Our jusufication is as tollows: First, we seck
w enhance the chinnel capacity from a svstom perspective.
We use Tneise™ in SNR o represent all svstem impairments,
including thenmal noise and muliwser interference, The ability
o operate o7 low SNE’s means (that more gsers per unil arca
can oceupy the same bandwidth simaltaneonsly. Second, we
anticipate the use of adaptive-rate coding schemes o permit
different degrees of error protection according o the channel
SNR Ineremental redundancy transmission [IO]. currently
being comsidered for the Lnhamce Data Services for GSM
Evolution {EDGE: GSM stands for Global System for Mohile
Communications) standacd 15 an efficient way to implement
adaptive code rates withowt requiring channel SNE monitoring.
With sucli adaptive-rate ceding, the system docs not “waste”
spoetral resources under goed channel conditions.

hMeanwhile, the iterative processing principle used in trho
atdd serial concarenated coding [11] [15] has becen successiulbly
applied to 1 wide variety of joint detectivn and decoding prob-
lerns. Oue such application is the so-called “turbe equalization™
[161-[19], where successive maximum a peasteriors (MAR)
processing is perlormed by the equalizer and channgl decoder
to previde o priord intormation obour the transmit sequence
o one another. Simdar to the layered space—time concopt,
turba processing allows a multi-dimenswonal {(fws-dimensional
in this case) problem to be optimally selved with suceessive
1-D processing steps without much performance penalry. In
this paper, we apply the turbs principie to layered space—time
processing n arder to prevent decision errors produced incach
Liver from eatastrophically atfecting the <ignal detection in
subsequent layers,

We constiler twir possible coded layered space time strue-
fures: one applying coding across the muliple signal processing
layers, and the other assuming independent coding within cach
laver. Similar to [ 1], we assume a quast-seatic randoin Rayleigh
channel model, where the chanoel characteristics are stationary
within each data hlock, bur stetistically independent between
different data blocks, ditfferent antennas, and, inthe case of dig-
persive multipath channels, different paths. The system s us-
surned L have stmitar TST sitnations as in EDGE and (GSM,
where multipath digpersions may last up to several symbol pe-
nods [20], We show that near-capacity performance is acluev-

Tna fat fading case, MMSE anay processing achieves exacily the “matched
fiher” bownd perthrmance.

THE BEST OF THE BEST

ablu using 1-D processing snd coding welhnigues that aie al-
ready practical and "lepacy-compatible™ with the FIXiF stan-
dard, e.g.. the use of bit-interteaved S-ary phase-shift keying
{(8-PSK) with rare-173 eomolutional coding and an equalizer
with a stmilar length and structere,

A shightly difterent layered space-time approach bascd on
space—time coding [23], [24]1 has beeo studied in [23], Although
itis difficult to make a general comparison, we will see later that
our ended lavered space—tinte approach does by far outperform
the results reported in [25] for ¥ = 4 and N = & On the
other hand, Tor & = 2, space-time coded quaternary phase-shift
keying (QPSK) without layered processing appears to be rhe
best known techmique lor achigving a spectral efficiency of 2
bps/Tls.

This papuer 1y orgameed as Jollows. Section 11 provides a
briel review of Foschini’s lavered space—tume concept. Saclion
I deseribes the two coded layered space-time architectures
and presents a capacity analysis which reveals the equivalence
of o generalized Foschini®s hower hound formula and the true
capacity bound. Section IV provides details an the array pro-
cessing, cqualization, and iterative MAP technigues, Section V
presents performance results, A summaory and conclusions are
grven in Section V1.

II. BACKGROUND THEDRY

We briefly veview the theory behind Toschin’s lavered
space—time concept. The gencralized Shunnon capacity for o
MUIMCE Ravleigh fading system with & tranamit and M receive
anptennas is given in f1] us

: [ ; £ + e

S l()gg i-n_'ll'?b (1 + T HH ):| i_l_'l

3 iy .

where H i an A < N wmalnx, the (£ 7)ih element of which
ix the normahized channel trans<for function of the transmission
link between the sth transmit antenua and the sth receive an-
tenna, f 1s the M A identilty matnix, p 18 the average SNR
per reveive antenna, and decdand supersenipt 1 denote deter-
mingnt and conjugare transpose, 1t 15 assumed thar the transmit
power s cqually divided aimoenyg the YV transmit antennaes. The
normalization of the channel transfor function is dene such that
the average {over Ravleigh fading) of its squaced magnitude is
cgual to unily,

The lower bound on capacity is provided in [1] as

>

h=M_ Al

. !1 5
o log, [l v Woxk

where 15 a chi-squared random variable with
frecdom, For A = N

degrees of

a3 . -
Cr=3" logs [1 n % - 3)

=1 .

Since x3, represents a tading channe! with a diversity order
of &, the lower-bouod capacity in {3} can be viewad as the sum
of the capzeities of ¥ independeot chanaels with incrcasing di-
versitv orders fromm 1 to N, This suggests a layered spoce time
approach [7] lor detecting the & transmitted <ignals as follows:
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In the tirst laver, the reeciver detects g fivst transmitted signal
by nulling cut interference from N 1 other transmitred signals
through array processing. Assuming a “zero forcing” (7F) con-
siraint, one receive antennd is needed o completely correlate

and subiract 2ach iterforence 5] Thus. the overall provess of

nulling & — 1 interferences leaves the receiver with & — (A —
1y = 1 degree of froedso to provide diversity for detecting the
first signal, Lo, a diversity order of 1 (or simply no diversity).
Omee detected. the st signal s subtracted out from the received
signafe on all N antenmas.

