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Abstract— We propose the use of multistratum space-time
codes (MSSTC) for the asynchronous uplink of broadband
MIMO-CDMA systems. This transmission scheme, originally
proposedfor single-usersystemsand �at fading channels,com-
bines the bene�ts of both space-timeblock codesand multilay er
transmission,i.e. it exploits transmit diversity and simultaneously
enables high data rates with reasonabledecoding complexity.
Though the full potential of multistratum codes can only be
achieved by using adaptive channel coding, we show by simu-
lation results that they are a promising approach even in the
uncoded case.

Index Terms— Multiuser MIMO systems,Space-Time Codes,
CDMA, Uplink.

I . INTRODUCTION

In [1] it wasshown, thatchannelcapacityincreasesdramat-
ically by usingmultiple transmitandreceive antennasin rich
scatteringenvironments.Layeredtransmissionstrategies like
D-BLAST [2] or V-BLAST [3] area practicalway to realizea
considerablefractionof thecapacityofferedby suchmultiple-
input multiple-output(MIMO) systems.The detectionis typi-
cally basedon successive interferencecancellation(SIC). On
the other hand,the transmissionquality may be signi�cantly
improved by makinguseof spatialdiversity. In order to gain
diversity at the transmittersite, space-timecoding has to be
applied[4]. A specialcasearespace-timeblockcodes(STBC),
which allow very simpledecoding[5], [6].

Thesetwo conceptsare combinedin multistratumspace-
time coding(MSSTC)[7]. Here,paralleldatastreams(called
strata) are individually encodedusing a space-timeblock
code,respectively, andsubsequentlysuperimposed.Dueto the
STBC, eachstratumcontainsfull transmit diversity. In this
paper, we analyzetheapplicabilityof multistratumspace-time
codesfor the asynchronousuplink of MIMO-CDMA systems
with frequency-selective channels.Furthermore,an ef�cient
detectionschemefor this scenariois devised.

In Section II the systemmodel is introduced.V-BLAST
and space-timeblock codesare reviewed in SectionIII and
Section IV, respectively, before the multistratum codesare
introducedin SectionV. SectionVI includessimulationresults
andconcludingremarkscanbe found in SectionVII.

This work wassupportedin part by the Germanministry of educationand
research(BMBF) undergrant01 BU 153.

I I . SYSTEM MODEL

Throughout this paper, we use bold lower (upper) case
letters for vectors (matrices) and an underline to indicate
complex quantities.For an arbitrary complex m � n matrix
M we de�ne the correspondingreal 2m � n matrix M , that
alternatelycontainsthe real and imaginarypart of eachrow.

We consider a MIMO-CDMA system,where NU users
transmitover NT antennasto a commonbasestationequipped
with NR receive antennas.Each user is assigneda unique
pseudonoise spreadingcode cu [k] of length NC , such that
cu [k] = 0 for k < 0 or k � NC . Thechannelbetweentransmit
antennat of useru andreceive antennar is characterizedby
thedelay� r ;t;u = � u andthetime-discreteimpulseresponsein
theequivalentbasebandhr ;t;u [k] of orderNH . Without lossof
generalitywe assumethat � u � � u0 for u < u0 and� 1 = 0. As
thereceiver canonly observe thelinearconvolution of channel
andspreadingcode,we introducethe signaturesequences

sr ;t;u [k] = hr ;t;u [k] � cu [k � � u ]; (1)

which arezero for k < � u or k � NC + NH + � u . Note that
the signaturesmay easily be replacedby their oversampled
versions,but herewe restrict to chip synchronoussituations
for simplicity.

