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A Simple Transmit Diversity Technique
for Wireless Communications

Siavash M. Alamouti

Abstract—This paper presents a simple two-branch trans- environment, however, may require up to 10 dB improvement
mit diversity scheme. Using two transmit antennas and one jn SNR. The improvement in SNR may not be achieved by
;’icﬁ;‘;iiggtﬁg?g rtggeisxlfer;ecrgemgg?xg?lf/lFter;fC)sa\}erﬁ gr']‘ée{f;tr)]’s%ri?er higher transmit power or additional bandwidth, as it is contrary
antenna, and two receive antennas. It is also shown that the © th_e requiremfents of next generation systems. It is thgrefore
scheme may easily be generalized to two transmit antennas and crucial to effectlvely combat or reduce the effect of fadlng at
M receive antennas to provide a diversity order of 24. The both the remote units and the base stations, without additional
e o e b e ot s o POV O any sacrice in bandwi

U Theoretically, the most effective technique to mitigate mul-
complexity Is similar to MRRC. tipath fading in a wireless channel is transmitter power control.

_Index Terms—Antenna array processing, baseband processing, |t channel conditions as experienced by the receiver on one
diversity, estimation and detection, fade mitigation, maximal- side of the link are known at the transmitter on the other side
ratio combining, Rayleigh fading, smart antennas, space block . . . . !
coding, space-time coding, transmit diversity, wireless commu- the transmitter can predistort the signal in order to overcome
nications. the effect of the channel at the receiver. There are two
fundamental problems with this approach. The major problem
is the required transmitter dynamic range. For the transmitter
to overcome a certain level of fading, it must increase its power
T HE NEXT-generation wireless systems are required {g, that same level, which in most cases is not practical because

have high voice quality as compared to current cellulgf radiation power limitations and the size and cost of the
mobile radio standards and provide high bit rate data sefmpiifiers. The second problem is that the transmitter does
vices (up to 2 Mbits/s). At the same time, the remote Unifgt have any knowledge of the channel experienced by the
are supposed to be small lightweight pocket communicatofgceiver except in systems where the uplink (remote to base)
Furthermore, they are to operate reliably in different types gf4 downlink (base to remote) transmissions are carried over
environments: macro, micro, and picocellular; urban, subyfie same frequency. Hence, the channel information has to be
ban, and rural; indoor and outdoor. In other words, the negdy phack from the receiver to the transmitter, which results
generation systems are supposed to have better quality §0i¢hyoughput degradation and considerable added complexity
coverage, be more power and bandwidth efficient, and Re o, the transmitter and the receiver. Moreover, in some
deployed in diverse environments. Yet the services must tesqjications there may not be a link to feed back the channel
main affordable for widespread market acceptance. 'nev'tatﬁlﬁformation.
the new pocket communicators must remain relatively simple.Other effective techniques are time and frequency diversity.
Fortunately, howev_er, the economy of scale may allow MOkime interleaving, together with error correction coding, can
complex base stations. In fact, it appears that base stat Avide diversity improvement. The same holds for spread
complexi_ty may be the only plausi_ble tr:?\de space for achievi %ectrum. However, time interleaving results in large delays
ffum techniques are ineffective when the coherence bandwidth

less transmission difficult is time-varying multipath fading [1 of the channel is larger than the spreading bandwidth or,

It is this phenomenon which makes tetherless transmission a . - . .

