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Abstract— In this paper, we study space-time block coding for single While ZP-only exploits both multi-antenna and multipath diver-
carrier block transmissions through frequency selective multipath chan-  sijties, A maximum diversity of ordeX(L + 1) can be gained in
nels of order L. We prove that maximum diversity of order 2(L 4+ 1) can . - - : : :
be achieved with two transmit and one receive antennae. We show that rich scattering enw_ronments with two tran§mlt and one_recelve
simple linear receiver processing can achieve full antenna diversity gains, antennae, wheré is the order of underlying FIR multipath
and investigate the performance versus complexity tradeoffs that emerge channels. We further show that simple frequency domain linear
when one exploits also the embedded multipath diversity. Simulation re- ; ; i ; ; ;
sults demonstrate that joint exploitation of multi-antenna and multipath processing achieves fu'.l multi-antenna d.l\./erSIty' while tradeoffs
diversities yields significantly enhanced performance in frequency selective N€€d to be made when it comes to exploiting the embedded mul-
multipath channels. tipath diversity. Simulation results demonstrate the superior per-
formance when both multiantenna and multipath diversities are
exploited.

) ) Notation: Bold upper (lower) letters denote matrices (column

Space-time (ST) coding has by now been well documentedagtors); (-)*, ()" and (-)* denote conjugate, transpose and
an attractive means of achieving high data rate transmissigpsrmitian transposdix denotes the identity matrix of size,
with diversity and_ coding gains in _Wl_reless appl_lcatlons; S&By; . v (11 n) denotes an all-zero (all-one) matrix with size
eg. [4,5] f_or tutorial treatments. Existing space-time codes arex N, andF y denotes aiV x N FFT matrix with its(p, ¢)th
mainly designed for frequency flat channels. In broadband wir, try to be(l/\/ﬁ)efj%"(pfl)(qfl) Vp,q € [1,N]; diagx)
less applications however, the symbol duration becomes smallefhds for a diagonal matrix withon its diagonal[-], denotes
than the channel delay spread and frequency selectivity arisgg..,th entry of a vector, anf], , denotes thép, ¢)th entry of a
It is thus important to design ST coded transmissions througyirix: Matlab notatiom (:, p : q) is used to denote a submatrix

|. INTRODUCTION

frequency selective multipath channels. of A constructed from columnsto g.
Optimal design of ST codes for dispersive multipath chan-
nels is complex since signals are mixed both in space and in  ||. SINGLE CARRIER BLOCK TRANSMISSIONS

time. In order to maintain decoding simplicity and take advan- _ . ) ) .
tage of existing ST codes, most works on ST coding for fre- Fig. 1 depicts th_e discrete-time e_quwalent model of acommu-
guency selective channels employ orthogonal frequency dification system withV, = 2 transmit antennas ani, = 1 re-
sion multiplexing (OFDM) modulation to convert the frequenc§€Ve antenna. At the transmitter, the mfor_matlon data symbols
selective channels to a set of flat fading subchannels (see fg? belonging to the constellation setare first parsed to fgrm
[4] and references therein). However, ST coded OFDM tranfs- < 1 blockss(i) := [s(iK), s(iK +1),...,s(iK + K —1)].
missions essentially deploy ST codes designed for flat fadifg€ blockss(i) are precoded by &x K matrix®; to yield ./ x 1
channels and do not exploit the maximum achievable multipatAmPol blockss(i) := ©,s(i). We will here restric®, = Ix
diversity. Furthermore, an inherent drawback of multicarriénd leave the general case for [11]; i.e., we hdve- K and
(OFDM) schemes is their non-constant modulus transmissiofi§’) = s(4) in this paper. - o e
that incur considerable power efficiency loss. Our ST encoder takes two consecutive blogs) ands(2i+