In the second layer, the receiver perfonns similar interterence
rutlling te detect a second wansmitied signal. This time. since
there are onlv N - 2 remaining interferences, the recerver af-
fords o diversity order of 2. The delectad signal 1g again sub-
tracted aul from the received signals provided by the fitst layer

Repuealing the above anterference  nullingieancehmg <tep
through & lavers, we sae that the receiver affords an inereasing
arder of diversity from 1 to N, U the capacities achieved in
individual layvers can be combined in some maaner. then the
layered space—time approach just mentioned will uchieve the
capacity lower bound expressed in (33, We will explote iwo
capacity combining possibilitics in the next section

MNote that ithe capacity and capacity low bound piven in
(1303 are actually lrequency-depensdent. We here provide an
explicit capacily lovmnla for band-fimited, tregue
channels (some variables are redefined o be censtsient wiih
later analytical developmeid).

—sefeetfve

= {log, el (R® il {4y
where, as showrtin cquations (5} -{8) ut the batiom of the poge,
¥ s the trequency-domain correlution mutnx of the signals
on M recorve antennas, W(F5 1s the naise power density at
freguency F on the gth receive anterna, 4 is the svmbal peried,

o

Hi(£1 05 the channe] ransier funciton {not normalized} of the

LN N

rransrission link between the ith tcansmit avtenna and the

Jthcroeeive antenna. and supersenpts + and 7 denete complex

conjogate um! transpose. Note i (7) and (8} that we consider
the folded specva Hy 1) (/D)) and Ry(f — (/i) of
the channgd transter function and notse power density. where
—J o (T s finite because the signal sources are
assumned to be band-Timitedy. This is to take into account the
effect of excess bandwidth and symbol-rate sampling when
the frequency selecnsvily ol the channet 15 not symmetrical
around the MNyvquist band edges. Bven though we assume white
Gaussian notse, the noise power density near and outside the
Nyguist band cdges actually attenuates with the receive filter
transiee funciion, From cur expenment (assuniang a squarc-root
Myequist (ilter with a SU% rolloff factor). the coamputed capacity
can be underestimated by as much as (1.5 JB3 1f thix attenuation
i 0ot taken imto accoumt,

o=

11 €Contn Layrkin Sract—TIME ARCHITECTURES
A Basiv Coneepis

We constder two coded tayered space-tume approaches us
shown in Fig, iy and (b In the firstapproach, naroed “LST-17
(LT stands for “layvered space-time’}, the coded information
bits ure interleaved ucross ihe N parallel data sureams o,
&>, - - 2, whare x; denotes a sequence of complex-valued.
transmit data symbels {fe.o., &-PSEK symbal<). The receiver firsi
decouples the AV data streams through interterence nullingfcan-
cellation, a5 desenibed m Section H, then dernterleaves and
decodes all the  data streams as one information hlock. In
the second approach, “LET-1L"7 the information s first divided
inte A upcoded bit sequences wy, we, ..., ty, cuch of which
i« independenily eheoded, interleaved, and svimbol-mapped to
generate one ol the A parallel data sireams. At the recciver, the

algs2E0
(= ii'/ L) df &)
STy
w= N mH R (6)
P
r=]
=, _
N
A/ T/]
) 0
s (f - T,)
B2 (7
® I' /o J
L (,? ]—,.
0 S
Ry (f-} E_)
A A : fj S A N N
H, 2 [H,.L (f— 7)o M (f s Bl g g ) Ho (f+§,)4| (%)
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N data streams are decoupled and independently deinterleaved
and decoded. The ontpur of LST-11 produces N infonmation
blocks at a rate of 1/N times the output raiz of LS -1

[n Fia. 1{a) and (b}, “space—time equalizer™ refers o o com-
binad arrav processing {for interference nullingy and cqualaa-
fen function. Instead of the 21 criterion, we ussume that the op-
nmizatron of the antenow equalizer weightsis based ona MMSE
critarion, which in general provides beiter performance than a
ZF approach. Poschind [7] has also indicated a potential per-
formance benefit ot asing MMSE {or “maximum SNR} rather
than ZF ina layerad apace tirme arehitecture. Althoogh we show
A receive antennas in Fig, a)and (b)Y (M = & 15 ihe sulfi-
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cient conditon for nulling & — 1 imerference), we only consider
A = N ilus study.