Denotingthei -th transmitsymbol(beforespreading)of user
u at antennat by x t;u [i ], the receive signalat antennar is

y
r
[k] =

1X

i =0

N UX

u=1

N TX

t =1

sr ;t;u [k � iN C ] x t;u [i ] + nr [k]; (2)

where nr [k] representscomplex white Gaussiannoise of
variance� 2

n .
Thesystemmodel(2) canbewritten in morecompactform

by making useof matrix notation.To this end, let us de�ne
the NC NR � NU NT signaturematrix

S[k] =
�
S1[k] S2[k] : : : SN U

[k]
�

; (3)

wherethe NR � NT submatrix

Su [k] =

0

B
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...
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contains the contribution of user u at time k. Similarly,
we collect the transmit symbols, receive signals,and noise
samplesin the vectors

x[i ] = (xT
1 [i ]; xT

2 [i ]; : : : ; xT
N U

[i ])T (5)

with xu [i ] = (x1;u [i ]; x2;u [i ]; : : : ; xN T ;u [i ])T ;

y [k] = (y
1
[k]; y

2
[k]; : : : ; y

N R
[k])T ; (6)

n[k] = (n1[k]; n2[k]; : : : ; nN R
[k])T ; (7)

respectively. With thesede�nitions, thesystemmodelbecomes

y [k] =
1X

i =0

S[k � iN C ] x [i ] + n[k]: (8)

In general,a space-timecodeword of one userconsistsof
NST consecutive transmitvectorsandcontainsK ST informa-
tion symbols

du [m] = (du [mK ST ]; : : : ; du [(m + 1)K ST � 1])T : (9)

Usually, a codeword alsoincludesconjugatecomplex informa-
tion symbols.As complex conjugationis nota linearoperation,
it is necessaryto split du [m] up into real and imaginarypart
asdescribedat thebeginningof this section.With theresulting
2K ST � 1 vectordu [m] andthe NST codede�ning generator
matricesG[i ] of size NT � 2K ST we can expressthe i -th
symbolof the m-th space-timecodeword by

xu [mN ST + i ] = G[i ] du [m] ; 0 � i < NST : (10)

Thus, the correspondingvector containingthe transmitsym-
bols of all usersreads

x[mN ST + i ] = (I N U 
 G [i ]) d[m] ; 0 � i < NST ; (11)

where 
 denotesthe Kronecker product and d[m] contains
the informationsymbolsof all users.

Now, assumingthat � N U + NH � NST NC , we can stack
all nonzerosignaturematriceson top of each other in the
(NST + 1)NC NR � NU NT matrix

S =
�
ST [0] ST [1] : : : ST [(NST + 1)NC � 1]

� T
: (12)

Then, after inserting (11) into (8), we �nd that the whole
contribution of the information symbolsd[m] to the receive
signal (after space-timeblock coding, spreading,and lin-
ear distortion by the channel) is fully determinedby the
2NST NC NR � 2NU K ST systemmatrix

A =

0

B
B
B
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S 0 : : : 0
0 S : : : 0
...

...
...

0 0 : : : S
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C
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; (13)

where the zero submatricesof the block convolution matrix
have dimension NC NR � NU NT . For frequency-selective
or asynchronouschannels,every space-timecodeword ex-
periencesinterferencefrom the previous and the next one.

Therefore,we split A into its upperand lower halve A u and
A l , respectively, and introducethe matrices

A p =
�

A l
0

�
and A n =

�
0

A u

�
(14)

having the samedimensionas A , which characterizethe in-
terferencefrom d[m � 1] andd[m + 1]. With thesede�nitions,
the receive signaly [k] for mN ST NC � k < (m + 2)NST NC

canbe merged in the vector

y = A p d[m � 1] + A d[m] + A n d[m + 1] + n; (15)

wherethe vectorn includesthe correspondingnoisesamples.
Finally, as the symbolsd[m] that needto be estimatedat the
receiver arereal,we alsopartition y , A p, A , A n , andn into
their real and imaginarypartsand arrive at the desiredreal-
valuedlinear systemmodel

y = A p d[m � 1] + A d[m] + A n d[m + 1] + n; (16)

which will be used throughout this paper. Note that with
the normalizationE

�
tr

�
A T A

	 	
= 2NU K ST , the average

signal to noiseratio at the receiver for M -QAM is simply

� 2
d

� 2
n

=
� d2

� n 2
= log2(M )

Eb

N0
; (17)

whereEb is the meanenergy per information bit and N0 is
the one-sidedspectralpower densityof the noise.