. . . . eduivalently, where there is relatively small delay spread in

challenge when compared to fiber, coaxial cable, Ilne-of-5|gﬁ?e channel

microwave or even satellite transmissions. In most s.catterin environments, antenna diversity is a

Increasing the quality or reducing the effective error rate inractical effective zgnd hence. a \;videl aoolied teczni e
a multipath fading channel is extremely difficult. In additiv Qcine the offoct of multiath fad: Y 1ppTh : 'q|
white Gaussian noise (AWGN), using typical modulation ang' "ecucing the etiect of multipath fading [1]. The classica

coding schemes, reducing the effective bit error rate (BEﬁgproach Is to use multiple antennas at the receiver and

from 10-2 to 10-3 may require only 1- or 2-dB higher signal-P rform t(;]omblnll_rtlg (?rthselectlgn dan_d svlwt_:_:;lmg n ordegl o
to-noise ratio (SNR). Achieving the same in a multipath fading Prove the quaily ot the received signal. The major problem
ith using the receive diversity approach is the cost, size,
Manuscript received September 1, 1997; revised February 1, 1998.  and power of the remote units. The use of multiple antennas
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applied to base stations to improve their reception qualitsis it effectively reduces the effect of fading at the remote units

A base station often serves hundreds to thousands of remagéng multiple transmit antennas at the base stations.

units. It is therefore more economical to add equipment toIn Section I, the classical maximal ratio receive diversity

base stations rather than the remote units. For this reasoombining is discussed and simple mathematical descriptions

transmit diversity schemes are very attractive. For instan@ege given. In Section 111, the new two-branch transmit diversity

one antenna and one transmit chain may be added to a bed®emes with one and with two receive antennas are discussed.

station to improve the reception quality of all the remote unils Section IV, the bit-error performance of the new scheme

in that base station’s coverage ateBhe alternative is to add with coherent binary phase-shift keying (BPSK) modulation

more antennas and receivers to all the remote units. The fisstpresented and is compared with MRRC. There are cost

solution is definitely more economical. and performance differences between the practical implemen-
Recently, some interesting approaches for transmit diversigtions of the proposed scheme and the classical MRRC. These

have been suggested. A delay diversity scheme was propodgfttrences are discussed in detail in Section V.

by Wittneben [2], [3] for base station simulcasting and later,

independently, a similar scheme was suggested by Seshadri II. CLASSICAL MAXIMAL -RATIO

and Winters [4], [5] for a single base station in which copies of ReCEIVE COMBINING (MRRC) SCHEME

the same symbol are transmitted through multiple antennas aIT:ig 1 shows the baseband representation of the classical
different times, hence creating an artificial multipath distortion. ’

: S . two-branch MRRC.
A maximum likelihood sequence estimator (MLSE) or a At a given time, a signako is sent from the transmitter.

minimum mean sqgared error (MMSE) equal!zer 1S th(.a‘Phe channel including the effects of the transmit chain, the
used to resolve multipath distortion and obtain diversity gain.

Another interesting approach is space-time trellis codina'r“nk' and the receive chain may be modeled by a complex

introduced in [6], where symbols are encoded according to tﬁ'leultlpllcatlve distortion composed of a magnitude response

. . .and a phase response. The channel between the transmit
antennas through which they are simultaneously transmitté ; .
. . oo antenna and the receive antenna zero is denotelbsnd

and are decoded using a maximum likelihood decoder. This : . .

. . . . . petween the transmit antenna and the receive antenna one is
scheme is very effective, as it combines the benefits of forwar

: . i . .. denoted byh, where

error correction (FEC) coding and diversity transmission to

provide considerable performance gains. The cost for this ho = ape’®

scheme is additional processing, which increases exponentially hy = oy, 1)

as a function of bandwidth efficiency (bits/s/Hz) and the

required diversity order. Therefore, for some applications Moise and interference are added at the two receivers. The

may not be practical or cost-effective. resulting received baseband signals are
The technique proposed in this paper is a simple transmit
diversity scheme which improves the signal quality at the 7o = hoso +no
receiver on one side of the link by simple processing across 71 =h1so +n1 (2

two transmit antennas on the opposite side. The obtaine . .
bp ﬂereno andn, represent complex noise and interference.