In this paper, we study space-time block codes desigsifer 1) to output the following.J x 2 matrix of ST coded blocks:
gle carrier blocktransmissions in the presence of frequency- ] ] o o
selective multipath channels. ST codes designed for single carfl(%) §1(2i + 1)] _ { s(20)  —Ps"(2i+1) (1)
rier systems in the presence of frequency selective channelgS2(2i) §2(2i + 1) s(2t+1) pPs*(2i) |’
have been reported in [2] for serial transmissions and in [8]
for block transmissions. Unlike [8] that mainly focuses oWhereP is a permutation matrix that will be defined soon. At
mitigating rapidly time varying channels with suboptimum reeach block transmission time intervalthe blockss; (i) and
ceivers, we here deal with block quasi static channels and préeé) are forwarded to the first and the second antenna, respec-
that the maximum diversity gain is the product of the numb#yely. The important relationship from (1) is:
of transmit-antennas, the number of receive-antennas, and the
length of the channel. S1(2i +1) = —Ps3(2i),  §2(2i+1) =Psi(2i), (2)

We investigate two different block transmission formats, one =~ ] . )
inserting cyclic prefix (CP) in the front of each symbol blockvhich indicates that the transmitted block at time slot- 1
(termed as CP-only), and another one padding zeros after eief one antenna is a conjugated and permuted version of the
symbol block (termed as ZP-only). We establish here that cisansmitted block at time sl from the other antenna (with a

only with ST coding achieves only full multi-antenna diversityP0ssible sign change). For flat fading channels, symbol blocking
is unnecessary and the design of (1) reduces to the well known

* This work was supported by NSF Wireless Initiative grant no. 99-79443. Alamouti ST Code withK’ = 1 andP = 1 [1]. However, it
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Fig. 1. Single Carrier Space-Time Transceiver model

will turn out that for frequency selective multipath channels, thehere the second term in the sum accounts for the so-called Inter
permutation matri¥P is necessary. Block Interference (IBI).
The J x J matrix P can be drawn from the following set To allow for low-complexity block by block processing, a

(P71 wherel signifies the dimensionality. Each permuf€ceive-matrisR with appropriate dimensions is appliec()

n=0" . . . .
. - (n) . ... . to get rid of the IBI. The latter is accomplished by choosing
tation matrixP ;" actually performs a reversed cyclic shift, |.e.(T’ R) such that:

foraJ x 1 vectora := [a(0),a(1),...,a(J — 1)]T, we have
p i = a((J—i+n) modJ). Two important special cases are o .
[ (3) 3l gg( H+n) ) (OE) P Among many other possibilities [11], two choices are popular
Py andPJT. The permuted block ;"a = [a(J —1),a(J = gnd will be discussed here. The first is the cyclic prefix (CP)
2),...,a(0)]" is actually a time-reversed version af which  approach that is also adopted by conventional OFDM systems.
has been also utilized by [2,8]. On the other haBél,)a = Itcorresponds to setting = .7 + L, and selecting

[a(0),a(J —1),a(J = 2),...,a(1)]" = F,;'F}a = F¥F/a B T TTT _ .

corrgsponds to taking IFFT twice on the vecﬁorthqs, itisa T =Tep:= [ L1, R =Rep = [00xs, 1], (5)
special case of th&-transform approach proposed in [3], wheRyherel,,, is a matrix formed by the last rows ofI;. Indeed,

the Z-domain points are chosen equally spaced on the unit Cir@gyltiplying T..,, with 5,, (i) replicates the last entries ofs,, (i)

RH("T = 0. (4)

as: {ej27"”}°’;é. _ _ in its front. Unlike OFDM, our term CP-only reinforces the fact
At each antenna € [1,2], atall P x J transmit-matrixI'  that we here deal with single-carrier transmissions.
is applied ors,(i) to obtainP x 1 blocks: u,(i) = Ts,(i), The second approach to removing IBl is zero padding (ZP)

before transmission through the frequency selective multipgt], which amounts to choosing = J + L and
channels; the role ¢f will be detailed soon.

With chip rate sampling at the receiver, we model the base- T =T, :=[17,05,,]", R=Ip (6)
band equivalent channel between {ité transmit antenna and substituting (5) or (6), into (4), we can verify that both
the receive antenna as a finite impulse response (FIR) filter w and ZP achieve IBI éliminatio,n With either CP or ZP

coefficientsh,, (0), ..., h,(L), whereL is the channel order; . . : .
this discrete Ltbi(mZa equiv%(ler)lt model includes the physical mLH_anscelver pair§T, R), the resulting IBI-free output becomes:
tipath channel as well as transmit and receive pulse shaping fil- 2

ters. Furthermore, in this paper, we consider a rich scattering Rx(i) = Z RH,Ts,(i) + Rw(i). (7)
environment for whicth, (1)’s are well modeled as i.i.d. Gaus- =1

sian distributed random variable with variangéL + 1) (corre-

lated cases are studied in [11]). Therefore, defining the chanié next specify CP-only and ZP-only transmissions, and ana-
vector ash,, := [h,(0),...,h,(L)]”, we denote the channellyze their performance from a diversity perspective.

