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A Differential Detection Scheme for
Transmit Diversity
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Abstract—We present a transmission scheme for exploiting di- likelihood detection scheme based only on linear processing
versity given by two transmit antennas when neither the trans- at the receiver. Space-Time Block Coding introduced in [13]
mitter nor the receiver has access to channel state information. The generalizes the transmission scheme discovered by Alamouti

new detection scheme can use equal energy constellations and enf bit b £t it ant d is able t
coding is simple. At the receiver, decoding is achieved with low de- 0 an arbirary NUMDerorransmit antennas and-is aie 10

coding complexity. The transmission provides full spatial diversity achieve the full diversity promised by the transmit and receive
and requires no channel state side information at the receiver. The antennas. These codes retain the property of having a very
scheme can be considered as the extension of differential detectionsimp|e maximum likelihood decoding algorithm based only
schemes to two transmit antennas. on linear processing at the receiver [13]. For real signal con-
Index Terms—Antenna arrays, differential detection, space-time  stellations (such as PAM), they provide the maximum possible

codes, transmitter diversity. transmission rate allowed by the theory of space-time coding
[12]. For complex constellations, space-time block codes can
I. INTRODUCTION be constructed for any number of transmit antennas, and again

o ) .these codes have remarkably simple decoding algorithms based
I N THE past few years, significant progress in code desiggy on linear processing at the receiver. For more details on

for transmitter diversity over the wireless channel has beg nsmit diversity when the receiver knows the channel, see
made. The primary focus was on the case when only the receitﬂ] and [13] and the references therein.

knows the channel, which is the case for most practical system%.Nhen no knowledge of the channel is available— at neither

For this scenario, the first bandwidth efficient transmit diversi%e transmitter nor at the receiver—the above schemes require

scheme was prpposed by Wittneben [.17]’ [13]’ and it inCIUdﬁluse transmission of pilot symbols [11]. For one transmit an-
the delay diversity S"he.”".'e. of Seshadri and Wmters [Plasa s?gﬁna, differential detection schemes exist that neither require
cial case. Later, Foschini introduced a multilayered space—u%ee knowledge of the channel nor employ pilot symbol transmis-
architecture [2]. A transmit diversity scheme which achieves the

same rate as that of antenna hopping diversity is constructedin, - These differential decoding schemes are used, for instance,
4] PPing y in'the IEEE IS-54 standard. This motivates the generalization of

. . . diéferential detection schemes for the case of multiple transmit
More recently, space-time trellis coding has been propose . : . .
ntennas. A partial solution to this problem was proposed in

[12].’ which c_ombmes S'g”"?" processing at the receiver wi 10], where it was assumed that the channel is not known. How-
coding techniques appropriate to multiple transmit antennas . . .
. . ) . .. eVer, the scheme proposed in [10] requires the transmission of
and it provides significant gain over [9] and [17]. Specific ) L .
) . . . Symbols known to the receiver at the beginning and hence is not
space-time trellis codes designed for 2—4 transmit anten

Tﬂﬁy differential. The scheme of [10] can be thought of as a joint

perform extrer_nel_y wellin slow fad_lng environments (typical 9thannel and data estimation. In the scheme of [10], the detected
indoor transmission) and come within 2—-3 dB of the outage ca- . . .

. . Sequence at time— 1 is used to estimate the channel at the re-
pacity computed by Telatar [16] and independently by Foschini.

and Gans [3]. The bandwidth efficiency is about 3—4 times thap e and t_hgse estimates are used to detec_t the.transmltted data
: . imet. This is a joint channel and data estimation which can
of current systems. The space-time codes presented in [

provide the best possible tradeoff between constellation SiZE d tq error propagation. Here, we constructatr_uly dlfferenngl
: . . . etection scheme for two transmit antennas. A different nondif-
data rate, diversity advantage, and trellis complexity. When t ée

number of transmit antennas is fixed, the decoding complexit rential approach ta transmit diversity when nobody knows the

of space-time trellis coding (measured by the number of trel IS%anngI IS repor'ged in[5]and [6.]’ but this approach has both ex-
onential encoding and decoding complexities.