I I I . V-BLAST

The aim of V-BLAST is to increasethe datarateby using
multiple antennasat both the transmitterand the receiver.
For this purpose,independentdatastreams(called layers)are
transmittedover the different antennas.Thus, it is possible
to transmitK ST =NST = NT symbolsper channeluse.The
NT � 2NT generatormatrix reads

G = G[0] = I N T 

�
1 j

�
: (18)

PSfragreplacements
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Fig. 1. V-BLAST systemmatrix for N U = 2 userswith N T = 2 transmit
antennaseach,spreadingfactor N C = 4, channelorder N H = 1, delay
� 2 = 3, andN R = 2 receive antennasat the basestation



An example of the resulting real system matrix A (to-
gether with A p and A n ) is illustrated in Fig. 1 for an
asynchronoustwo-usersystem.Here,dark entriescorrespond
to large absolutevalues.The dimensionof the systemmatrix
is 4NC NR � 2NU NT = 32� 8, wherethe�rst (last) two pairs
of columnscorrespondto the antennasof userone(two), and
eachchip requires2NR = 4 rows, so onecompletesignature
sequencetakes 2(NC + NH )NR = 20 rows while the next
symbolstartsafter 2NC NR = 16 rows.

Fig. 2. Interferenceafter matched�ltering by A T

From Fig. 2 it can be observed that after simple matched
�ltering thereremainsstrongco-channelinterferencefrom all
other antennasas well as intersymbol interferencefrom the
previous andthe next symbols.Therefore,moresophisticated
detection techniquesare required. The optimum maximum
likelihoodsequenceestimationwould betoo complex for real-
time applications,even with ef�cient implementationslike
the spheredecoder[8], that do not require an exhaustive
search.For �at fading channels,a near-optimum detection
algorithm basedon lattice reduction was proposedin [9].
However, here we restrict to simple successive interference
cancellation,which in many practical situation comesclose
to ML performancewith a complexity comparableto linear
detection.

Ignoring the noise for the moment and assuming that
the receiver has already estimatedd[m � 1] correctly, the
interferenceof the previous symbolscan be subtractedfrom
the receive signal.From (16) we get

�
A A n

�
�

d[m]
d[m + 1]

�
= y � A p d[m � 1]: (19)

The interferencefrom yet undetectedsymbols needsto be
suppressedby linear �ltering. To this end, let us de�ne the
QL decompositionof

�
A A n

�
= Q L =

�
Q1 Q2

�
�

L 11 0
L 21 L 22

�
; (20)

where the 4NC NR � 4NU NT matrix Q has orthogonal
columns,L is a monic lower triangularmatrix1, and the in-
troducedsubmatricesof Q andL areof identicaldimensions,
respectively. As by de�nition Q1 is orthogonalto Q2, from
(19) and(20) it follows that

L 11 d[m] = QT
1 y � QT

1 A p d[m � 1]: (21)

Now d[m] can be estimatedfrom top to bottom, while sub-
tractingall the interferencefrom previously decidedsymbols.

1We assumethat the systemis not overloaded,i.e. N U NT � N C NR .

Fig. 3. Partial interferencesuppressionby Q T
11

In [10] it was shown, that a linear minimum meansquare
error (MMSE) interferencesuppression(insteadof the just
describedzero-forcing,which may lead to strong noise am-
pli�cation) is achieved by consideringthe extendedsystem
matrix

�
A A n

� n =� dI

�
=

�
Q11 Q12

Q21 Q22

� �
L 11 0
L 21 L 22

�
; (22)

andreplacingQ1 in (21) by the matrix Q11 of the samesize.
Furthermore,a very ef�cient sorting algorithm to determine
the optimum order of detectionwas proposed.The result of
the partial interferencesuppressionis shown in Fig. 3.

IV. SPACE-TIME BLOCK CODES

Space-timeblock codes are a means to exploit spatial
diversity in rich scatteringenvironmentsin order to improve
the transmissionquality when no or only little temporalor
frequency diversity is available.This is typically the casefor
indoorscenarios.Themostsimpleexampleis thewell-known
Alamouti scheme[5] for NT = 2 transmitantennaswith the
unitary generatormatrix

G =
�

G[0]
G[1]

�
=

0

B
B
@

1 j 0 0
0 0 1 j
0 0 � 1 j
1 � j 0 0

1

C
C
A : (23)

Here,only K ST =NST = 1 symbol is transmittedper channel
useas opposedto V-BLAST, which on the otherhandoffers
no transmitdiversity. Also, due to NST = 2, the numberof
rows of the resultingsystemmatrix A is doubledcompared
to V-BLAST while the numberof columnsremainsthe same.