Similar fo [9], the underlying assumption of our layered
space time srehitectune 13 that the receiver can order the detee-
tons of & data steeams such that an undetected laver akwavs
has the strongest received SNR. In LST-[, the space-time
equalizer in each layer must provide data deeisions 2y, (A de-
notes the permutation due to layer ordering) to the interference
canceller, since decoding cannot be done until all the lavers
are processad, To LST-I1, the inferference cancellatien in cach
layer can use more reliable dara decisions s,y provided by

the decoder. Thus, LET-T is mere prope o decision errors than




Fifty Yeurs of Comaunications and Neiwerking

LS -0 In order to mimmize the eilects of decizion errors, and
alzo to unprove the junt detection/decoding performance in
geieral, we psswme the use of urbo processing in our layered
space -time architzcture. Ax shown in Vig. Hay and (b), the
space- time equalizers and the deenders provide exteingsic soft
information to one another by subtracting the reccived soft
information fronn the nowly computed soft information, Detals
on MMSE space-tine cquahzation and turbe processing will
he provided in the Scotion 1V

B Capacine Analvsis

Without getting into the detail of all the processing funclions,
we first diseuss the general differences between the two coded
layered space time approaches, lroparticular, we are most inter-
asted in the cepacite combining aspects of the two approaches,

Let SR denote the output SNR of the array processing in
thve kth kayer Ficst, we note that, in LST-11, the capacity of cach
processing layer i3 bounded by the spectral efficiency K of the
modulatian and coding i each laver, g £ = 1 for 5-PSK
with rale 173 coding. Thus, the total capaciy of TST-1T1s given
by §simular to (14 (30, we write copacity withoui showing ihe
freguency dependence)

N
CLaT—11 — Z wind &, logs [+ SNE ) (9

=1

Without layer ondering, it is most likely that the overall perfor-
mance of LET-11 will be fargely influenced by the error proba-
britity of the frst provessing lsver with a diversity order of only
1. In contrast, our simudation resules in Sectton v wil show that
LTI wiih Layer ordenng canactually achieve a diversity orler
of approximarely N

Since coding iz performed across all the processing layers in
I.ST-1, the achieved SNR in each faver will conrribute to the
avetall layer processing performance. As Foschind | 7] indicated.
such n coding scheme should be able o achieve the capacity
lower bound in (30 Here, we provide a genvrabized fonuula of
Foschin’s lower bound by removing the ZF constraint and in-
stead using SNR as the generalized sutpur SNR.

o
Cp=% lom,[1 4+ 8NR,] (L0
b=l

Reference |a] provides output SNR formulas for different
Lypes of optimum space—time processors. Here, 1t is of grea
interest to express the cupacity Teaver bound using the best per-
toemance achievable. In the following cquation, wo represent
SRy oin (10) by the “matched filley™ bound-the maximum
achicvable SN by any space tme procossing receiver:

Ilr} hy . \\
Cpoare = E loga[1 +Tw ()] (1h
i=1 1!

where g {FY is the “matched filler” bound? given by equation
{13y in Seeton IV-A (simply o rewriing of the result m Jo]).

Shopte What the “inatched Dler”™ boond ussaliv reier o the integraied SNR
{(F i F13 over the signal bancsodth (e g, [6]5. Hisvever, inthe capacily contexl,
we asstne the b possibile woy to exploi the SHR ™ i all frequency oomp-
fnenty
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Space-time DRESE with MAD pricessing

Mote that (113 15 an explicit fonmuala similar e (43 0 shows the
frequency dependence of the cutput SNRE and the sntegranon of
capacity over the signal bandwidrth, Also, we assume that the
fith laver has & — 1 interferences,

In the process of sanalyzing the meaning of (11), we discov-
ered an identical relationship between (1 1) and (4) regardless of
hiow the layers are ordered. We show the proof in the Appendix
{thas proof s vahid even when M # N3 Thus, Foschini's lower
bowund (31 is acmally the rue Shannon capacity bound when
the otitput SNR of the space- ime processing i vach layer is
reproscired By the corresponding “matched filver " bond, Ths
proves the optimaliny of the lavered space- tine concept.

The capdcity analysis proseiibed above 15 Based on the as-
sumption of perfeet layver dotection, e, ne devision crrors af-
fecting the detection in subscquent layvers, In weality, LST-T1s
morg prone t decision eorors than LST-11 and layer ordering
becomes importand for both schames. Our simulation results in
Scetion Vowill demonstrate how decision envors atfect the actuul
perfarmance of the tvo coded lavered space-time approaches,

[V, SIGWAl PROCESSTNG PUNCTIONS

A Space=Tiwe Foualizarion

We constder combined array processing and equalization in
order io cope with dispersive channels. A space—lime equalizer,
consisting of a spatialteniporal whirening filter, followaed by
a decision-teedback equatizer (DFE) or maximum-iikelibood
scquence estimator, can suppress both 150 und dispersive
interference [0]. The space-time equaliver used in this siudy
iz shown in Fig, 2. Tt vonsists of a hncar leedlorwand filter
Wiif g — L. M. oncach diversiiy branch, a combiner,
symbol-rate sampler. soft-input, soft-output {SI1S0) MAP
sequetice estimater, and synchrenous hincar feedback filrer
LY fh The feedforward filters {3473 are shown as con-
tnuess-time filters, but they can be hoplemented in practice
using fraciionally-spaced apped delay lines. The combined
use of g sequence estimator and leedback filter after diversity
combtring s simiilar to the structire of a delayed decision-feed-
hack sequence estimator (THIFSE) F27]. Thus, we refer to the
space Ume cqualizer in Tig. 2 as a “space—time DINDFSE,” A
“gpace—time DFE? s a structure where the sequence estimator
1= replaced by a memaoryles< hard shcer.