states at the decoder) increases exponentially as a functio 0'I'he outline of the paper is as follows. In Section Il, the system

both the diversity level and the transmission rate. L ; ) . .
: . . . model for transmission using two transmit antennas is consid-
In addressing the issue of decoding complexity, Alamoulti o . . .
. L . ered and the transmission scheme of [1] is reviewed assuming
discovered a remarkable scheme for transmission using tw: . ; : . .
. : ~ ‘coherent detection. In Section Ill, the new differential encoding
transmit antennas [1]. This scheme supports a maximu : . . X ;
algorithm is presented. The corresponding decoding algorithm

_ _ _ is presented in Section IV. In Section V, we provide simulation
Manuscnpt repeNed February 22, 1999; revised January 20, 2000. results for the performance of the proposed scheme and will
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H. Jafarkhani is with AT&T Labs—Research, Red Bank, NJ 07701 UsA. Show that a loss of 3 dB is incurred when compared to coherent
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[I. A SIMPLE TRANSMISSION SCHEME ASSUMING Maximum likelihood detection amounts to minimizing the de-
COHERENTDETECTION cision statistic
A. The System Model m

j 2 J * * |2
E i —y jS1 — o jSo|” |y o js5 — g s (4)
We consider a wireless communication system with 2 an4 (I ! sl +rs 2 i)

tennas at the base station amdantennas at the remote. We ’

assume that a signal constellation is given and it is normalver all possible values af ands;. The minimizing values are
ized such that the average energy of the constellation is 1if2e receiver estimates ef ands,, respectively. We expand the

At each time slot, signalsci, i = 1, 2 are transmitted simul- above metric and delete the terms that are independent of the
taneously from the 2 transmit antennas. The coefficienf codewords and observe that the above minimization is equiva-
is the path gain from transmit antenno receive antenng. lent to minimizing

The path gains are modeled as samples of independent complex
Gaussian random variables with variance 0.5 per real dimen- Gk ox GV gk
sion. The wireless channel is assumed to be qupasistatic so that 2 [riod, jsi+ () e s+ riad, ;o3

=1
the path gains are constant over a frame of ledgihd vary ’ Jve s Gve o
from one frame to another. + ()70 js2 = rp0d 52 — ()70, 53
At time ¢, the signal-/ received at antenngais given by +72a2 51+ () e st 4 (s + |s2)%)
. S et
=i c 1) =t
=1

The above metric decomposes into two parts, one of which

where the noise sample# are independent samples of a m
zero-mean complex Gaussian random variable with variancez (o st 4 (r]) on, js1 + e 51 + (1) an y57]
1/(2 SNR) per complex dimension. The average energy of the j=1

symbols transmitted from each antenna is normalized to be 1/2, m 2 )
so that the average power of the received signal at each receive + |51/ Z Z |u, 51
antenna is 1 and the signal-to-noise ratio is SNR. j=11i=1
Assuming coherent detection, the receiver computes the de
is"only a function ofs;, and the other one
cision metric
m . .
2 m 2 2 —Z[Téaé,jé% +(r {) Q2 jS2 — 7’5“?,;'32 (v é) a1, ;53]
J j=1
Ty — o Te 2 J
fz—;jfl ' ;Wt ® mo 2
’_ - - 2 2
Pl D2 3 o |
over all codewords J=1 i=1

is only a function ofss. Thus, the minimization of (4) is equiv-
cicicses - cic} alent to minimizing these two parts separately. This in turn is
equivalent to minimizing the decision statistic

and decides in favor of the codeword that minimizes this sum. )
m

B. Encoding Algorithm Z (riaf ;+ () az, )| —s1
j=1
We assume that transmission at the baseband employs a signal !
constellation4 with 2° elements. We consider the transmission 7 E 5 5
matrix -1+ Z Z lovi, ;17 | Is1l
j=1 i=1
G= < ii ii) (3) for detectings; and the decision statistic
42 1
2
given in [1]. At time slot 1,2b bits arrive at the encoder and "
select constellation signais, s». Settingz; = s; fori = 1, 2 z_: rias ;= (r)) oy, ;)| — s2

in G, at each time slot = 1, 2, the entrieg};;, i = 1, 2 are
transmitted simultaneously from transmit antennas 1, 2. ) )
+ —HZZI%I | 2]

C. The Coherent Detection Algorithm g=1 =1

Assuming coherent detection, maximum likelihood decodirfgr decodings.. This is the simple decoding scheme described
can be achieved based only on linear processing at the receiivefl].
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Similar encoding schemes with detection based only on line¢ Delay
processing exist for any number of transmit antennas [13], [14
Ill. DIFFERENTIAL ENCODING
. . Symbol Transmit
A. Technical Machinery — M Calculation Antemnas [