. . B My

covariance matrix akp, = E{h,hy '} =1111/(L +1). A. Cyclic Prefixing (CP)-only design
The received samplegn) are serial to parallel converted to . ,

form P x 1 vectors: x(i) := [#(iP),z(iP + 1),...,z(iP + _ Here thaT,R) pair is chosen to beT,, R.,) asin (5) and

P — 1)]7, and likewise for the noise vectow(i). Let Wecanthusre-write (7)as:

H.“ b.e the P x P lower triangular Toeplitz chann?ilbi?’]atnx %(i) := Repx(i) = 2221 R, H, T.p5,(i) + %(i)

with first column[h,,(0), ..., h,(L),0,...,0]7, andH,,"’ be Y

the P x P upper triangular Toeplitz matrix with first row L= Euﬂ H,,8,(i) + w(i),

[0,...,0,hu(L),...,h,(1)]. The block input-output relation-

ship of the FIR channels can be described by (see e.qg., [9]):

(8)

wherew(i) = R,w(i) denotes the truncated noise vector
andH, := R,,H,T,, denotes the resulting equivalent chan-

x(i) = Zi:l[HuT5u(i) +Hﬂbi)T§u(z’ - 1]+ w(i), (3) nel matrix. From the definition ofl.,,H,, and R.,, we
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can easily verify thaf, is circulant with entrie§H,,], , = We will further suppose here that; andh, do not share
hu((p — g) modJ) [9]. Circulant matrices have two nice prop-common roots, so that the diagonal matfx. := [DiD; +
erties that are exploited in this paper: _ D3 D-]'/? is invertible (see [11] for means of bypassing this as-
i) circulant matrices can be diagonalized by FFT Operat'ons'sumption). Based on the fact tH&"*D = I, ® 1—)52’ where

) ® stands for Kronecker product, we can construct the unitary

H, =F¥D(h,)F; and H = F¥D(h})F,, _L
w=FrD(b)Fs " 7 D(hy)Es matrix U := D(I, ® D},) which satisfies: U*U = I,

whereD(h,) := diagh,) is a diagonal matrix having,, := and U"D = I, ® D1». Multiplying y(i) by U does not
(H,, (e1), H (ejz%) I (ejoW(J,l))] as its main diagonal incur any loss of decoding pptlmal|ty. Thus, formiag) :=
AT SR e S ' [27(2i), 27 (2i + 1)), we arrive at:
with [h,], being the channel frequency respori8g(z) := _ _ e
Yo hu(1)2 ™" evaluated at the frequeney= /7 =1, 2(i)=UMy(i)= {ﬁD?F‘]SQ@Z)l ] +UH|:~*7ZQ(?21):| an
i) pre- and post- multiplying the circulant matril,, by P 12Fys(2i+1) n
yieldsH where the noisg (i) := [n?'(2i),n* (2i + 1)] is still white.
R R ~ ~ We deduce from (17) that the block@i) ands(2i+1) can be
PH,P = Hf and PH; P = HZf (10) demodulated separately. Equivalently, we need to demodulate
. . s(¢) from the following blocks:
To verify (10), notice that: _ )
= ) _ Z(Z) = DlgFJS(i) + T[(Z) (18)
[P H,P ;" ]pq = hyu(g —p mod J) = [Hy]gp. Deferring specific equalizer designs to Section Ill, we will now

Wg)cus on the benchmark performance of ML decoding to exam-
ine what is the best achievable performance.
Dropping the block index for brevity, we will henceforth
%(2i) = Hy51(2i) + Hy82(2i) + w(i) (11) denote e.g.s(i) by s. With perfect Channel State Information
o M L o (CSI) at the receiver, we consider the pairwise error probability
X(2i +1) = —H1Ps3(2i) + HyPs7(20) + (20 +1). (12) (PEP)P(s — s'|hy, hy) that the symbol block is transmitted
but is erroneously decoded sls# s. The PEP can be approxi-
mated using the Chernoff bound as

