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Abstract— Multiple-input multiple-output (MIMO) a system havingV antennas both at the transmitter
channels have been shown to offer significant in- and the receiver increases linearly with [1]. The
crease in system capacity (bit/s/Hz) when compared capacity increase may be smaller in practice due to
to conventional single-input single-output (SISO) a low signal-to-noise ratio and limited receiver com-
systems. The current trend in the 3rd generation plexity. In this paper, we compare different techniques
WCDMA system evolution is towards higher user to increase the data rate of the downlink of WCDMA
data rates which can be achieved using MIMO tech- frequency-division duplex (FDD) system in multiple-
nigues. So-called layered techniques increase the input multiple-output (MIMO) channels. The bench-
user data rate but they suffer from high receiver mark system is a normal WCDMA downlink using
complexity. We propose a low-complexity diversity QPSK modulation with a single transmit and receive
MIMO scheme which achieves a higher data rate antenna. To double the user data rate we apply a
by heavily puncturing the channel code. The pro- dual-antennatransmitter (base station) in connection to
posed diversity scheme is compared to two differ- three different MIMO approaches. The number of re-
ent layered MIMO schemes in frequency-selective ceive antennas is limited to two, which is considered to
Rayleigh fading channels. The user data rate can be the maximum practical number of receive antennas
be at least doubled by using (2, 2) MIMO tech- in hand-held mobile terminals.

nigues while less transmission power is required

when Compared to a conventional SISO System of- In addition to higher-order modulation, a Couple of
fering only single data rate.! other techniques for increasing the data rate in MIMO

channels can be identifiedi) (layered multiantenna
transmission [1], andi{) the use of diversity transmis-

| INTRODUCTION sion with a higher rate channel code [3]. The former
method basically transmits several independent data

An important aspect of the 3rd generation wcepmastreams each from its own transmit antenna. In this
systems is the possibility of obtaining high data rate$'®Y: the data rate is increased but the problem of de-

required by various multimedia and Internet download¢""9 tThhes<|a |trt1teract[[rr1]g(§iata T_treams 'S Ief: to thbel rek-
ing applications. However, the practical rates to b ever. The latter method applies a space-ime bloc

achieved by the new systems as they are launched wj de defingd .in UTRA FDD specifica}tiqns to obtain
be only moderate and are not always comparable to t lé" tr_ansmlt d|v_er5|ty. The data rate is increased by
speed of fixed networks. WCDMA offers a rather chal-he"’“’IIy puncturing the channe_l code so that the over-
lenging environment for increased data rates mainl ead due to the error correcting channel code is re-
Juced leaving more space for the user data symbols.

due to its limited bandwidth and sometimes severe i h i diff f the twi hes is that th
terference levels. The use of higher-order modulatio € main cifierence ot the two approaches 1S that the
yered scheme directly applies the transmit anten-

is the most straightforward way of increasing the usef

data rate, but this approach suffers from high senshas for parallel data transmissions while the punctured
tivity to interference. In many cases, it is possible toscheme applies the transmit and receive antennas to ob-

find more efficient techniques in terms of the require(‘jaln d“liers't% aga|r|1$t fgdlng(;odrec?viLthe Ios_sbtljue tod
transmission power for a certain quality of service. Esd Weaker channel code and dueé 1o the possibly use

pecially, utilization of multiantenna transmitters anohlgher—ordermodulatlon.
receivers in order to increase the bandwidth efficien

s . “¥he rest of the paper is organized as follows. In Sec-
and user data rate seems to be a promising option.

tion 11, two layered MIMO transmission schemes and a
diversity MIMO transmission scheme are defined with

The use of multiple antennas is justified by an in hei i . lqorith Th ;
formation theoretic result stating that the capacity ofher respective recelver aigoninms. 'he periormance
of the receiver is studied in Section Il and the results

1This work was carried out in connection to IST-1999-11729ar€ summarized in Section IV.
METRA project (www.ist-metra.org).
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by factor2 compared to the basic single-input single-

output (SISO) system. Since in layered MIMO systemsigure 1: Transmitter for the layered MIMO schemes.
[1] different transmit antennas (or groups of transmiThe antenna switching block is left out in layered
antennas) transmit different data streams, at least tvgghemel while it is used in layered schene
antennas are required to achieve a double data rate.

