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PERFORMANCE ANALYSIS OF SPACE-TIME BLOCK CODES IN
TIME-VARYING RAYLEIGH FADING CHANNELS

Hyunsoo Cheon and Daesth Hong

Information & Telecommunications Lab
Dept. of Electrical/Electronic Engineering, Yousei University
134 Shinchondong Seodaemungu. Seoul, 120-749, Korea

e-mail: hscheond

ABSTRACT

In this paper, we provide the performance analysis of
pilot symbol assisted wmodulation (PSAM) for trans-
mit diversity with space-time hlock codes (STBC) in
time-varying Rayvleigh fading channels. For the perfor-
mance evaluation, the average bit error rate of transniit
diversity with STBC is derived when the channel esti-
mation error exists. Using the result, the average BER
in time-varying channels is evaluated when the PSAM
is emnploved.

1. INTRODUCTION

The transmit diversity scheme, which is alse known
as space-time block codes (STBC), has been propaosed
by Alamouti (1], and it is one of the most simple and
efficient ways to exploit full diversity 1 wireless chan-
nels. Particularly, the STBC provide the full diversity
when it is hard to equip more than one receive antennas
dne to physical constraints, such as the cost of multi-
ple RF down-converters, additional power consumption
and size limitations.

To exploit the STBC in mobile communications,
rapid fading is an inevitable impediment, which causes
an irredocible error Boor. To suppress the error floor.
pilot symbol assisted modulation (PSAM) is one of the
most likely solution [2].

In PSAM, the pilot symbol is inserted periodically
in order to enable the coherent detection. Moreover,
to detect the symbols received from multiple Tx an-
tenmas, the mioiimuom nomber of pilot symbols per one
Tx antenna is equal to the number of Tx antennas. In
this case, the received pilot syinbols may lose consis-
tency due to rapid fading, and the estimated channel
responses may barm the orthogonality of the received
STBC symbols.

This work is supported by a graot from the Brain Korea
(BK) 21 program and pnpietwork corp. in Korea.

0-7803-7402-9/02/$17.00 ©2002 IEEE

catseve.vonsel.ac.kr

[u this paper. we examine the pilot symbol assisted
rmadidation with the Alamouti’s scheme in rapid fading
channels. We analyze the effect of the chanunel estima-
tion error and time variations of the channel,

This paper is organized as follows, The next section
describes the signal model and a biief review of the
STBC. In section 3, the effect of the channel estimation
error and time-variations of the channel are described.
The performance evaluation ig provided in section 4.
In the Anal section, conclusions are drawn,

2. SYSTEM MODELING

In the following, holdfare symbols denote matrices (in
capital letters) and vectors (lower case). The index
is used for the somple sequence pumber. A complex
conjugation, mafrix transpose sud hermitian operator

are denoted as the superseript . 7, and 77, respectively.

2.1. Space-Time Block Codes

For simplicity, we consider a transmit diversity system
with 2 TX antennas, The STBC symbol is transmitted
from 2 TX antennas during two symbol periods 27,

SMROE
Tilay

X = [ A‘:‘* k‘f] L(-imr:‘ {I]
858 L

I a flat fading channel, the received signal vector,
whose elements are the svinhols received at thme ¢ and
£+, Qg wiven as

Ty ___}_ ; h i }?2 51 3 i ng i (.‘)-.)
5 V2 ihy —hiiisl T |n3)] -
R
151 £ T

where fi; is the channel response of the signal received
from TX antenna 7, s; is the transmitted svmbol with

I11-2357
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. “2 g - .
variance (r" and ny and ne are the additive noise with
varianee o2,
The romblm « signal vector is written as

}J }J)
g fip el 1l + Jhalf s+ H¥n. (3)
i
‘We assume that the channel response is normalized,
E{lhf*} = 1 for ¢ = 1.2, so that the average
veceived SNR is 7 = o2 /o,

2.2. Pilot Symbol Aided Modulation (PSAM)

Figure 1 shows a block diagram of a transmit diver-
sity system exploiting PSAM. Kaown pilot symbols are
inserted periodically for frequency channel estimation,
and the channel interpolation is performed in the re-
ceiver for the compensation of the channel variations.