diversity order is equal to applying maximal-ratio receivel : . o .
combining (MRRC) with two antennas at the receiver. ThI Assumingno andn, are Gaussian distributed, the maximum

scheme may easily be generalized to two transmit antennas é| nlglzoig t(éeglhst')zgeri:en;t i;h:néeggl'vﬁfr (];?r)r these received
M receive antennas to provide a diversity orde2df. This is 9 9 y

done without any feedback from the receiver to the transmitter d?(ro, hosi) + d*(r1, hys;) < d*(ro, hosk)

and with small computation complexity. The scheme requires + d2(ry, hasw) Vitk ©)

no bandwidth expansion, as redundancy is applied in space ’

across multiple antennas, not in time or frequency. where d?(x, y) is the squared Euclidean distance between

The new transmit diversity scheme can improve the errgignalsz andy calculated by the following expression:
performance, data rate, or capacity of wireless communications ) B .
systems. The decreased sensitivity to fading may allow the use d*(z, y) = (¢ —y)(=" —y") Q)
of higher level modulation schemes to increase the_effectnfcf.le receiver combining scheme for two-branch MRRC is as
data rate, or smaller reuse factors in a multicell environmegyjows:
to increase system capacity. The scheme may also be used to
increase the range or the coverage area of wireless systems. In 50 =hgro + hyr1
other words, the new scheme is effective in all of the applica- =h§(hoso +mo) + hi(h1se +ny)
tions where system capacity is limited by multipath fading and 2 2 * *

. . ' =(ag + «7)so + hono + hiny. 5
hence, may be a simple and cost-effective way to address the (a0 +a1)s0 + homo + hym ®)
market demands for quality and efficiency without a comple®xpanding (3) and using (4) and (5) we get
redesign of existing systems. Furthermore, the scheme seems .

; ~ ; : ﬁ{g)oses,- iff
to be a superb candidate for next-generation wireless systems; ' , ,
LIn fact, many cellular base stations already have two receive antennas for (ao + a1)|s,| — %08 — So%i
receive diversity. The same antennas may be used for transmit diversity. < (o +a?)|sk|* — Bos; — 505k, ViZk (6)
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o E interference interference 3 1
& noise & noise 6
ro=sohg+ny ri=sghy+ny
channel channel
estimator estimator
50
maximum likelihood
detector
Fig. 1. Two-branch MRRC.
or equivalently 5o 51
*
-sl*
chooses; iff txantenna §

W tx antenna 1
(ap + af = 1)s;|* + d*(30, s:) T \ / T
< (of+0f - Dlskl* + (50, sx),  Vi#Ek (7) ho=age hy=ee®

%g’ rx antenna

For PSK signals (equal energy constellations)

9 - no interference
|sil* = |s|* = E,, Vi k ®) n D Lnobe
where F, is the energy of the signal. Therefore, for PSK kg ¥
signals, the decision rule in (7) may be simplified to Shannel By | combiner
h h § s
chooses; iff 0 ! 0y 1
d2('§07 Si) < d2('§07 Sk), Vi 7£ k. (9) maximum likelihood detector
The maximal-ratio combiner may then construct the siggal l l

as shown in Fig. 1, so that the maximum likelihood detect@fy. 2. The new two-branch transmit diversity scheme with one receiver.
may producesg, which is a maximum likelihood estimate of

o 1) The Encoding and Transmission Sequendé:a given
symbol period, two signals are simultaneously transmitted
lIl. THE NEw TRANSMIT DIVERSITY SCHEME from the two antennas. The signal transmitted from antenna
zero is denoted by, and from antenna one 4. During the
A. Two-Branch Transmit Diversity with One Receiver next symbol period signak{s*) is transmitted from antenna
Fig. 2 shows the baseband representation of the new tw@ro, and signak; is transmitted from antenna one where
branch transmit diversity scheme. is the complex conjugate operation. This sequence is shown