To be able to distinguish the parallel streams (layers®

at least two receive antennas are required [1]. Thu: || Stot builder J
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Figure 2: Transmitter for the diversity scheme using
puncturing.

A. Transmitter Structures

Fig. 1 illustrates the different layered dual-antenna
transmission schemes which will be used in the perfor—h | decoder th lued inout i
mance analysis. An uncoded data stream is serial-tf'anne! decoderne zero-valued inputs represent max-

parallel converted to the antenna branches each haviW&al uncertainty of the soft bit decisions.

|tst olwn chag_nel encr(])dertof rafi N lr{?" Eyttsepa- fThe receiver structures for layered scheme 1 and 2
ralely encoding each antenna branch a betier perof-qq 5, LS2) are much more complex and are shown
mance can be achieved but with a higher receiver co

. . 1 Figs. 3 and 4, respectively. Since two interferin
plexity. The encoder outputs are block-interleaved be- g b ¥ g

f dulati dt ssion | d scheme signals are to be detected, it is beneficial to first find
ore modufation and transmission. H)_/ere_ schem out which one of the data streams experiences a better
the shaded antenna switching block in Fig. 1 is left ou

i o OUbhannel realization (see e.g. [5]). This is a well-known
while inlayered schemgit is used so that consecutive ( 9. [5])

. . ; -approach in successive interference cancellation which
modulation symbols are always transmitted using a dit-

. o .. IS applicable in case of LS1: a linear minimum mean-
ferent antenna. In this way a form of transmltdwersnyS uare error (LMMSE) receiver is used for detecting

Is achieved. Both schem_es achieve a double data r% stronger signal after which it is cancelled from the
compared to the conventional system. received signal. Note that a dual-antenna receiver is
apable to "null” one interfering signal especially in
requency non-selective channels. The second, weaker
igignal can then be detected without interference if no
ierrors occured earlier. Since the layers are individually
encoded, we apply the decoded bits in interference can-
cellation (IC) after proper re-encoding, re-interleaving
and respreading have been performed. In this way, very
Sreliable IC can be achieved.

We also use a straightforward diversity approach [3
[6] which aims at maximizing the transmit and receiv
diversity order. Fig. 2 shows a dual-antenna transm
ter which applies the well-known 2x2 space-time bloc
code [4]. In WCDMA it is known as space-time trans-
mit diversity (STTD). The data rate is doubled by heav
ily puncturing the channel code to achieve rate=
2/3. Naturally, an optimized channel code with rate 2/
could be used but puncturing is preferred for simple
receiver implementation since fewer code types nee
to be supported. In addition to a high rate channel co
it is possible to use higher-order modulation to furthe
increase the data rate.

hen antenna switching is used in LS2, the two layers
perience equivalent channels. Thus there is no rea-
on for trying to detect one of the layers first. This is
(Nhy, in Fig. 4, both layers are detected simultaneously
using two separate dual-antenna LMMSE receivers.
After decoding and re-encoding, both output signals
. are used in IC to produce two signal versions, which
B. Receiver Structures are again fed to LMMSE detectors which generate fi-
nal decisions. This approach increases the complexity

The receiver for the punctured diversity scheme of Figyhen compared to LS1 but is expected to improve the
2 is conventional dual-antenna RAKE receiver perperformance.

forming STTD decoding. After this, so-called depunc-
turing is used in order to replace the punctured codBoth in case of LS1 and LS2, all the used dual-antenna
bits (which were never transmitted) by zeros. For the MMSE receivers are lineapace-time equalizefsl-



T individual chip estimates can be written in form [2]
LMMSE 1

! o [Peinty  Decoder | — Pis | di(n) = o2 (ﬁf}l(n) ﬁfg(n)) Colmrn) (4

rr
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9 . .
N (re—— whereo; is the multiuser chip power and

= () o

(detect .
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TX antenna),

in which the signal vectors are obtained from (1) by
taking a sufficient number of samples around the de-
sired chip interval. The required signal covariance
Figure 3: Receiver for layered scherme matrix estimate is obtained as a time average