It has heen shown in [20] thar a spage—time DDFSE with a
suquence estimaror memory of g and a feedback filter of length
Ly - poecan be optimized inoa MMSE manner as if it was a
space—time DEE with u feedback filter ot Jength L. ln fact,




iumerical results in [6] showed that an optunuin space—tine
DEE (with unconstraimed filter lenpths and no feedback decision
errers) can perform within enly 1-2 dB of the ideal “matchied
tilter™ bound performance. Thus, in order to have o practical
receiver structure Tor layered space timc processing, we con-

sider a space-time DIYFSF wirh o minimum sequence 2stimator

menory, 1o, o= 1 The sequence estimator 15 wsed only to
provide 4 wellis structure negded for tarbo processing, and pre-
sumably more reliable feedhack decisions than the slicer used
in a space—time DFF. Details on MAP processing will be given
in Section [V-B.

We fiest provide a brief review of the space time filerine
theory. Based on the space—time DFE eguivalent model de-
seribed above, the MMSE solution for the leedforward filiers

WA with unconstrained leagth can be given using the
results of [6] (sce also [2R])
] . |—|—JBlJrJ -
W =%"H 1+ By =R_H ——— 13
k kS + ‘r)'] F— * 1 + I, {J' i ( }
where
3
Ry =Y HHT+R 13y

_ I T
v H'L (f—’- ?) e H;\f (f—'— T) ; {\]4‘

<

1‘;lf1_ H{R ! (15)

.l—J.
In the above equations, we asswme that there ure a totul of &
signal sources and we use Hy, to indicate the channel vector
|see (%3] of the desired signal. The remaniing & - 1 signals
are interferences. B0f) in (12) 15 the feedback filter of the
space time DFE, shich, from oor assumption of g2 = 1, is
cnly =1 tap™ longer than B/(F). Trdf) s the signak-io-inter-
ferenbe—]\]us—imme power density ratio at frequency f. i,
the “matched filter™ bound. £ [ can be determined through
speciral facionzation of L + 14 F.

Equation (12} indicates thar the oprjmum fecdforward filter
consists of o S[)rit]d} Lunpmnl filter R, - H which performs
prowhilening (?R ©1s the whitening [i]tLr of mterference and
noise) and m‘zu,h!nu to ihe desired Lhdnml followed by a tem-
poral filer {1 + B/ + Dyl £13 which s an anticausal
post-whitening filter for suppressing precursor 151,

A tilter length analvsis of the optimum space-time DFE de-
seribed above 18 provided in [6]. We will frse consider 2 f3-
nite-length realization of the space time DEFE based an the re-
sults presented there, We assume that the system hag similar
IST situations as in EDGE and GSM. Namely, using the mul-
tipath delay profiles spectfied for EDGE and GSM {sce Ta-
bles T and TN, and assuming the same symibol vate of 270,833
kbaud (7 = 3.692 4x) with Nyquist filtering {parial response
signaling 15 nsed in EDGE and GSM), the 181 lasts up to five
sytnhol penods for the Inlly tereain (H1} peofile in Table TE Ac-
cording to the empirical Aiter length fornwlas in [£], the feed-
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TABIE 1

GEM Trpcal Urias OV LY CHaMSEL Mo,

Fath Drefay {[ix) 0.0 2 1.5 1.6 2.3 KT
Path Power (4B —5.0 0o -20 450 80 100
Ea 131k 1

VeSh I Ly T eRrEAS (Y DAl e Ko

Paih Delay (L1s) 00 "z rd 6 154

Path Power () 0.0 4.4 =70 6.0 -12.0

Forward filter on cach branch should have the folliwing causal
and snticausal lenpths to achieve near-optimum performance

Lo WAIN — D pgn /100
Ly =K — KN(pg/10) {107
where £ 18 the channel mamory, & 15 used here to mdicae
the total numiber of signals. including the desired and imerier-
ence signals, and pge 13 the average SNR in decibels. In our
case, M 0. and aszume lor example that the sysiem has [our
transmit and four receive anteonas (N = 4} and the operating,
range of average SNE 15 around 53 dB { g — 2. The requirsd
filter length, including the cenrer tap, willbe L + Ly -1 =
2.0, This is w highly impractical nurmnber. considering tht four
such filicrs are required, one per cach receive antenna. Fur-
thermore, as mentoned carliern the optimium feediorward {iliers
should be implemented using iractionally-spaced tapped delay
hnes. Ifa T/ 2-spaced filters are wsed, the total number of taps
will be doubled. Such a space—time system with about 200 co-
gificients would bu nearly tmpessible o compuie in any radio
link design.

Faced with such immracticality oian ideal signal processing
arangemaent, we proceed to consider A swboptimum option,
Fist, we will use sysebod-spaced instead of fractionully-spaced
feedforvard filters, In order to avord swenificant perfarmance
penaliies, a channel estimation-based niming recovery algn-
rithm dezenbed in [29] will be used w optimive the symbal
tiining and the deciston delay of the center tap relative o the
measured chamel impulse response. [noprinciple, such timing
optimizationt abso allows the DEE o use a feedforward filter
with a shorter span thon the channel memory while achigving
a reasonable performance [29], [30}, After experimenting with
a number of siznificantly roduced filter length options, we
decided on the inllowing suboptimurm space time equalizer
structure, The feediorwand flicr on cach branch has a total
ol nine umhnl -spaced taps, which are positicned such ih.-l'l
Lo = Ly = 4 The leedback lter has a length of &1
Ly = 9 with the MAP processor memery o = 1 includcd
(n owder wy completely cancel postoursar 181 Ly must be ot
least as large as the channel memory plus the number of cansul
taps in the feedforward filtery. The method in 129] is used to
optimize the symbol timing and the decision defay of the center
tap as described above. Direct matix inversion is used to set
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all the filter coefticients in a standard MOMSE Tincar processing
tashion [4], [26], [31]. assuming perfect chanme! estination,