We assune that the pilot symbaol block is an orthog-
onal matrix U, de, UYU = 1, and it is transinitted
with power P. The resulting frame strocture can be
shown in Fig 2. In this case, the received pilot symbol
block at one Rx antenna can be written as

T oz ET‘P]} i *PU {’ :| - 11, (—1—}
(2
The channel response vector is directly estimated
]

5 1 % _

B —eU%rp = ho ._U {(h}

VP VP '

x._v_z
&

where € is 2 x 1 channel estimation error vector, whose
elements are muinailv upcorrelated complex Ganssian
r.v.s with variance o2

3. PSAM FOR STBC IN TIME-VARYING
CHANNELS

3.1. Channel Estimation Error

In & time-varying Rayleigh fading channel, the received
symbol vector is rewritten as

fiaolk) | |si(k)] na (k)]
—h3 (k)] |sa(k) ns (k)

~~
H{k)

5 i

- hy (k)

73 B3ty

(6)
where k& denotes the STBC symbol index within one
syimbol frame, and h; (k) s &th chanoel respouse at
(2k + )T,

I this case, the channel response is estimated from
the observation r(0), and the estimated channel re-
sponse vector is

1Ry o(0) 4+ 1y 1 (0} | 1 Thool0) ~ ey (6)
T2 hool0) Ry (0)) 7 2 Ay o{0) = hy (0]

{7)

The channel responses f; o(0) and Ay 1(0) are vo-

tually correlated complex Gaussian rov.s, and can be

expressed using a standard trassformation of rv.s. as
follows.

g

hio(0) = -y -—2-—;)1(;; s S (0)

(&

f1+4
By (0} = \( p (0) — R qvt(i}
;
where p(0) and ¢;(0) are mutoally oocorrelated com-
plex Gaussian r.v.8 with varianee 1. and the correlation
coeflicient p is

. (.’.ov(|h,- o012, Ay 1 (0 ©)
Var(h ol0)}1Vi 1{!1,:;_{0))

Substituting {8} into {7}, the estimated channel re-
sponse vector can be rewritien as

- ,’rl_::_; () 1 = ,r) ¢2{0) .
h{) = ¢/ T 10
(0) Y2 [puif)) +\/ a0y T (10)

Assuming that the desired channel response is by o(0),
Lhe channel mismateh is rewritten as

/_

& = lht ol — hy ol = V ——————— gy (1) — g (0] -+ &(0),
(11)

and its variance is o2 = (1 —p) + o2/ P.

The correlation coefficient is determined by the chan-
vel model, the maximuom doppler frequency fy and time
interval. We consider three channel models - classic [3],

I1E-2358
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Figure 3: Channel response mismatceh due to the loss
of orthogonality (pilot SNR = 30 dB)

uniform, and two-path model, in which the correlation
coefficients are given as

Jo(2xfsT)  (classic model)
p =4 sine{fdl'})  {uniform model) (12)
cos(27 faTY  {two-path model)

where Jo(r) is the zeroth-order Bessel function of the
first kind, aud sine{z) = sin{ma) /7.

Figure 3 shows the channel response mismatch in
time-varving Rayleigh channels.

3.2. Channel Response Interpolation

The combined symbol vector can be written as

5 [41(k)

: P osemma g .
2(k) = —=HT (kYH{k + H{km(k (13}
( } \/2 ( } b L’E{k) i ) 3 } ]

L

o

where H(k) is interpolated channel response matrix.

In this case, the channel response interpolation should

be performed for each syuibol interval T to reduce the
degradation due to the loss of orthogonality. Thus, 4
channel responses are interpolated in one STBC sym-
hol duration. the interpolated channel response matrix
becomes

Aveiags BER

8
AN B

Figure 4: BER of QPSK in transmit diversity uvsing
STBC when the channel estimnation error exists.

where
a.5 (k) = R o(k)hs, 0(A~) F Ry (k)05 (k).
by (k) = “"w(ﬁl)h;tr e JIU'Jh R

In the optimum linear channel interpolator {wiener
filter) [2], the interpolation error is uncorrelated with
R, (k) and by olk), and its variance becomes .