P(s — s'|h;, hy) < exp(—d*(z,2')/4No), (19)

whered(z, z') is the Euclidean distance betweeandz’.
Note that without the permutation mati@ixinserted at the trans-  Define the error vector as:= s — s’. Starting with (18), we
mitter, it would have been impossible to have the Hermitian efin express the distance as:
the channel matrices that will prove instrumental for enabling , _ ) M2
multiantenna diversity gains with linear receiver processing. @ (2.z') = |D12F je|” = e"FD},F e (20)
_ We will next pursue frequency domain processing by form- — ¢*g* (p*p 4 DiD,)F e = |D,F se|? + |DoF el
ing y(2i7) := F ;%x(2i), y*(2i + 1) := F;Px*(2i + 1), and o )
likewise 7(2i) := F;w(2i), 7*(2i + 1) := F,;Pw*(2i + 1). DefiningD. := diagFse), we have for e_acl)u e_[1,2] that
For notational simplicity, we also defif®, := D(h;) and DP.Fse = Dch, = D.Vh,, whereV is the firstL + 1
D, := D(hy). Using (9) in (11) and (13), we obtain the FFT—CO|Umn320f\/7FJJ e, V = VJF;(;,1 : L +1). With
processed successive blocks as: |D,Fje|” = |D.Vh,|?, we can rewrite (20) as:

y(2i) = D1F 8, (2i) + DoF 555(2i) + 7(2i), (14) d*(z,2') = |D: Vi[> + |D. Vhy[*. (21)
y*(2i+1)=—D;F ;5,(2i)+D3F5,(2i) + 7(2i+1). (15) DefiningA. = D.V, we note thatA* A, is symmetric and
. ] ] ] _non-negative definite; therefore, there exists a unitary mafgix
Permutation, conjugation, and FFT operation on the receivggch thatU*A* A, U, = (L + 1)A., whereA. is a diagonal
blocksx(i) do not incur any information loss and the additivgnatrix with non-increasing diagonal entries collected in the vec-
noise in (14) and (15) remains white. Therefore, relying agr ), .= A (0), Ae(1), A (L))
y(2i) andy*(2i + 1) to perform symbol detection entails N0 | gt/ .= VI +1U%h, have correlation matriRy, =
loss of optimality. [+ DUR, U. - I . Therefore b’ i "
Definingy (i) := [y (2i), y*(2i +1)]”, we obtain from (14) (& + | ) g B, Ue = L1 Thereforel, s a zero mean
and (15) the matrix-vector representation: complex Gaussian vector with unit variance i.i.d entries. Wi
h),, we can rewrite (21) as:

With the ST design in (1) and (2), we can thus write the t
consecutive blocks as:

We next conjugate the permuted bld@k (2: + 1) and use (10)
to arrive at:

Px*(2i+1) = —H}'8,(2i) +HJ'5, (20)+Pw*(2i+1). (13)

¥(i) = [Di D%} [ Fs(2i) ]+ [~*7~7(.2i) } (16) 2
D; —Di| |Fys(2i+1)] " |77(2i+1))" d(z,2') = > (b)) UXAFA UM, /(L +1)
=D “Zl 3 (22)
where the identities; (2i) = s(2i) andss(2i) = s(2i + 1) have = NONAGIEED RGO
been used following the design in (1). ; Ol ) ; Ol 0)
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Using (22), we average (19) with respect to the i.i.d. Rayleigbompared with (8), we can view ZP-only as a CP-only transmis-
random variable§h (1), |k (1)|, to obtain the following upper sion but with information blocks precoded to yidld,s,, (i). To
bound on the average PEP: follow the frequency domain linear processing of the CP-only

case, we need an equation like (2) but for the equivalent sym-
1 23) bol blocksT.,5,(i). Unlike CP-only, where we had multiple

P(s—s') < .
( )< g (1+Ac(1)/(4No))? choices forP, here we need to fi? = P in (1) to achieve
this goal. We can then verify that:

L

If r. is the rank ofA . (and thusA7*A.), then).(I) # 0 if and

ly if —1]. It thus foll f 23) th
onlyif I € [0,7, — 1]. It thus follows from (23) that T8 (24 1) = —P}K)széz(%),

Pls - &) < (1/Ny) " (ﬁAe(n/‘*) e Topa(2i+ 1) = P! T8 (20),
=0

(28)

d only whenP = Pf,o) is used in (1). Recognizing the resem-
blance between (27) and (8), and together with (28), we obtain

T 1/re ;
[I1;20 Ae(1)/4]"* the coding advantag@. . of our system for e following system output by taking similar steps to derive
a given symbol error vecter. The diversity advantagé, . de- (18) in CP-only:

termines the slope of the averaged (w.r.t. the random channel)

PEP (between ands’) as a function of the signal to noise ratio Lo A ) L.

(SNR) at high SNR§, — 0). Correspondingly. . deter- 2(i) = D1, FpTaps(i) +10(), (29)
mines the shift of this PEP curve in SNRrelative to abenchmark . .

error rate curve of1/N,)~2"<. Different from [6] that relied on whereD,, := [D; D, +Dj;D-]'/? with the diagonal matrix de-
PEP to design (nonlinear) ST codes for flat fading channels, Yiged as’b,, .= diag(H,(e’?), .. .,Hu(ej%"(l’—l))); andz(i),
here invoke PEP bounds to prove diversity properties of Iingﬁ(i) defined accordingly.

CP (or ZP)-only block transmissions over frequency selective| et us now check the diversity gain achieved by ZP-only. De-
channels. fine® := FpT., andV := VPFp(;,1 : L +1). We thus

Since bottt7; . andG . . depend on the choice ef(thus ors ) e 2 o
ands’), we define the diversity and coding diversity advantag@§tain correspondinglp. = diag®e) andA. = D.V. Sim-

for our system respectively as: ilarly, with . = rankA.), the system diversity gain for ZP-
only is 2r.. Since® here is a Vandermonde matrix and any of
its K rows are linearly independer®e has at leas{L + 1)

Because the matriA™ A, has dimensionality of + 1, we first nonzero entries for any. Indeed, if®e has onlyL nonzero

have the following resulfThe maximum achievable diversity fmem”es, for some, thgn it hasi zero entries. P'Ck,'rjg the corre-
CP-only isGy = 2(L + 1). spondingK rows of ® to form the truncated matri@®, we have

Now let us check the diversity order actually achieved wite = 0. The latter shows that thede rows are linearly depen-
CP-only transmissions. The worst case is to seleetal;,; dent, whichisimpossible. With, = diag®e) having at least
ands’ = a'l,; such thae = (a — a’)1,x1 wherea,a’ € A. L + 1 nonzero diagonal entries, we have tiat = D.V has
For these error events, the matlix = diag(F se) has only one fy|l rank because any + 1 rows of V are linearly independent.
non-zero entry, so that = 1. Therefore, the system diversityThus, the maximum achievable diversity gain is indeed achieved
orderis by ZP-only; i.e.,

G4 =2, forCP-only (26
This order 2 diversity is primarily coming from the two transmit Ga=2(L+1) for ZP-only. (30)
antennas and not from the multipath channels.

In the next subsection, we show that ZP-only achieves mawere general, itis shown in [11] th&t, = N;N,.(L + 1) when
imum diversity order provided by both multiantenna transmisy, transmit- andV, receive- antennas are used.
sions and multipath channels. Compared with CP-only, the advantage of ZP-only is that full
. . multipath diversity is gained with the same redundancy used to
B. Zero Padding (ZP)-only design get rig of IBI. Furt)klmern%ore, we emphasize here that theyprocess-

The transceiver paifT,R) is now changed taI' = T., ing for ZP-only in (29) isoverall ML optimal which is never
andR = Ip as defined in (6). The transmitted blocks are thube case for CP-only because the cyclic prefix that is discarded
u,(7) = T.,5,(7) with L zeros padded at the end of each bloclat the receiver contains information about the symbolg we
TheseL guard zeros are instrumental since we can now replagant to detect.
the P x P Toeplitz matrixH,, in (7) by P x P circulant matrix