B Turbe Processing

The turbo processing wehoique used i this study is also
hased on a standard approach——he reader is referred to the
rich leraore [11] [19], [21] [22], [32] {353] for a thorough
treatment. of this subject, The space time cquabizer and the
decoder both porforms SISO sequence estimiation o compure
the & posterior probubility {APPY of the tramsimit data symbals.
This scquence estimation s done using the Bahl-Cocke-)e-
linek—Raviv (BCIRY forward'backaard algorithei. In the
following, we desciibe the basic principle of the iterative
detection/decoding process.

BCTR algewithm. the MAP processor in the
gpace tme cqualizer with m?" states (o is the signal constel-
lation size, e.g., = 8 for 8-PSK. and ;r = 1 in our case)
computes the APP ey |y] of the ith coded bir ¢ based on
the observation g, where y s the cqualizer outpul sequence
camsspondmg t all the dara symbols 1o @ receved block {see
Pig. 2V, und the o prios information provided by the decoder
{thiz is notavarlable in the first “wrba™ iteration). The loganthm

[lsing the

Aeg ) = Loz, (F]eg ¢ of this APP can be regarded as the sum
of two terms

Alent = Wepd 4 Vi {17

whore Ao 2, v ([ ]) 18 the logardihm of the a prior in-
formuation provided by the decoder, and V(o) s colled the “ex-
trinsic” information, liceach “rurbe™ ireration. the space-time
squaliver subtracis Moy
Mo obtaln the exirinsic infomuation A (o} [see Fig W)
and (). The entire sequeniee { A% (e 3} is demrerleaved and for-
warded tu the decoder.

Similarly,  the  decoder

computes  the  log-APP

207 2 log, (Flepl{ Ve )]s based on ihe demierleaved
exirinste mformation provided by the spacoe time cqualizer,
and suliracr A dvem o obtain extrinsic intormation
ey ). The wextrinsie information imterlesved  aid
forwarded ro the equalizer as the new a préosr information
A ) for the next “turba’™ iteration,

s then

The interleaver considered in this study is a pseudo-random
intetleaver. 1.2,
munbers from 1 to £, whers I is the block length, and then use
thiz permutation as a_f.t.‘;e"f interleaver.,

[n ¢ombining ihe branch metric obtained from ihe equalizer
output with the branch metric obtuined fiom the soft inpur
provided by the decoder, the MALP processor in the space—time
cqualizer muse compute the @ préord information for each 8-MSK
aymbol o from the thiee soft inputs (AP (), Mo b
A gpqn )b We assume that this is done hy way ol sammiing
Ihe three soft inputs as if the three coded hits were transmitted
trom independent sowrces (these sofi foputs are actually not
independeni when comditionad on the ohserved wavelomm of th
entire duta burst), Thiz is o subopumal method, which s known
“ramdormn modulaion”

to Chuse o performance  degradation

3 from the newly compured vafue of

we generate a pendo-random pernmatation of

<ffect in hit-mterleaved coded wedulsiton [36] [38]. Hawever,
thiz effect cau be overcoie by iterative decodmmp | 38], whnch is
implicit in our o space--ime processing approach.

As noted carlier, in LET-L the space- ume equalizer in each
[ayer must provide immediate data decisions (o be used forinter-
ference cancellation. Since these decisions are not “privected”
by coding, they are prone 1o emors. In this study, we explore
3 500l dectsion echimgue to minimize the etfece of decision er-
rors. The optimur soft decision can be compuiad by averaging
alf the posuible fransmat syimbols weighted by their APPs [39]

Fio= T‘ sy
- —

rio= ] (18

areh

where X inchudes all the complex-vulucd %-FSE constellation
points, Since g = z|y] can be obtsined along with the com-
putaiion of the APP Flo|y], this soft decision approach can be
implemented with nearly no additional cost in complexity, Sim-
tlarly. we apply the same webnigque w compule soft degision
outputs m LST-11.

N PLREORMAMNCE RESLTS

4, Porformance Criveeia und System dsowmptiony

W now  present resulis of the  lavered
space me cuncepts desenbed o far. The performance mea-
sure is the Dlock-error wic (BLERY over Rovleigh fading,
The resalts are obtained through Monte Carlo simulation, The
BLER is averaged over up to 4000 channel realizations. Fach
binck contains 400 mformanon bits (betore coding).

In comparing the performance resulta o cliannel capacity,

performance

wi follow the convennion of & number of previous works (o.g
P 23] te compare the compured BLER with ihe “outage ca-
pacity™ [i], ie., the probability thar 4 specified bit rare is not
supported by the channel capacity. This 15 a vagus comparison,
gince the Shannon limitt refers to the mghesi error-{ree bit rate
pussible for long encoeded blocks bat i does ned spectiy how
long the blocks should be. Nevertheless. such a comparison
should stll be meaninglul us long as the block length and BLLER
ave specified. This is sinndae to the way a bit-crror rate of 1077
is commenly used as the ™ reference for an additive
white Gaassian noise (AWGNY channel.