For a �at fadingchannelandsynchronoususersemploying
orthogonal spreadingit can be easily veri�ed that A has
orthogonalcolumns.Hence,ML performanceis achieved by
simplematched�ltering followed by a symbol-wisedecision.
However, for the example from the previous section these
conditionsare not ful�lled. Thus, the matched�lter output
containsresidualinterference,which is visible in Fig. 4, but
obviously thesignalto interferenceratio (SIR) is muchhigher
than for V-BLAST in Fig. 2.

Note that for NT > 2 there exists no linear orthogonal
space-timeblock code with rate one. For this case,orthog-
onal codes with reduced rate [6], quasi-orthogonalcodes
[11], and nonlinear orthogonal codes [12] were proposed.
Furthermore,for frequency-selective channels,specialspace-
frequency codes have been designed[13]. However, these
codesneedto be optimizedfor the actualpower delaypro�le
of the channel.Therefore,we restrict to the more practical



Fig. 4. Interferenceafter matched�ltering for space-timeblock codingand
systemparametersgiven in Fig. 1

approachto collect frequency diversity separatelyby the
spreadingcode.

V. MULTISTRATUM SPACE-TIME CODES

Multistratum space-timecodeswere �rst proposedin [7]
for single-usersystemsand �at fading channels.They are a
specialcaseof the more generallinear dispersionspace-time
codes[14] andcombinethe bene�ts of both space-timeblock
codesand V-BLAST, i.e. they exploit transmitdiversity and
at the sametime allow for high datarateswhile maintaining
low decodingcomplexity by successive detection.

Similar to V-BLAST, the informationsymbolsaredemulti-
plexed into NS paralleldatastreams

du [m] = (dT
1;u ; dT

2;u ; : : : ; dT
N S ;u )T ; (24)

which arereferredto asstrata.Insteadof directly transmitting
these symbols, all strata are �rst encodedwith the same
space-timeblock code and afterwards the resulting transmit
vectorsaresuperimposedusingan orthogonaltransform,e.g.
thediscretefourier transform(DFT). Anotherinterpretationof
this encodingprocedureis thatevery stratumemploys its own
characteristicspace-timeblock codede�ned by

G l [i ] = e� j 2� l i=N S T G 0[i ] ; 1 � l � NS ; (25)

whereG 0[i ] is the generatormatrix of the commoncodeand
the DFT was used.Then, the whole generatormatrix of the
multistratumspace-timecodebecomes

G =

0

B
@

G 0[0] : : : G N S
[0]

...
...

...
G 0[NST � 1] : : : G N S

[NST � 1]:

1

C
A (26)

For the Alamouti schemefrom (23) and NS = 2 stratathis
leadsto

G =

0

B
B
@

1 j 0 0 1 j 0 0
0 0 1 j 0 0 1 j
0 0 � 1 j 0 0 1 � j
1 � j 0 0 � 1 j 0 0

1

C
C
A : (27)

Comparedto V-BLAST, the number of rows and columns
in the systemmatrix hasdoubled.This doesnot necessarily
meana large increaseof complexity, becausefor multistratum
space-timecodesA may be highly structured.Fig. 5 shows a
simple examplefor a single userwith G from (27) in a �at
fadingenvironment.While symbolsof thesamestratumdonot
interactdueto theorthogonalityof thespace-timeblock code,
thereis stronginterferenceamongthestrata.The8� 8 matrix

PSfragreplacements
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Fig. 5. Structureof the systemmatrix for a singleuserin �at fading

L usedfor the SIC is depictedin Fig. 5b. Only � ve different
parameters(the upper left elementand the last row) needto
be calculated;for V-BLAST, L would only have size 4 � 4,
but still containfour differentvalues.However, in presenceof
intersymbolor multiuser interferencethis structuregets lost.
This is demonstratedin Fig. 6, wheretheparametersfrom the
examplein SectionIII whereused.