(16}

4. PERFORMANCE ANALYSIS

4.1, Effect of Channel Estimation Error

Assuming that the channel response is stationary and
the transmitted symbols are uncorrelated, the effective
SNR Is a conditional expectation subject to the esti-
mated channel responses by and ha, which cau be writ-
Ler as i
(b + €12 + o + ea]?)o?
(eif? + leal?)ers + 207

fe — (17}

Let a = le]? 4 jea?. The channel estimation error
€r and ¢z are mutnally uncorrelated complex Gaussian
r.v.s, so that o I8 a chi-square r.v. with 4 degrees of
freedorn.

For sufficiently small 72, the channel estimation er-
ror €; and the estimated channel response f?,—_ cat be
assumed to be uncorrelated. Under this assumption,
BER of QPSK can be obtained as

~ -— oG
. Atk - ';‘E N o oo do. (18
Fi(k) = {{I;..}kk‘_, {iz;o{f)g , (14) Pe{%) /‘; P{Eio)pla)da (18}

fio (k) hea(k)]
Suppose that the channel response by is tid. com-
and the matrix Q is written as plex gaussian r.v, the conditional error probahility is
15 byal ;
= [“--‘2 b ¥ (1% P(E|a) = (mm‘iﬁ‘il) {2+ &(a)}, (19)
bay a2 1}
[11-2359
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Sl 'V] 20+ 1+ o2y + 47 el

Figure 4 shows the average BER of QPSK in 2 x 1
STDC when there is the channel estimation error. As
shown in the figure, the channel estimation ervor causes
the error floor.

4.2. Effect of Time-Varying Channels

To evaluate the optimum case, the frame length is cho-
sen to be N < 1/4fT. and the pilot SNR is set to
the average data SNR 5. When the channel response
interpolation is perfect, the performance is degraded
by the channel estimation error at each pilot symbol
blocks and the loss of orthogonality.

Though the effect of the chanvel estimation error
at high SNR is small, the loss of orthogonality causes
the rreducible error. Figure 5 and 6 show the average
BER of QPSK when optimum channel interpolation is
assumed in two channels (classic, uniform). As shown
i the Begures, the ervor fHoors are due to the iniiial
channel estimation error and the loss of orthogonality
of the pilet symbel block. The BER performance in
the wuiform channel model is shown to be hetter than
that in classic channel model. This indicates that the
error floor is mostly due to the correlation between the
consecutive channel responses.

5. CONCLUSIONS

The STBC is simple and effective transmit diversity
scheme, which exploits the orthogonality of the trans-
mitted symbols. However, the loss of orthogonality due
to the time-variation of the channel response increases
the chanpel estimation error, which causes performance
degradation.

For a performance evaluation of STBC in rapid
Rayvleigh fading channels, the mpaicments due to the
channel estimation error and the time-varying channels
are analyzed, and the average bit error probability is
derived.
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Nondata-Aided Channel Estimation for OFDM
Systems With Space-Frequency
Transmit Diversity
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Abstract—This paper proposes a computationally efficient
nondata-aided maximnm a posteriori (MAP) channel-estimation
algorithm focnsing on the space-frequency (SF) transmit diversity
orthogonal frequency division multiplexing (OFDM) transmission
through frequency-selective channels. The propesed algorithm
properly averages out the data sequence and requires 4 convenient
representation of the discrete multipath fading channel based on
the Karhunen-Loeve (KL} orthogonal expansion and estimates
the complex channel parameters of each subcarvier iteratively,
using the expectation maximization (EM) method. To further
reduce the computational complexity of the proposed MAP al-
gorithm, the optimal truncation property of the KL expansion
is exploited. The performance of the MAP channel estimator is
studied based on the evalnation of the modified Cramer-Rao
hound {CRB). Simulation results confirm the proposed theoretical
analysis and illustrate that the proposed algorithm is capable of
tracking fast fading and improving everall performance.

Index Terms—Expectation maximization (EM) algorithm, max-
imum a posteriori (MAP) channel estimation, orthogonal fre-
quency division multiplexing (OFDM) systems, space-frequency
coding.