In order to assess the best performance achievable, we as-
sume that the channel characteriziics con be perfectly estimated
ar the recciver. Stolarly, the choices of [-D processing and
coding technigues are huportant o deliver the best possible
pedformance. We ry (o optimize
thent as practical as possible. Except for the uge of array
processing and iterative MAD algonthms, all the radio hink
technivues assumad in this siady are “legacy-compatthle™ with
the ETHOE standard (note also thai vast rescarch interestin turbo
codmg has made simplihed MAP algonithims avalable [21],
[22] that are not mauch more comples than the conventional
Viterbe algonithm), Mene of ihose welmigques are
is be optimum. Yet, our results jodicate thatr near-capacity
performanes is achicvable when combiming them through the
codad layered space- time architectures,

error free”

These chatees while keeping

clatmoed
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B. Choosing the Coding Scheme

We conmider o bit-interleaved coded modulation scheme
paing R-PSK with Gray mapping  and  rate-173
Square-root Nvaguiat fltering with 3084 rolloff is ascumed af the
transmitter and receiver. Bi-interleaved coded modulation has
been shown [36], 137] o outperform traditional treflis-coded
modulation n fast fading channels {where e diversity can
be explotted through sofficient interleavingy and 1t cun he
improved vpon by cousidermyg o betrer mapping technigue
that permits a lurge Luclidean distance without sacrificing the
maxamum Hamming distance of the baseline eoding scheme
[38]. In this paper, though, since guasi-statc [ading 15 our
basic assumnpiion, the code by diself must be able 1o withstand
deep fades. In principle, uny code that portorms well in an
AWGN channgd is consideced 4 good candidaie
are wimnonyg the strongest condidates that comae 1o mind.

Fig. 3(a) and (b} provide a performance comparison berween
two rate- 173 coding schemes: one using o 04-state convolulional
code with {octaly generators (G, (Fa. €730 = (133, 117, 123)
{the same code as propesed for TDGL [20)) and the other using
aturbo code with two identical 16-state recursive encoders sim-
ilar ip the scheme orrginally proposed by Berrou and Glavicux
[127 (the results here assume generators {07, o) = (23, 31},

coding,

lurbo codes

THE BENT OF THE BREST

which appeared to performn slightly better thun other genera-
torg we tested ), Both schemes assume the use of hit-interleaved
B-Psk with Gray mapping. The turbo coding scheme has an
addifional interleaver within the encoder, which uses another
pseudo-randomly generated permutation. The receiver structure
15 consistent with what we hove deseribed so Bar. Nate, however,
that we assume o ninimun number of filter taps conly onc feed-
forward tap per branch and ne fecdback filter) whencver there
is no delay spread assumed, although the MATD processor in the
DDFSE is alwavs used for iterative detection/decading az de-
seribed in Rection 1V-B. For the turbo coding scheme, “ong iter-
ation”™ means a full evele of three procosses: 1Y MAP processing
1 DIFSE; 23 turbs decoding by the lirst decoder; and 35 wrbo
decoding by the second decader.

Fig. 3 shows the performance of the two coding schemes in
an AWGN channel. First, we note that the performance of con-
volutional coding also benefits from iterative processing. This
1+ due to the suboptitnal natuee of the decoding scheme, ...
the “random modulation” effect deserthed earlier, which can he
improved through ficrative decoding. Fig, 3(a) shows that most
of the improvenient is achicved widun two decoding eycles. For
turbo coding, the performance still improves even after five iter-
ations, but saturates quickly afier ten iterations. At 1073 BLER
(approximately equivalent ro 1077 bit-grror rate), twibe coding
outperforms comvolutional cading by about 2.2 dB, and the re-
quired SNR s within only 2.4 dB of the 0-dB Shannon limiat fior
a spectrat elficieney of 1 bps/He (3-PSK with rale- 173 coding).

However, when we look al the average BLER performance
over quasi-static flat fading channels in Fig. 3(b), the henetit
of wrbo coding (with ten iterations) over convoluhonal coding
(with two iterations) is reduced to only about 0.5 dB at any value
of tie average SNR and for all the assumed numbers of receive
diversity antennas. This 1s not surprising for two reasons. First,
it 15 well kinown that ihe average BIFR ix determined mostly
b the probability of fading events that result= in high BLER s
It we look at the relative performance at a BLER of, say, above
10%4 30 T1g. 3(a). the difterence betweon the two voding sclicmoes
15 indecd less than 1 dB. Sceond, the performunce of convolu-
tional coding over fading channels is already within about 2 di3
of the capacity bound—the capacity bound in this casc is de-
fined ax the probability that the combined output SNR of all
diversity beanches is below the (0-dB Shanuon linoir. Thus, thers
15 not mueh room for further improvemenz.

Based on the fact that the perfurmances of the two codimg
schemes are quite similae i guasi-static fading chaomels, we
will emly constider comvolutional coding i the rewamder of ikits
paper.