F
lowed by a spreading code correlator. The model for Crr(n) = 1 Z r(n+ H)rfi(n + f) (6)
the time-limited, received signal vector at anteira 2F+1 f=—F
{1, 2}, when dual-antenna transmission has been used, ~ E [r(n)rH(n)] _ @)
is

rj = Hy ;d; + Hz jd> + n; (1) To reduce the receiver complexity, we assume that the

where H; ; is the convolutional channel matrix, the covariance matrix is_ constant over a num_ber of sym-
columns of which are formed by the discretized andol intervals depending on the channelfading speed. A
proper|y de|ayed (Vertica"y Sh|fted) channel impu|sé)ractical choice for this is one WCDMA slot interval
responsesh; ;, from transmit antennato receive an- (0.67 ms).

tennaj. All transmit and receive filters are assumed to_. bol decisi db
be included inh; ;. Vectord; is the antenna-specific FNally, LMMSE symbol decisions are generated by

multiuser chip vector, which is formed as a SUIOerpo§imply correlating the estimated chip sequences by the

sition of all users’ chips including the effect of userUser’s spreading code. It should be noted that the chip

power allocation, symbol modulation, spreading seSstimates include all active users’ chips but since the

quences and the scrambling code. Veatgrincludes spreading codes are orthogonal and since the signal has
noise and interference. ' been equalized the applied approach is justified and op-

timal in mean-square error sense. The LMMSE estima-
When interference cancellation has been used, the si§rs assume that the chip vectors assigned to different
nal model corresponding to receive anteringan be transmit antennas are uncorrelated which is the case in
rewritten as layered MIMO transmission. Moreover, when estimat-
. ing the covariance matrix in (6), it is assumed that re-
rjr,=H, ;dy +H, ;d>—H; ;é,+n;, ke {1,2} ceiverdoes nothave any knowledge about the other ac-
(2) tive code channels in the WCDMA downlink. Hence,
where indext is the transmit antenna which has beereq. (6) implicitly assumes that the users’ spreading
cancelled and-) denotes an estimate of a vector or ecodes are random. Because the estimated covariance
matrix. Vectore;, is now the regenerated chip vector in-matrix automatically carries the required information
cluding only the desired user’s hard symbol estimatesbout the possible residual interference, estimator (4)
which have been spread by the user’s spreading cod=an be used also with the interference-cancelled signal
In case of layered scheme 1, indegan be determined model (2). Naturally the signal covariance matrix need
e.g. a$ to be re-estimated after interference cancellation.

2
k = arg max Z flfl] flw 3)
b= Il PERFORMANCE
In this way, the layer (transmit antenna) received
with a higher power level is detected first and therrhe performance of the layered MIMO schemes, as
cancelled. Eq. (3) closely approximates the index ofvell as the punctured diversity MIMO scheme, was
the layer which has the best post-detection signal-t@valuated by comparing their performance to a conven-
interference-plus-noise ratio (SINR). tional non-punctured (code rafé = 1/3) SISO sys-
tem using conventional RAKE receiver. The evaluation

The LMMSE space-time equalizer estimates the tranggas carried out with two different frequency-selective
mitted multiuser chip vectorsl;, chip by chip. The channel realisations: a two-path pedestrian channel

2In this paper,(-)T and (-)H denote transpose and conjugate With 3 km/h velocity (PedA), and a five-path vehicular
transpose, respectivelli[.] denotes expectation. channel with 50 km/h velocity (VehA). The transmit




Figure 4: Receiver for layered schethasing antenna

switching.
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Figure 6: Performance of layered and diversity MIMO

schemes in ITU vehicular A channel.
Signal regen|”|
c 8il ((:—“{'Mtsfxi)»v——————7Decoder
i etect \ . . . .
iR vided between the common pilot channel, the desired
i FIs user and 20 interfering users. In case of dual-antenna
sianal gen transmission, the transmit power is divided between
& LMMSE 4 | “$>| Deint|>/Decoder the antennas so that the total power is not increased
Cancellation (detect TX2) . ..
Ly of X1 compared to single-antenna transmission. The com-

mon pilot channel was allocated 10 % of the total trans-
mission power, and it is used for channel estimation in
all the test cases. Complex channel coefficients corre-
sponding to each multipath and each transmit-receive
antenna pair is estimated by averaging the "raw” com-
mon pilot channel estimates over the time period corre-
sponding to three slots (3 x 0.67 ms). The desired user
uses spreading factor 32 while all the interfering users
are assumed to be low data rate users with spreading
factor of 256.