I. INTRODUCTION

RADITIONAL wircless technologies are not very well
suited Lo meet the demanding requirements of providing
very high data rates with ubiquity and mobility. Given the
scarcity and exorbitant cost of the radio spectrum, such data
rates dictate the need for extremely high spectral efficient
coding and modulation schemes [1]. The combined application
of transmit-antenna diversity and orthogonal frequency division
multiplexing (OFDM) modulation appears 1o be capable of
coabling the types of capacities and data rates peeded for
broadband wireless services |11, [2].
Transmit-antenoa diversity has been exploited recently to
develop high-performance space-time/frequency codes and
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stmple maximum likelihood (ML) decoders for transmission
over flat fading channels [3]-{5]. Unfortunately, their practical
application can present @ real challenge to channel-estimation
algorithms, especially when the signal suffers from frequency-
selective mudtipath chanoels. Oae of the solations for alleviat-
ing frequency selectivity is through the use of OFDM together
with transmit diversity which combats the long channel impulse
response by transmitung parallel symbols over many orthogo-
nal subcarriers, yielding unique reduced complexity physical
layer capabiliiies [1].

Channel estimation for transmit-diversity OFDM systems
has attracted much attention with the pioneering studies of
Li [6], [7]. Among many other techniques, an iterative proce-
dure based on the expectation maximization (EM) algorithm
was also applied to the channel estmation problem in the
context of space-time block coding (STBC) [B], [9] as well as
transmit-diversity OFDM systems [10]<[13]. In [10], both the
ML and the maximum g posteriori (MAP] iterative receivers for
STBC-OFDM systems bagsed on the EM algorithm are proposed
to directly detect transmitted symbols under the assumption that
fading processes remain constant across several OFDM words
contained in one STBC code word. Note that even this approach
pretends to bypass the channel-estimation process; it iteraies
between the ML data detection and the channel estimation
consecutively until the convergence is reached. Although this
approach is certainly optimal, its convergence rate is slow; the
initial selection of the channel parameters is very critical and its
implementation is quile complex,

An EM approach proposed for the general estimation from
superimposed sigaals [13] is applied to the chansel estimation
for OFDM systems with transmitter- diversity systems and is
compared with the space-alternating generalized EM (SAGE)
version in [12]. Moreover, in [13]. a modified version of [12]
is proposed for STBC-OFDM and space-frequency {SF) block-
coding (SFBCH-OFDM systems.

Unlike the EM approaches treated in [10]-{13], we adopt
a two-step detection procedure: 1} Use the EM algorithm to
estimate the channel. and 2) use the estimated channel to per-
torm coherent detection. The major contribution of this paper
is to obtain a new efficient nondata-aided MAP EM channel-
estimation algorithm for OFDM systems with transritter di-
versity using SFBC. A different approach is adapted here 1o
explicitly model the channel parameters by a Karhunen-Toeve
(KL) series representation, since a KL expansion allows one 10
tackle the estimation of correlated paramelers as a parameter
estimation problem of the uncorrelated coefficients. Note that

0018-9545/$20.00 © 2006 IEEE

Petitioner Samsung Ex-1004, 0122



450 TEEE TRANSACTIONS ON VERICUELAR TECHNOLOGY, VOL. 55 NO. 2, MARCH 2006

Tx
ity
~ ,”“
1 Sl X
f <
+'{n !
1 . D %
}'.‘
Serial & 4 5
Ay Space- i Tl
g _JiFrequency | i T Law f
Encoding W
paratiel W
i
B
F
it
Fig. 1. SFhlock-coded OFDM scheme.

the KL expansion is well known for its optimal truncation
property [19], That 1s, the KL expansion requires the mini-
mum pumber of terms among all possible series expansions
m representing a random channel for a given mse. Thus, the
optimal truncation property of the KL expansion results in
a smaller computational toad oo the channel-estimation algo-
rithin. Moreover, except for a few pilot symbols for inival-
ization, the technigue does not need any training sequence to
acquire the channel and more information carrying signals can
be transmitted.

Due to the orthogonality of the SFBC system based on
the Alamouti orthogonal design, as well as the KL expansion
of the multipath channel that yields simple exact iterative
expressions for the unknown channel parameters in frequency
domain which do not require any matrix inversion [18], [19].
Moreover, the optimal runcation property of the KL expansion
can further reduce the computational load on the channel-
estimation algorithm.