O Lavercd Space Time Porformumce

We first look at the perfommance of the two coded Jayered
space ume approaches over a flat Ravleigh fading channel.
Fig. 4 shows the different capacity bounds for this channel,
aysuming N = 2, 4, and %, where N is the number of transmit
and receive antennas. Again, although we plot the resulis as
“hlock orror vate,” the capacity bound is defined as the proba-
bility thai the specificd spectral effiviency R (7 = A in this
case} is not supported by cach of the differcatly delfined channel
capacities. £ denotey the Shannon capacity bound given by ()
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Fig. 4. Capacy boundsa Far quast-gtanwe 1lar Rayleigh fading channels wirh 2
transic and N orccave anreanas. O Shannon capacity, O e Poschind tarizinals
Found, and Croop 597 vapaciey bound G LET-IT,

lwltch 15 equivalent to the penerabized Foschint bound €7 ;s
in { 11)]. Cp denotes the original Foschini bound {with the Z1:
constrainty in {3), and Cpgyp _pr 15 the capacity hound for 1.ST-I1
in (9} (however, the results for Crzy o wre obtained sunply
by averaging the probability that I = 1 is aot supported by
each processing layer). Nute that g _jp can indeed provide
approximately a diversity arder ol N this is attribuced largely
io tho use of laver ordering as discussed carlier. Notwe also that
oll the bounds show an impeoveraent with ncrcasing 5. This
racans that the capacrty actuzdly increases more than lincarly
with the number of transmit and reveive ameanas, However,
ihiere 15 a diminishing improvement as N inereases to a much
lurger umber,

Tig, 5 shows the simalation results for LST-1 wiath 2 transmit
and 2 receive antennas (f.e.. N = 2). Three sets of results arc
provided, assuming: 1) soft dectsions; 2) hard decisions; and 3)
cortedt dectsions imeach layer {note that the DDEST always uses
tentative decisions aind provides soft outpais o the decoder).
W see that, alihough sofll decisions offer some improvement
aver hard decisions, the impact of decision crrors 15 still guite
noticsible. Fig. 6 shows similar results for & = 4. Here, the
ipacy of decizion criors s not as significant as the previous
results. and turbo processing and soft decisions help to reduce
much of this impact. With three iterations, the effect of decision
errors almosy completely disappears when using soft decisions.

Mecision errors have o Tesser effeet fora larger V becavse of the
greater diversity order gvatlable through armay processing and
laver ondering.

In Vig. 7. we campare the resalts using <oft decisions and six
“turbo” iterations with the Shannon capacity bound, Foar vV =4
and %, the perfarmance of [LAT-1 is within 2.3-3 dB of the ¢a-
paciiy bound ar 10% BLER. (and sbout 2 5.5 dB at 1% BLLCR).
Since the BLER may vary as a lunciion of the block mizes 1
is also impartant to consider the procassing loss by discouniing
ihe lass due to the inefficiency of modulation and coding. As

Fas an example, when we doublz the blosk sz, the teqaired average SKR
15 0.2-0.4 dB grealer thar the tesalts shown here, Howevir, this diffaence n
average AWK applics ungiomly 1 ali resubis, with orwithout lavered space—time
[CCESEIRg
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Fiz o0 Lavoed space tme perlormanee of LET -1 with foer dransaii and four
receive anweanas (N = 41 Quasi-stalic ai Rayleiyh fadmg channel.

Block Error Rate

shown in Fig. 3(h), there i< afready a gap of about 2 dB between
the performance of our coding scheme and the Shannon fimir,
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o Vayered space—time performance of LS - e No= 20 4 and BLSof
s 2 steracions, (uasi-stabie o Ravleizh fadimg channel.

diis

Thus, the actual loss due to lavered space—tuime processing 1s
anly about .51 JB at 10%; RLER.

Fig. 8 shows the perfonance of LST-I1 for & - 2, 4, and
8 compared o the Shannon and Oy g bounds, Soft deci-
siens and two “arbo™ ieratinns are assumed, (a this case, we
found the eftect of decision errors to be marginal, e, the re-
sutis with hard and correct decisions were generally within 1
dB of the results shown here, Also. we found turbw processing
with more than two iterations o provide fittle improvement.)
At 10% BLER, the performance of LST-1T i3 2.5 dB from the
Cray —ip pound, and 3.5 dB from the Shannon bound. At 174
RBLER, however, the less compared to the Shannon bound can
be s much as 6 dB.

From the ubove results, we conclude that, for ¥ = 4 and
R, LET-I owperforms LST-1§ by a margin of 1.5 dB {ar 10%
BLER} to 3 dB {a1 1% BLER). For IV = 2, the performance ol
Lst-lis greatly affecied by decision crrars (aole that, oven in
thiy case, LS (-1 still performs as well as LST-Hoar 10% BLER),
whereas LST-11 can reach 3 lower BLER at tugh average SNK,
Buased on these results, the lavered space time approach Is
not highly recommended for & = 2. As mentoned eadier.
space—time coding ix a better atomative w achicve a spocival
cfficiency of 2 bps'Hz. For instance, a &d-state spaco time
codad QPSK can perform to within 2 dB of the Shanson
capacity bhound [23].