We shall restrict the constellatios to 2°-PSK for somé =
1, 2, 3, ---, butin reality only BPSK, QPSK, and 8-PSK are ofig. 1. Transmitter block diagram.
interest. Thus,
2w/ Leta; = a» = 1/v/2, thenM(B) = (A(B) B(B)) is defined
A= k=0,1,---,2" -1 by

V2 A(B) =aga] + asa} (8)
wherej = /—1. B(B) = —azaz + asay. 9)

_ Given a pair oR2°-PSK constellation symbols; andz,, we Clearly, M maps any2b bits onto V. Conversely, given
first observe that the complex vectdrs z.) and(—z}5 «7) are (A(B) B(B)), the pair(as a.) is recovered by

orthogonal to each other and have unit lengths. Any two-dimen- ..

sional vector¥ = (x3,4) can be uniquely represented in the (as as) = A(B) (a1 a2) + B(B) (—a3 aj).  (10)
orthonormal basis given by these vectors. In other words, thefge plocks is then constructed by inverse Gray mappingof
exists a unique complex vectdly = (Ay By ) such thatd y anda.

and By satisfy the vector equation

B. The Encoding Algorithm

(w3 24) = Ax(@y 22) + B (=a3 a1). ®) The transmitter begins the transmission with sending arbi-
The coefficientsd» and By are given by trary symbolss; and se at time 1 and symbols-s3 and s
at time 2 unknown to the receiver. These two transmissions
Ay =x3z] + x475 (6) do not convey any information. The transmitter subsequently
By = —x3x9 + L4201 @ encodes the rest of the data in an inductive manner. Suppose

thats,;_1 andss; are sent, respectively, from transmit antennas
We define the se¥y to consist of all the vector®y, X ¢ one and two at time¢ — 1, and that—s3,, s3,_; are sent,

A x A. The setV~ has the following properties. respectively, from antennas one and two at tidqae At time
« Property A:lt has22 elements corresponding to the pairg? + 1, & block of2b bits By, arrives at the encoder. The
(3 ,4) of constellation symbols. transmitter uses the mappn_Jgi and computes\(Bs;y1) =
« Property B:All elements ofVy have unit length. (A(Baty1) B(Baty1)). Then it computes

* Property C:For any two distinct element¥ = (x1 x2)

S S
andY = (y1 y2) of A x A (52141 52142)

= A(Bat41)(s2t-1 s2t) + B(Bary1) (=83, s3,1)-  (11)

1Py — Py|| = [|(z1 z2) — (y1 v2)l|- The transmitter then sends;;; and sy, respectively,
' . _ . from transmit antennas one and two at tigde- 1, and—s3, , ,,
* Property D:The minimum distance between any two d|53§t+1 from antennas one and two at tirde+ 2. This process

tinct elements oVy is equal to the minimum distance ofig inquctively repeated until the end of the frame (or end of the
the 2°-PSK constellationA. transmission).

The above properties hold because the mapging- Py The block diagram of the encoder is given in Fig. 1.

is just a change of basis from the standard basis given bygyample I: We demonstrate the above differential encoding

vectors{(1 0), (0 1)} to the orthonormal basis given byscheme by an example. We assume that the constellation

{(z1 w2), (—a% «7)} which preserves the distances betweeg gpsk consisting of the points-1/+/2 and 1/+/2. Then

the points of the two-dimensional complex space. the setV = {(1 0), (0 1), 1 0), (0—1)}. Recall that the
The first ingredient of our construction is the choice of a@;ray mapping maps a bit = 0, 1 to ('_1)i/\/§_ We set

arbitrary sef having Properties A and B. It is also handyif a, = az = 1/v/2. Then the mappingv! maps two bits ontd’
has Properties C and D as well. As a natural choice for such gy is given by

setV, we may fix an arbitrary pait” € A x A and letY = Vy.