As in [6], we call 2r. the diversity advantagé€r,. an

Gq:= Lr%l Gae, and G, := Ieri(r)le. (25)

H,, with [H,],, = h.(p — ¢modP), thanks to the equality [1l. DISCUSSION ON EQUALIZATION OPTIONS
H,T., = H,T.,. Therefore, we have To unify (18) and (29), let us express the system output after
2 frequency domain linear ML processing as:
x(i) = Y H,T.p8,(i) + w(i). (27)

=1 z(i) = As(i) + (i), (1)



with the correspondind’s being

A =D,F; CP-only (32)
A=D,,FpT., ZP-only (33)
A=D, CP-OFDM (34)

where (34) is copied from [4] for the ST encoded OFDM.
For our information blocks(¢) with length X', ML decoding
based on (31) needs!|X enumerations|{| is the cardinality

of the alphabet), which is certainly prohibitive when the constel-
lation size and/or the block length increases. A relatively faster
ML search is possible with the sphere decoding (SD) algorithm, '}
which only searches for vectors that are within a sphere centere:
at the received symbols [7]. The theoretical complexity of SD is
polynomial in K, which is better than exponential but still too

high for large block sizéx.

Linear Zero-Forcing (ZF) and MMSE equalizers certainly of-

107 T
CP-OFDM
CP-only, ZF equalizer,|
ZP-only, ZF equalizer
CP-only, SD equalizer
ZP-only, SD equalizer

10°

4 6 8 10 12 14 16
Eb/NO

fer low complexity alternatives, but they may not be able to col- Fig. 2. Comparisons between CP-OFDM, CP-only and ZP-dWly= 1

lect the full diversity. An encouraging observation from our sim-
ulations indicates that linear equalization comes close to the ML 1* ‘ ‘ ‘ ‘

performance when the multi-antenna diversity increases.

We refer the reader to [10] for detailed complexity compar-
isons of various equalizers. We underscore here that the mul
tiantenna diversity is first achieved by simple linear processing |
in the frequency domain, and the overall receiver complexity
mainly depends on multipath channel equalization; thus, spact
time coded transmissions have almost the same receiver com

plexity as with the single antenna system in [10].

IV. SIMULATIONS
To test the system performance, we get 2 (3-ray chan-

nels) and the block siz& = 8. We assume that the channels
between each transmit and each receive antenna are i.i.d. Gau

sian distributed with covariance matidx /(L + 1). We use

QPSK constellations and udg, / \, to denote the average re-

)

ceived bit energy to noise ratio on each receive antenna. Witt,
N; = 2 andN, = 1, we infer from Fig. 2 that ZP-only out- Fig. 3. Comparisons between CP-OFDM, CP-only and ZP-dvily= 2, 4

performs CP-only and CP-OFDM significantly, especially with

CP-OFDM

CP-only, ZF equalizer
ZP-only, ZF equalizer
CP-only, SD equalizer
ZP-only, SD equalizer

#

-4

10°

10°

4 6 8 10 12 14 16

linear ZF equalizers becaudein (31) is guaranteed to have fully) g, Lindskog and A. Paulraj, “A transmit diversity scheme for channels

rank for ZP-only which is not the case for CP-only [11]. How-
ever, SD equalization yields similar performance for both CFl

only and ZP-only in the considered SNR range; explanations

are givenin [11].

In Fig. 3, we increase our multiantenna diversity by deployg
ing N, = 2,4 receive antennas. For CP-only and CP-OFDM

transmissions, the multiantenna diversity goes up\p = 4, 8,

while the total diversity offered by ZP-only now increases tfg]

2N, (L + 1) = 12,24. Similar to Fig. 2, ZP-only outper-

forms CP-only and CP-OFDM. However, an interesting obse;-
vation is that the difference between linear ZF and near-optinl]ah

SD equalization becomes smaller as multi-antenna diversity jg-

creases. WithV,. = 4, the difference between ZF and SD equal-

izers for ZP-only and CP-only is only within several tenths

a dB, which is very encouraging from an overall performance-
[10] zZ. Wang and G. B. Giannakis,

complexity perspective.
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