0. Freguency-Selective Channels

Finally, we present an example of parformance resoits for fre-
guenev-selective fading channels Thisexample assumes &V = 4
and the use of saft decision< forhoth LS T-Tand LS T-11. Fiz, %{a)
and {b) show the vesulws for the TU and H profiles, defined in
Tables | and 1. Agam, we only show results with two “taibe™ it-
erations for LST-I hecause little improvement can be achieved
with more fterations ti this case. Forbath delay profiles, the per-
forntance at 1% BLER is within 3 dB of the Shannon bound
Tor LST-I with six irerations, aid within 4 JdB for LET-1 with
two iterations, At a lower BLER, the luss retative to the bound
is greater for HT than for TU. This 13 dus to the limitation of
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the suboptimum space—time equalizer structure we assume, as
alrcady discussed in Scetion 1V-4A

VI CONCLUSION

By deriving the gencrulized Shannon capacity formula and
suggesting o layverad space-time architecture that atiains a tight
lower bound on the capacity achicvable, Foschini has laid a
significant theorctical foundatian for improving the wireless
channe! capacity throuch multiple-cloment areay rechnelogy.
We have shown that Foschint’s lower bound s actually the
true Shannon hound when the output SNR of the space—time
rrocessing in cach layer 15 represented by the corresponding
“matched filter™ bound, We then provided two coded layered
space—ntme approaches as an embodiment ol thrs concept. For
g large nuniber of transmit and receive antennas, cioxding across
the layers provides a better perforimance than independent
eodip within cach laver, However. with two trangmil and two
receive antennas, the former is heavily affected by decision
errors and, therefare, provides a poorer performance than the
Tatter,

The underiying coding and signal processing technigues used
in this study are based on practical but subopiimal approaches.
Yet, such suboptimality cai be greatly compensated [or I 1t



Fifty Years of Communications aud Nefworking

erative processing. Overall, our coded lavered space--time ap-
proaches can acligve s performance within about 3 JB of the
Shannon bound at 10%5 BLER. about 2 dB of which i a loss
due o the practical coding scheme we assume. Thus, not anly
s the loyored space time architeciure exactly what the Shannon
limit hias preseribed ina theorehieal seuse. but i also provides
i attractive general methodology for improving and achicving
the witeless channel capacity,

APPENIAX

PROVING THE EQUIVALENCE OF FOSCHING BOUND AND
SHANNON CAPACITY

Using the marthemaiical mdugtion method, we will prove that
{43 aned (11 ) are identival. Tn order to do so, we must show that

N
y = [+

=1

dett RN (149)

where B n the above equation i equivaleat o R, defined
{13). Again, we assure that the Sth laver has £—1 interferences.
MNote also that the proof provided here 35 independent of the
niwciber of receive antennas A {the dimension of ) and the
way the layers are ordered.

We start by assuming | signal source and A paceive antennas,
It can be casily shown [ 1] that

del{RIRT ) = I+ HINT H = 1+ 1008, 2o
Next, we assome that {19) is true for the case of 5 — 1 signal

SALTCEs, 1.8,

der(R, 8= ] T, (20
E=1

We then show in the foilowing that, given (21), (195 s also true

for n signal sources,

First, we noda {rom (1.3 that
- ’Ir
R.=W,_| +H H, .

22)

Usimg the matnix mversion lemma [4, Appendix D], we can
show that [similar to {12}]

ir—-

1 + l H \..‘

. ®! H*
RH = ol
ft follows that

N‘Rul]. H ;* [\gkn—lR_l}_l-{I;

R BTUH =REH] -

1+T0F) IES AN
124
For comvenicnee, lot
AZR N and BER. R L (25)
We can rewrite (24) as
A YH = _B___Lfﬁ_ (261

13
Furthermore, using the matrix identity [40]
A
—ho fed (27
det(A)

where A,y is called the adingute mairia of matnix A, we can
row e (260) a8

B H,

Y Aet{BY 4t DY

(28)

By replacing dex{ B inthe above squation using (213, we obrain

Ay }I; _ B H, (4
don{ A) Ton o ’ -
o JIa iy
Bl

Our goal 1< to prove that

der{Ai =[]0 +Twif).

(3
L=l
Thus, given (293, we must show that
Al = B,H],. (31}
From (223 and {25}, we have
A=B4+ I H.’,{'R‘l
f Hulh Hos(f
b H, b+ H ——
L+ H oy TR
Hoag( S )
by, + H ———— (323
\J\ rL RA II' Io }r| l A}
where b; 15 the jth column vector of I, for 3 = 1. -+, M,

{or convenience, we use &4 here to indicate the overal! receive
diversity order, including the effects of both multiple antermas
and exeoss bondwidih.

We now prove (21 by showing that the jth element
of A dT] is cqual to the fh element of B I, for
7= 1., A Note that the qth element of A, H}, 15 given
by deti A where A 15 obtained by replacing the 7ih column
of Aby H’ Snmhrl . the 7th element of I, 4 HY, is given by
det(4F; 1w here 13, is obtained by replacing the jth column of
B H.

Using {32) and the lincar properties of detemminants, we
show thar

CATH

Jth
; Hol “ column 7
et At — dei Vo oo g A
el ) = det L{h - H - R, tf\ . ", J
(33)
= =.leLfb-l . Hf_,\ »»»»»» |
H,. I:.f.1 + 1 4
+(1-\‘ v R;” . _.IIN. _. ( -jr]
= dei !’bl CH ]
H,, .
Beal) ormy, - Hy
L\\}“
= dotih, . H, 1
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Siilarly, we can expamnd the resuli of (34} with respect to the
second column, the thivd colunmn, and so on (except for the jth
colmmi). Eventually, we obtain
Jth
coliumn
des( A = detfby, by, -0 Hy L b =del{ B0
(35

which proves (314 The proof of (19 is therefore complete.
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