1. SEFBC-OFDM SYSTEMS

Resorting to coding across tones, the set of generally cor-

related OFDM subchannels is first divided into groups of

subchannels. This subchannel grouping with appropriate sys-
em parameters preserves the diversity gain while simplifying
not only the code construction, but the decoding algorithm
as well [14]. A block diagram of a two-branch SF OFDM
transmittes-diversity  system 1§ shown 1n Fig. I To cast
the received signal model, we first define ¥V, « 1 the data
vector Adn) as A{n) = [AnN), AN+ 1), .., A(nN, +
N.— DT, Following the notation of [14], let Ac{n) denote
the kth forward polyphase component of the serial data sym-
bols, i, dp(n) = A(nN.+ £k} for k=0,...,N.~ 1. The
potyphase component Ag(n) can also be viewed as the daia
symbol to be fransmitted on the Ath tone during the block
instant n. The data symbol vector A(n) can therefore be
expressed as Aln) = [Ag(n), A1(n), ..., Ax 1]7. Resorting
the subchamnel grouping, A(n) is coded into two vectors A.(n)
and A, {n) by the SF encoder as

A (n) = [do(n), Aa(n), ..., Ax, a(n), An 2()]F
Ay{n) = [A(n), As(n), ..., Ax_a(n), An, ()" (D)

Bx
£V
=
-
-
¢
¥ Pasallell -«
\ n Space- Paratiel AGh
’,"} 3 F Frequency (-9 <o~ -
Decoding ;
serial
[
o Channel

Esttrnation

where A, (n) and A, {n} actually corresponds to the even and
odd polyphase component vectors of A{n). Then, the SF block
code transmission matrix may be represented by

frequency —
e Agin) —Ajl(n) ’ (2}
space l :- Ao( n) l\:{”)

where * stands for the complex conjugation.
Tf the received signal sequence is also parsed in even and odd
blocks of N, tones, Ro(n) = [Ry(n), Ra{n), ..., By, 2{n)]?

and R,{n) = [R(n), By(n}.. .., Ry —1(n)i", the received

signal can be expressed in vector form as

Ro(n) = Adn)H; o (n) + Aa(njHy o (n) + We(n)
R,(n) = — AL(n)H, ,(n) + AL(n)Ha ,(n) + Wo(n) (3)

where A {n) and A (n) are N, /2 x N /2 diagonal matrices
whose elements are A (n) and Au(n), respectively, and 7
denotes  the conjugate  transpose.  H, (n) = [H, o(n},
Hyolndy ey iy N and H, (n) = [H, (n),
Hyz(n)ooo . Hy noca(n)]? are N,./2 length vectors denoting
the even and odd component veciors of the channel attenuations
between the pth tansmitter and the receiver. Finally, W (n)
and Woln) are N, /2 x 1 zero mean and independent
identically distributed (i.1.d) Guauossian vectors that model
additive noise in the N, tones, with a variance of #%/2 per
dimension.

Equation (3} shows that the information symbols A,.(n)
and A,(n) are transmitted twice in two consecutive adjacent
subchannel groups through twe different channels. In order
o estimate the chanpels and decode A with the embedded
diversity gain through the repeated transmission, for each n,
we can write the following equation from (3) as

F = ‘ %(W."’(”)—I
Rotn) | T [l Aln) | |00

TIW, () |
(4}

where the complex channel gains between the adjacent subcar-
riers are assumed to be approximately constant, ie., Hy .(n) =
Hy ,(n}and H; . (n} = Hy o(n). The effect of this assumption
allows us to omit the dependence of Hy .(n) and Ha .(n) on

Petitioner Samsung Ex-1004, 0123



CIRPAN et arl.: NONDATA-AIDED CHANNEL, ESTIMATION FOR OFDM SYSTEMS

the even channel components. Using (4) and dropping subscript
“.” we have

)] [ Ao
R,(n)| AL

Agfn) le(.”_) [W.n)
Al | [Halw) | * | Waiw)
(3)

O 10 a ore succinel form
Rinj = A(n)H{n) + W(n}. (6)