Because the’-PSK constellationd always contains the signal M(00) =(10)

point 1/+/2, we chose to fixt = ((1/v/2) (1/+/2)) in this M(10) =(0 1)

P We il a d an arbitrary bijecti ing of block ML) =01
We will also need an arbitrary bijective mapping of blocks M(11) = (—10),

of 2b bits onto). Among all the possibilities far 1, we choose
the following mapping. Given a blodR of 24 bits, the first bits Now suppose that at timt — 1, so; 1 = 1/\/§ andsy; =

are mapped into a constellation symhgland the secontlbits  —1/+/2 are sent, respectively, from antennas one and two, and at
are mapped into a constellation symhglusing Gray mapping. time2t, —s3, = 1/v/2ands5,_, = 1/4/2 are sent, respectively,



1172 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 18, NO. 7, JULY 2000

TABLE | Thus,
TRANSMITTED SYMBOLS FOR EXAMPLE | AT TIME 2t + 1

(T2041 T40) - (T20-1 7%;)

Input bits at time 2¢ + 1 | Antenna 1 | Antenna 2 = (s2141 S2t42)A (0, o)A (ovr, 2)(s%, 1 $5,)
00 il Vil + (2041 s2042)A(ar, a2) Ngy
10 < o + Nogp1 A (an, ) (s2e—1 s2¢)" + Nogp1 N3y
01 = =t It follows that
1 _-; Lz Tot4179—1 + TappaT2t
= (laa]? + [ea|*) (52041551 + $204255)
TRANSMITTED SYMBOL-IS—AF?)IE?EXLI\MPLE | AT TIME 2t 4 2 (e o) M, a2) Vg,
+ Nopp 1 A" (e, ao)(s2e-1 52¢)" + Nogp1 Ny 1. (16)
Input bits at time 2t + 1 | Antenna 1 | Antenna 2 For notational simplicity, we let
00 L2 L2 Ri =72t4179_1 + Ty yoT2t (17)
10 ‘—; 7 N1 = (sat41 satq2) Aoy, ) N3,
01 3= = + Nopp 1 A"(ay, o) (s2e-1 82¢)" + Nogr1 Ny, g (18)
11 = = then we have

Rl = (|Oél|2 + |C¥2|2)A(Bgt_1) +N1 (19)

from antennas one and two. Suppose that the input to the ennext, the receiver looks for the second vector term in the right
COder at t|m@t+1 iS the b|OC|( Of b|tS 10 S|nCM(10) = (0 1), Side Of (11) and reca”s that
we haveA(10) = 0 andB(10) = 1. Then the valuess;,; and

s2¢42 corresponding to input bits 10 are computed as follows: (roe =r3e—1) = (=82 sp—1)Man, az) + N (20)
( ) 1 -1 1 1 where
Sot41 Sat42) =0 <— —> +1- <— —>
1\/51\/5 \/é \/5 Noy = (772t —77§t—1)- (21)
- <ﬁ ﬁ) ' It follows that
Thus, attime2t+1, so,4 1 = 1/+/2andsy10 = 1/4/2 are sent, (ror41 T3140) - (T2t =734 _1)
respectively, fr(\)/nl antennas one Eyg two, and at ﬁame_ 2, = (52041 S2042) A a1, a2)A*(ay, ao)(—52¢ S21_1)
—s3,10 = —1/V/2 andsh, ;= 1/+/2 are sent, respectively, + (S2041 S2e42)A 0, a2) NG,
from antennas one and two. A" - * .
We have computed the transmitted symbols at @1 and + Nav1 Ao, 02)(=s3; 83 1) + Naea1 Ny

2t + 2 corresponding to the input bits 00, 10, 01 and 11 for thishus,

scenario. The results are summarized in Tables | and II. . .
T2t417T2¢ = T2p4272¢—1

I\V. DIFFERENTIAL DECODING = (laa|* + |aa|*)(—s2e4153, + s24255,_1)
For notational simplicity, we will first present the results for + (52041 s2042) A0, a2) N3,
one receive antenna. We will writg for 71, 7, for nt anday, + Nopp 1 A"(an, o) (=53, 83,-1)" + Narp 1 Nyp. (22)

@2, respectively, forvy 1, az 1 knowing that this can cause Nogg, notational simplicity, we let
confusion since there is only one receive antenna.