The scheme uses two transmit antennas and one recéivdable I.
antenna and may be defined by the following three functions:In Table I, the encoding is done in space and time
« the encoding and transmission sequence of informati¢pace-time coding). The encoding, however, may also be
symbols at the transmitter; done in space and frequency. Instead of two adjacent symbol
« the combining scheme at the receiver; periods, two adjacent carriers may be used (space—frequency
« the decision rule for maximum likelihood detection.  coding).
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TABLE | o 51
THE ENCODING AND TRANSMISSION SEQUENCE FOR s so*
THE TwO-BRANCH TRANSMIT DIVERSITY SCHEME 1 0
tx antenna 0 W \/ txantenna 1
antenna 0 antenna 1
time ¢ So s1
timet+T -5y * sg*
ho | hy )
The channel at timg may be modeled by a complex
. . . . . rx antenna 0 \ rx antenna 1
multiplicative distortionhg(¢) for transmit antenna zero and
hi(t) for transmit antenna one. Assuming that fading is
. . n . . n
constant across two consecutive symbols, we can write 0 ,é interference interference )< 2
Y ! ny 9 & n’ofise & noise E ng
h()(t) Ihg(t + T) =ho = aoejeo A ¢ h
; 0 2
hi(t) =hi(t+T) = hy = ;67 10 channel . < channel
1(t) 1(t+ 1) 1 L (10) estimator 121 combiner § & h3 estimator
i i i ) — — E—
whereZ is the symbol duration. The received signals can then ke hy 5o 5 ky hy
be expressed as 2 2 2 3
maximum likelihood detector
T0 IT(t) = h()S() —+ h1$1 “+no

r1=7r(t+T)=—hos] + hisy +n1 (11)
whererg andr; are the received signals at timeand¢ + 7°
and ng and n; are complex random variables representingg. 3. The new tw
receiver noise and interference.
2) The Combining Schemefhe combiner shown in Fig. 2

!

5o

}

o-branch transmit diversity scheme with two receivers.

TABLE I

builds the following two combined signals that are sent to tH'E DEFINITION OF CHANNELS BETWEEN THE TRANSMIT AND RECEIVE ANTENNAS

maximum likelihood detector:

rx antenna 0 rx antenna 1

tx antenna 0

hy hy

:9() = h;k)’!'() =+ hlri
tx antenna 1

:91 = h;’ro—ho‘r;, (12)

hy h3

It is important to note that this combining scheme is different

TABLE Il

from the MRRC in (5). Substituting (10) and (11) into (12) THE NOTATION FOR THE RECEIVED SIGNALS AT THE TWO RECEIVE ANTENNAS
we get

rx antenna rx antenna 1

50 = (ad + a?)so + hyng + hyn}

(ad 4 a?)sy — hon’ + h *1 ng.

time ¢ ry ry

3

(13)

1 timez+ T

r

3) The Maximum Likelihood Decision Rul@hese com-
bined signals are then sent to the maximum likelihood detectorF
which, for each of the signals, and s;, uses the decision

| din (7 9) for PSK sianal with two transmit and two receive antennas.
rule expressed in ( )'or ( ) or FS® signais. The encoding and transmission sequence of the information
The resulting combined signals in (13) are equivalent to th

. . ) g\}mbols for this configuration is identical to the case of a
.obtargned frothfwo-branft:E MRRC in (5). The tonlyhc.hfi:ergnc%ingle receiver, shown in Table I. Table Il defines the channels
:js P a;se”:o a]:fon? OnSNIi r_llf)r:se fcompt(;]nens \I,':I Ic di 0 ween the transmit and receive antennas, and Table Il

egrade the etiective - L herelore, the resulting 'Vers:i%ﬁnes the notation for the received signal at the two receive
Where

ig. 3 shows the baseband representation of the new scheme

order from the new two-branch transmit diversity scheme wi t
o ennas.
one receiver is equal to that of two-branch MRRC.