Based on (6), our main objective in this paper is to develop
@ channel-estimation algorithm in accordance with the MAP
criterion. The channel variations are considered as random
processes and the KL orthogenal series expansion is applied.
Prompted by the general applicability of the KL expansion. in
this paper, we consider the components of Hy,(n} to be ex-
pressed by a linear combination of orthonormal base vectors as
H,(n} = G, (n), where ¥ = [y, ¢y, ... @, 1], 97s are
the orthonormal basis vectors corresponding to the eigenvec-
tors of the chaonel autocorrelation mawix Cyy, = F[H, H |
Gp(n}) is an Ne x 1 zero-mean ii.d. Gaussian vector whose
cormponents G, (k] = G, (n, k), F=0,1,... N, — 1 cor-
respond to the weights of the KL expansion. Note that the
covariance matrix of G, (n) is A = diag{Ao. Aj, .o A )
where Aps are the eigenvalues of Cyy, . Therefore, Cy,, can be
expressed as

Cy, = WAW" (D

Thus, the channel estimation problem in this application is
equivalent to estimating the iid. Gaussian vector G, of the
KL expansion cocfficients,

1. NOoNDATA-AIDED EM-BAasep MAP
CHANNEL ESTIMATION

_ In the nondata-aided MAP estimation approach, we choose
G 1o maximize the posterior probability density function
(PDF), G = arg maxg p(G|R) where G = [GT, G}, To
find the MAP estimator, we must equivalently maximize
P RIG)p(G). The prior PDF of the KL expansion coeffi-
cient n.vs of the fading channel can be expressed as p(G) ~
exp{—G"’ﬂ"lG), where A = diag(A A).
Hence, the MAP estimator equivalently takes the form

Guap = arg ax Inp(RIG) + 1np{G)] ()

where p{R|G) = E4[piRIA, G).

Given the wansmitted signals A, coded according to the SF
rransmit-diversity scheme and the discrete channel orthonormal
series expansion representation coefficients G and 12kiag into
account the independence of the noise components, the condi-
tional PDE of the received signal R can be expressed as

HRIA G) ~ exp [—(R. - ATGYE R - A@G)} ©)

where Y is an N, » N, diagonal matrix with [k, k) = o2, for
o Land ¥ == diag(¥ ¥).

451

Obtaining the MAP estimate of G from (9) is a complicated
optimization problemn and does not yield a closed-form solu-
tion. The solation of such problems usually requires numerical
methods. such as methods of scoring. Newton—Raphson, or
some other gradient search algorithm, However, for the problem
at hand, these numerical methods tend 1o be computationally
complex. Fortunately, the solution can be easily obtamned by
means of the iterative EM algorithm. Since the EM algorithm
has been studied and applied to a sumber of problerns in
communications over the years, the details of the algorithm
will not be presented in this paper. See [201-{22] for a general
exposition o the EM algorithom and [ 18] its applications to the
estimation problem related to this study. Basically, this algo-
rithmn inductively reestimates G so that a monotonic increase
in the a posteriori conditiopal pdf in (9) is guaranteed. The
monptonic increase is realized via the maximization of the
auxiliary function

0 (Gic;ﬁ'?'i*) =3"p (R,ATG{”) logp(R, A.G)  (10)
A

where G is the estimation of G at the ith iteration.

Note that p({R, A G) ~ p(RIA G)p{G), since the data
symbols 4 = {Ay(n)} are assumed to be independent of each
other and are identically distributed and because of the fact
that they are independent of G. Therefore, (10) can be easily
evaluated compared to a direct computation of (9).

Given the received signal R, the EM algorithm starts with
an initial valoe GU of the unknown channel parameter G. The
(i < L)th estimate of G is obtained by the maximization step
described by GUT! = are maxg Q(GIGY). As described
in Appendin L the expression ol the reestimated value of
Gj: +h) {4 = 1,2) can be obtained as {foHows:

G =+ At [r{*}“ﬂﬁ(n} —T{ R, (n)

G = (1 mA e [P R0+ TR, ()
(

1h

where it can be easily seen that

I+ XA :d.'lag( (

and T in (11) is an N,/2 x N, /2 dimensional diagonal
matrix representing the ¢ posteriori probabilities of the data
symbols at the #th iteration step whose kth component is
defined as

1"}::'(!.,) == Z Z QHP(A% ('?;_) ==

4y Qo Sy

Agppi(n) = a.2|R.TG"“‘-"‘}. e 1,20 (13)

where 5 denotes the alphabet set taken by the kth OFDM
symbol.
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A truncated expansion G, . can be formed by selecting
+ orthonormal basis vectors among all the basis vectors that
satisfy CH W = WAL The optimal one that yields lhc smallest
average mean-squared truncafion error 1/(N,/2) Flele,|is the
one expanded with the orthonormal basis vectors associated
with the first largest r eigenvalues given by