A geometry parametefy, used in the simulations was
defined as

Ior
Inonfor + N’

wherel,,. is again the signal power from the desired
base station/,,,,— . represents the signal power re-
ceived from adjacent cells and is the thermal noise
power. The value off can be related to the user’s posi-
tion in the cell; a large value indicates that the serving

G

(8)

BS is dominating in the received signal and thus the
Figure 5: Performance of layered and diversity MIMOdistance to the BS is smalll. It is expected that high data
schemes in ITU pedestrian A channel. rate services are possible only at a sufficienly small dis-
tance from the BS corresponding to a lafgeThis is
why valueG = 9 dB has been used. In the simula-
and receive antennas were assumed to be uncorrelatéons the denominator of (8) was modelled as white
QPSK modulation was used in all test cases. Gaussian noise which is a good approximation when
the number of interfering signal sources with similar
The simulation results are presented as frame errgbwer levels is high.
rates (FER) as a function d&./I,,., whereE. is the
transmission power of the desired user dpdis the Fig. 5 shows the performance of the layered schemes
total transmission power of the base station. The totand the punctured diversity scheme in the two-path
transmission power was assumed to be fixed and diedestrian channel. All the techniques result in double



data rate compared to the conventional single-antensaheme achieves a similar or better performance than
transmission which is also included in the figure. Nahe layered MIMO schemes although it requires a sig-
power control has been used in the simulations. Theificantly lower receiver complexity. This indicates
punctured diversity scheme seems to offer the douhat it is beneficial to increase the channel encoding
ble data rate with approximately the same transmigate to increase the data rate whenever it is possible.
sion power than the best layered scheme, but with sig-he layered schemes suffer from the fact that suppres-
nificantly lower complexity. The effect of transmit an- sion of interfering layers causes loss of diversity order,
tenna hopping used in layered scheme 2 is clearly vignd one of the layers have to be detected practically
ible. Without hopping the lack of transmit diversity without any receive diversity. This layer dominates in
degrades the performance of layered scheme 1 sinte total frame error rate performance. It was also in-
the pedestrian channel offers almost no multipath ddicated that by using transmit antenna switching it is
versity. Its performance is however similar to singlepossible to alleviate the lack of transmit diversity suf-
antenna transmission which offers only half of the datéered by the basic layered scheme.

rate. This is actually an expected result since the FER

performance is dominated by the frame errors occuiith all the studied MIMO techniques it is possible to
ring in the detection of the stronger transmit antenndt least double the user data rate achieved in SISO sys-
(which is first selected by the receiver). The reason fdems without any need for increasing the transmission
this is that, when detecting the stronger transmit arfower and thus interference to other users.

tenna, the dual-antenna LMMSE suppresses the signal

from the other transmit antenna but, at the same time,
loses in the receive diversity order. Thus the stronger
layer is in effect detected in a (1, 1) "MIMO” channel,
and the total FER should be close to a c.onvenfcion.aF ture for Wireless Communication in a Fading En-
SISO system. Transm_lt antenna switching is appliedin = \ironment When Using Multiple Antennasgell
LS2 to fight aggm;t thl§ p_henom_enon SO thé}t some de- | ahoratories Technical Journahol. 1, No. 2,
gree of transmit dlver_S|ty is obtglned to partially over- Autumn, 1996, pp. 41-59.

come the lack of receive diversity.
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(2, 2) MIMO antenna configuration. So-called layered

schemes transmit parallel data streams from the trans-

mit antennas, while the proposed diversity scheme re-

lies on the high transmit and receive diversity gain to

overcome the loss due to weak channel encoding and

the possibly used higher-order modulation.

The results show that the punctured diversity MIMO