Let us assume that signals,_y, r2:, 7241, aNdraes are Rz =T2e4179 — TorqaT2i-1 (23)
received. Let Ny = (52041 Sae42) A, 2) N3,
Aoy, ap) = <31 —3§> (12) T Naer Ao, €0)(=s3 830)" + Nova Ny (24)
2 1 Thus, we have
and 5 5
Ra = (|a1]® + |ea]?) B(Bar—1) + Na. (25)
Nap1 = (n2t-113,)- (13)  We can thus write
The receiver recalls that (R1R2) = (leu|” + |a2|*)(A(Bz—1) B(Bar 1))

(14) + (N1 N2). (26)

Because the elements of have equal length, to compute
(A(Bzi—1) B(B2:—1)), the receiver now computes the closest
(rot41 T34 2) = (S2t41 S2e42) A, a2) + Nogy1. (15)  vector of V to (R1 R2). Once this vector is computed, the

(rot—175,) = (s2t—1 s2¢e) A1, a2) + Nop_q

and
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; o BPSK, 1 bits/sec/Hz, 2 Trans. Antennas, 1 Receive Antenna
Calculate Closest Vector L 10 e R — T
(R1 R2) of V to (R Ra) M — b S
. . . -1
Fig. 2. Receiver block diagram. 107 B 5

inverse mapping of\ is applied and the transmitted bits are £
recovered.

For the multiplicative coefficienfr;|? + |a2|? in (26) to be BRI
small, botha; | and|az | have to be small. This means that both & ;5
subchannels from transmit antennas 1 and 2 to the receive &®
tenna must undergo fading. In this light, the decoder suffer
from the detrimental effect of fading only if both subchannels 1.

O

rror Probablility

from transmit antennas 1 and 2 to the receive antenna ha :|- - Differential Detection Method '
small path gains. This means that the decoder enjoys a two-lev | Coherent Two Level Transmit Diversity

transmit diversity gain. This physical argument can be rigorized 07— 5 0 12 2 16 8w =
albeit by employing tedious mathematical techniques. Indeec, SNR (dB)

from the resemblance of (26) to an analogous formula for max .
3. Performance of the differential detection and coherent detection:
imum ratio combining, it can be proved that the above detectlg,p% level transmit diversity scheme for BPSK constellation.
method provides two-level diversity assumifgransmit and
one receive antennas. o QPSK, 2 bits/sec/Hz, 2 Trans. Antennas, 1 Receive Antenna
The same procedure can be used for more than one recei ° [T 7~ o o ] B
antenna. For each receive antepgnave computeR] and’R7, :
using the same method f&; andR- given above, assuming 10_‘:
only receiver antenng exists. Then the closest vector bf
to (3°7L; Ri 2_7L; Ry) is computed. Subsequently, the trans-
mltted blts are computed by applying the inverse mapping og
M. It must be again clear thain-level diversity is achieved.
The block diagram of the receiver is given in Fig. 2.
Remark: For the differential encoding and decoding u
methods presented above to work, it was required that the s®
V have Properties A and B. It is possible to relax Property A . .
even more and work with a set with an arbitrary number, 107k i

E rror Probabilility

say L, of vectors having unit lengths. In such a scenario, the “| - - Differential Detection Method

mapping.M is required to be a bijective mapping of blocks of | T Coherent Two Level Transmit Diversity -

log, L bits to V. Applying this minor change, the methods of 10"— 5 o 12 2 16 18 20 =
encoding and decoding presented in this paper will continue t. SNR (dB)

function effectlvely. Fig. 4. Performance of the differential detection and coherent detection:

two-level transmit diversity scheme for QPSK constellation.
V. PERFORMANCEANALYSIS

8-PSK, 3 bits/sec/Hz, 2 Trans. Antennas, 1 Receive Antenna
T

Equation (26) is the vector analog of [7, equation (4.2.113), * ' - i r i
p. 268] for DPSK, assuming one transmit antenna. The sam: L e e e et Diversity
analysis can be modified to prove that the performance of the '
proposed differential detection scheme is 3 dB worse than tha
of the transmit diversity scheme of [1] (which employs coherent
detection) at high signal-to-noise power ratios. Similarly, the 2,
analysis in [8] can be refined to compute the bit error rate Of_g
this system. This 3 dB penalty can also be physically justified
from (26) by noticing that the multiplicative tertVs; 1 V5,
in (18) can be ignored at high signal-to-noise power ratios, as
it is much smaller compared to the other terms. Similarly, the
term Na1.V3, in (24) can be ignored at high signal-to-noise
power ratios. The two remaining terms in (18) and (24) double
the power of noise in (26) as compared to the coherent detectior v
This doubling of the noise power is equivalent to the aforemen- *"—; w2 e e w8 @ = = =
tioned 3 dB loss. SNA B

In Figs. 3-5, we present simulation results for both the p&fy 5 performance of the differential detection and coherent detection:
formance of the coherent detection two-level transmit diversitiyo-level transmit diversity scheme for 8-PSK constellation.