(1)

where €, = &, — G, . For the problem at hand, the tun-
cation property of the KL expansion results in a low-rank
approximation. Thus, a rank-r approximation of A, is defined
as Ay o= diag{hg. Ay, ... L0, 0} Since the trailing
No/2 — v variances {N}-7°7 are small mmpmd to the
i{.ddmo r variances {A 0. then the trailing N, /2 — r vari-
ances are set o rero to produce the t_pproxumlwn. However,
the pattern of eigeavalues for A typically splits the eigenvectors
into dominani and sebdominant sets. Then, the choice of r
is more or Jess obvious. The optimal truncated KL (rank-7)
estimator of (1) can easily be obtained by replacing A, with
Aan (i),

A. Initickization

In order to choose good 1mitial values for the unknown chan-
nel parameters, the Vpg data symbols {Ag(n}} fork € Spgin
each OFDM frame are inserted as pilot symbols knuwn by the
receiver. Corresponding to the pilot symbols, we focus on an
under-sampled signal model and employ the least squares (LS}
estimate to obtain under-sampled channel parameters. Then,
the complete initial channel gains can easily be determined
using an interpolation technique, ie., a lowpass interpolation
algorithm [ 16]. Finally, the initial values of GEP\” are used in the
iterative EM algorithm 1o avoid divergence. The details of the
mitialization process is presented in [17] and [18].

B. Computation ofl ") for OPSK

As the details are given in Appendix II, 1—‘{";} = i'f”'}['()).
A N, /2y — 1)]T can be computed for QPSK signaling
as lollows.

]
(15}

FL” = é tanh [%Ru (ZL“J} + é taunh [ ~Tin (Z“’)%I

where

20 =R 9GP + REGY

I ) N Ty 4 (]
2y, =RNG, - RIWG

and R, and R, are N./2 x N./2 diagonal matrices whose
elements are R, and R, respectively.

2. MARCH 2006

1V, Mopiriep CRAMER-RAO BOUND

In this section, we turn our attention to the analvtical perfor-
mance results and study the performance of the MAP channel
estimator based on the evaluation of the modified CRB.

The mean-squared estimation error for the unbiased estima-
tion of @ noprandors pararneter bas 4 lower bound, the CRB,
which defines the ultimate accuracy of the unbissed estimation
procedure. Suppose G is an unbiased estimator of a vector of
unknown parameters G (i.e., E{G} = G), then the mse matrix
is lower bounded by the inverse of the Fisher information
matrix (FIM) E{(G — G)(G - G)} > JH(G).

Since the estimation of unknown raadom parameters G/ via
the MAP approach is considered in this paper, the modificd FIM
needs o be taken into account in the derivation of the stochastic
CRB [24]. Fortunately, the modified FIM can be obtained by a
straightforward modification of the FIM as

J1(G) 2 HG) + Tp(G) (16)

where Jp(G) represents the ¢ prieri information.

Under the assumption that G and W{n) are independent of
each other and W(n) is a zero-mean. the Ay’s are adopling
fintte complex values, from [24] and (9), the conditional PDF is
given by

MRIG) = E({p(R]A,G)}

S {(R ~ APG)(R - A@G)} .U
2

Since lnp(R[G) is required for the computation of J(G), it 1s
unfortunately computationally intensive. However, an approx-
imate of i p{R|G) can still be obtained from Inp{R[.A G).
Since the logarithmic function is a concave, by Jensen’s in-
equality, we have

p(RIG) < Ealn{p{R{4,G)}. {(18)

Therelore, we get a valid J{G] from Ea{lup(R|A,G)}}
which may not be tight, but is much easier to compute. From
(17}, the derivatives follow as

o p( Ri(a) 1
P = SR AVGYAF  (9)
PopRIG)  1at = \
BeaeT = g A4k (20)