B. Two-Branch Transmit Diversity with/ Receivers To =hoso + h1s1 +no

There may be applications where a higher order of diversity T1 = —hosy + hisg +
is needed and multiple receive antennas at the remote units
are feasible. In such cases, it is possible to provide a diversity
order of 21/ with two transmit andM receive antennas. For
illustration, we discuss the special case of two transmit and twg, n1, n2, andng are complex random variables representing
receive antennas in detail. The generalizationMoreceive receiver thermal noise and interference. The combiner in Fig. 3

antennas is trivial. builds the following two signals that are sent to the maximum
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T2 =h2so + hgs1 +n2

T3 = —hzsi + h38(*) + n3g (14)
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100 EEEE KRS - T g ’_: — e e
T o R no diversity (1 Tx, 1 Rx)
== MRRC (1 Tx, 2 Rx)
101 &0 == MRRC (1 Tx, 4 Rx)
B -4 —O— new scheme (2 Tx, 1 Rx)
—b4— new scheme (2 Tx, 2 Rx)
=2 102k
S ¢
§>
3
-3
E 10
5
Ry
= 10—4
8 :
R
107
1076

30 35 40 45 50
Fig. 4. The BER performance comparison of coherent BPSK with MRRC and two-branch transmit diversity in Rayleigh fading.

likelihood detector: scheme with two receivers is equal to that of the four-branch
. . . s . MRRC scheme.
S0 =hgro + hary +harz + hary It is interesting to note that the combined signals from the
$1 =hjro—hor + h3rz — hars. (15) two receive antennas are the simple addition of the combined
signals from each receive antenna, i.e., the combining scheme
is identical to the case with a single receive antenna. We
50 = (a2 + 02 + a2 + a2)so + hino + hynl may hence conclude that, using two transmit dddreceive
antennas, we can use the combiner for each receive antenna
~ ) ) ) ) . . and then simply add the combined signals from all the receive
51 =(ag + af + o3 + a3)s1 — hony + hyno antennas to obtain the same diversity order2as-branch
— han} + hyna. (16) MRRC. In other words, using two antennas at the transmitter,
the scheme doubles the diversity order of systems with one
These combined signals are then sent to the maximum likesnsmit and multiple receive antennas.
lihood deco_der which for signalg uses the decision criteria  pp interesting configuration may be to employ two antennas
expressed in (17) or (18) for PSK signals. at each side of the link, with a transmitter and receiver chain
connected to each antenna to obtain a diversity order of four
at both sides of the link.

Substituting the appropriate equations we have

+ h;’nz —+ h3'ﬂ,§

Chooses; iff
(of +of + 3 +af — 1)lsif* + d*(50, 5:)
< (0B +ad +ad +ak — 1si* + d?(30, sx). (A7)
Chooses; iff IV. ERROR PERFORMANCE SIMULATIONS

d*(30, 8:;) < d*(30, &), Vi#k. (18) The diversity gain is a function of many parameters, includ-
ing the modulation scheme and FEC coding. Fig. 4 shows the
Similarly, for 51, using the decision rule is to choose sign@ER performance of uncoded coherent BPSK for MRRC and
s; iff the new transmit diversity scheme in Rayleigh fading.
(02 +a? + a2 + a2 — D)s:? + d*(31, 5:) It is assumed that the tota! transmit power from thg two
5 p 5 ) 9 ) antennas for the new scheme is the same as the transmit power
< (ap +ai +az +az = Dlse[” +d°(51, s6) (19)  from the single transmit antenna for MRRC. It is also assumed
that the amplitudes of fading from each transmit antenna
to each receive antenna are mutually uncorrelated Rayleigh
chooses; iff distributed and that the average signal powers at each receive
B (31, 8;) < (31, sw), Vi#k. (20) @antenna from each transmit antenna are the same. Further, we
assume that the receiver has perfect knowledge of the channel.
The combined signals in (16) are equivalent to that of four- Although the assumptions in the simulations may seem
branch MRRC, not shown in the paper. Therefore, the resultihgghly unrealistic, they provide reference performance curves
diversity order from the new two-branch transmit diversitjor comparison with known techniques. An important issue is
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