Fig. 6. Interferenceaftermatched�ltering for multistratumspace-timecoding
andsystemparametersgiven in Fig. 1

FromFig. 5ait is obviousthatall informationsymbolshave
thesameSIR.Therefore,in contrastto thelayersin V-BLAST,
the stratacan be decodedin arbitrary order, so no sorting of
the stratais required.This allows for adaptive coding of the
strataaccordingto the remaininginterference,i.e. the stratum
detected�rst mayemploy astrongchannelcodewhile thecode
ratecanbegraduallyincreasedfor the remainingstratadueto
theSIC.This is notpossiblefor V-BLAST. Note,however, that
for an uncodedtransmissionit is advantageousto decideonly
onesymbolof eachstratumat a time andthenmove on to the
next symbol insteadof detectingthe whole stratum,because
interferencecancellationonly improvestheperformanceof all
otherstrata,but not the currentone.

Another importantadvantageof multistratumcodesis, that
they allow for a �e xible trade-off betweendata rate and
error performanceby simply switchingoff strata,which does
not lead to transmissionbreaks. Note that for NS = 1
the multistratumapproachdegeneratesto ordinaryspace-time
block coding.

VI . SIMULATION RESULTS

The resulting bit error rates (BER) for uncodedQPSK
transmissionof a single userwith NT = 2 transmitantennas
and an uncorrelated�at Rayleigh fading channelare shown
in Fig. 7. For detection,the receiver appliesSIC with MMSE
interferencesuppressionandoptimumsortingasdescribedin
Section III. Surprisingly, for NR � 4, multistratum space-
time codes(MSSTC) perform worsethan V-BLAST. This is
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Fig. 7. BER for a singleuserwith N T = 2 antennasin �at fading

becausethe �rst stratumexperiencesstronginterferencefrom
thesecondone.As mentionedin theprevioussection,thismay
beaccountedfor by adaptive coding.However, with increasing
numberof receive antennas,multistratumcodesare superior
even in the uncodedcase,becausethen the �rst stratumcan
be detectedsuf�ciently well and the diversity advantageof
space-timecoding becomespredominant.Note that in many
practical scenariosthe numberof transmit antennaswill be
rathersmall due to spaceand cost limitations of the mobile
unit, while a �x ed basestationmay utilize a large numberof
receive antennas.
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Fig. 8. BER for N U = 8 asynchronoususerswith N T = 2 transmit
antennaseach,spreadingfactorN C = 4, andN R = 6 receive antennas

In Fig. 8, we analyzethe BER performanceof a MIMO-
CDMA systemwith eight asynchronoususers.While in the
previous example both transmissionschemeswere nearly
identical for NR = 6 receive antennas,multistratumspace-
time codingnow clearlyoutperformsV-BLAST, especiallyfor
the frequency-selective channel.The reasonfor this behavior
is, that the high interferencebetweenstrataof one user, that
causedtheperformancedegradation,is now dominatedby the

multiuser(andmaybeintersymbol)interference,which is com-
parablefor bothmultistratumcodesandV-BLAST. Finally, we
�nd that the receiver complexity canbe signi�cantly reduced
by only optimizing the detectionorder over the NU = 8
users insteadof all 2NU NSK ST = 64 real symbols. For
multistratumcodesthis causesonly a small performanceloss,
while for V-BLAST using the correctorderingis essential.

VI I . CONCLUSIONS

We demonstrated that multistratum space-time codes
can signi�cantly improve the performanceof asynchronous
CDMA uplink transmission.Usingappropriateadaptive chan-
nel coding,which is not possiblefor V-BLAST, the gain will
certainlybeevenlarger. For systemparametersof practicalin-
terest,thedevisedfrequency-selective SIC detectionalgorithm
basedon a QL decompositionof thesystemmatrix is suitable
for real-time applicationslike e.g. video conferencing.Note
that for NT > 2, linear orthogonalspace-timecodesalways
involve a rateloss.Hence,theapplicationof quasi-orthogonal
codeswould be an interestingtopic for future work.
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