107

Bit Error Pro
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scheme and the proposed differential detection method. The ref7] J. G. Proakispigital Communications2nd ed. New York: McGraw-

sults are presented for BPSK, QPSK, and 8-PSK constellations, . Hill, 1989. o
The f ization is that of IS-54 standard. The average recei 48] M. Schwartz, W. R. Bennett, and S. Ste@pmmunication Systems and
€ framizatl ! : verag v Techniques New York: McGraw-Hill, 1966.

signal-to-noise power ratio per transmission is denoted by SNR[9] N. Seshadri and J. H. Winters, “Two signaling schemes for improving

The fading is assumed to be constant over each frame and vary the errorpe_rformance_offrequency—(_iivision—dupI(_ex(FDD) transmission
systems using transmitter antenna diversity”'J. Wireless Inform. Net-
from one frame to another. The 3 dB loss due to noncoherent /o iic'vol. 1, no. 1. 1994
detection can also be observed from these simulation results.[10] V. Tarokh, S. M. Alamouti, and P. Poon, “New detection schemes for
transmit diversity with no channel estimation,”mtoc. IEEE Int. Conf.
Vl. C E R Universal Personal Communl998.
- CONCLUSION AND FINAL REMARKS [11] V. Tarokh, A. Naguib, N. Seshadri, and A. R. Calderbank, “Space-time

; : : : : . codes for high data rates wireless communications: Performance cri-
We presented a differential detection transmit diversity teria in the presence of channel estimation errors, mobility and multiple

method where neither the receiver nor the transmitter has paths,”IEEE Trans. Commupvol. 47, pp. 199-207, Feb. 1999.
access to channel state information. We provided evidence th&&] V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for

: . high data rate wireless communication: Performance analysis and code
the proposed method is 3 dB worse than two-level transmit construction, TEEE Trans, Inform. Theorypp. 744765, Mar, 1998.

diversity combining [1]. The underlying constellation may be[13] v. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
assumed to be 2¢-PSK constellation fob = 1,2, 3,---. This codes from orthogonal designdEEE Trans. Inform. Theoryol. 45,

; ; : [P : pp. 1456-1467, July 1999.
differential detection transmit diversity method was presente 4] ~“Space-time block codes for high data rate wireless communica-

for the case that the channel is quasistatic and nonfrequency ~ tion: Performance results|EEE J. Select. Areas Commuol. 17, pp.
selective. Naturally, it is expected that the performance of this  451-460, Mar. 1999.

. . 15] V. Tarokh and H. Jafarkhani, Multiple transmit antenna differential de-
scheme degrades when the channel is frequency selective. tection from generalized orthogonal designs, . in preparation.

There are two main reasons that the differential detectiofie] E. Telatar, “Capacity of multi-antenna Gaussian channels,” AT&T-Bell

transmit diversity method presented here works for 2 transmit _ Lab. Internal Tech. Memo., June 1995. o
antennas. as follows [17] A. Wittneben, “Base station modulation diversity for digital SIMUL-

CAST,” in Proc. IEEE VTCMay 1991, pp. 848-853.

1) Afull rate 2 x 2 complex orthogonal design exists [13]. [18] ——, “A new bandwidth efficient transmit antenna modulation diversity
Thus, the signals to be transmitted at tin¥s+ 1 and scheme for linear digital modulation,” iRroc. IEEE ICC 1993, pp.
’ 1630-1634.

2t+2 can be expressed in terms of the linear combination
of those of2¢ — 1 and2¢. The coefficients of this linear
expansion are determined by the transmitted data.

2) The elements of the skthave equal lengths. In this light,
after an appropriate combining, minimum distance dt
coding can be applied.

It is a nontrivial task to extend the differential detectiol
transmit diversity method described in this papemto> 2
transmit antennas. In doing so, we have employed the the:
of generalized orthogonal designs. The presentation of st e e

. ) . ; . . recently multicarrier communications.
differential detection methods is the topic of a forthcomin Dr. Tarokh has received numerous awards in-

paper [15]. cluding the “Academic Gold Medal of the Governor
General of Canada” in 1995, and the “Information Theory Society Paper
Award” in 1999.
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