Since the Alamouti’s scheme imposes an orthogonal struc-
: | (i
tare on the transmitted symbols AT A = T and using @' @ = 1
and 1aking the expected values yields the simple form

a2 mp(ni(. )
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0 (WA

Fig. 2. Channel-estimation mse as a function of the average 5y, (N,

The second term in (16) is easily obiained as follows. Con-
sider the prior PDF (G} ~ exp{(—G'A G} The respective
derivatives are found as

dlnp(GY

i & ln p{G)
4 -1 3 5o s |
e = ~GIA7, ol

BCOCT =

Upon taking the negative expectations, the second term in (16)
becomes Jp(G) = A", Substituting J(G) and Jp (G in (16)
produces the modified FIM as follows:

$aflGY = 3E) & 3p(G)

s B, 23)

o

Inverting the matrix Jp(G) vields CRB(G) =J37} (Gl
CRB(G) is a diagonal matrix with the elements on the main
diagonal equaling the reciprocal of that of the J(G) ma-
trix. Because of the zero-valued off-diagonal entries in the
FIM, the errors between the corresponding estimates are not
independent.

V. SIMULATIONS

In this scction, we present some simulation results 10 order
to verify the performance of the channel estimation via the
EM algorithin for SEBC-OFDM systeros. The diversity scheme
with two transmit and one receive antenna is considered. The
chumels between the fransmitier and receiver are gencrated
according to the donbly-selective fading channel model. In
this model, H,(%)’s arc with an exponentially decaying power
delay profile 8{7,) = Cexp{—7, /i) and delays 7, that are
uniformly and independently distributed over the length of the
cyclic prefix. € 1s a normalizing constant. Note that the normal-

Eh/No

ized discrete channel correlations for different subcarriers and
blocks of this channel model were presented in {17} as follows:

- exp [ £ l i

Tyms (1 - OXp (\mio )) ('F{};; +

ri(k k) =

The scenario for the SFRC-OFDM simulation study con-
sists of a wireless QPSK-OFDM system. The system has a
2.28-MHz bandwith (for the pulse roll-off factor a = (.2) and
1s divided into IV, = 512 tones with a total period T'¢ of 136 ps,
of which 10532 us constitutes the cyclic prefix (L = 4). The
uncoded data rate is 7.6 Mb/s. We assume that the rms width is
Trms = | sample (0.263 us) for the power-delay profile.

The proposed EM-based iterative channel estimator of (11}
is implemented and compared with the previously reported
SFBC-OFDM channel esumator [ 13] in terms of average mse
for a wide range of signal-to-noise ratio (Fy/Ny) levels. The
average mse is defined as the norm of the difference between the
vectors G = [G], GZ] and ém,.m, representing the true and
the estimated values of the channel parameters, respectively.
Namely, mse = 1/2N G — G [l%. In order to obtain good
initial values for the unknown channel parameters, Npg = 04
equally spaced pilot tones are inserted into the data symbols.
Corresponding to the pilot symbols, we employed the LS
estimate to obtain under-sampled channel parameters. Then, the
complete initial channel gains are determained using a lowpass
interpolation technigue [16]. Finally, the initial values of Gf,f} '
are used in the iterative EM algorithm to avoid divergence.

Fig. 2 compares the performance of the proposed EM-MAP
channelf-estimation approach with an EM-ML [13] which is the
modified version of {12] and both used LS for initialization. The
proposed EM-based approach is also compared to other widely
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Fig. 4. Convergence of the mse with respect to the number of flersions.

used linear mmse (Lmmse) and LSE pilot symbol assisted
modulation (PSAM) channel-estimation techniques [23]. Ttcan
be seen that the proposed EM-MAP significantly outperforms
the EM ML as well as the PSAM technigues.

Assuming the channel parameters are estimated accurately,
the SF block constructs the decision estimate vector in [ 14],
Theretore, we used channel estimates for symbol decoding and
compared the bit error rate (BER) performance of the proposed
iterative EM-MAP estimator with the EM-ML and the Lmmse
ones, Fig. 3 shows the average resulis of 1000 Monte Carlo
Tuns, We observe from the BER performance simulation results
that the EM-MAP BER performance still outperforms the EM-
ML and the Lminse approaches. especially for high SNRs.

In Fig. 4, the average mse performance of the EM-MAP
algorithm is presented as a function of the number of iferations.
It is concluded from these curves that the mse performance
of the EM-based algorithm converges within 2-4 iterations,
depending on the average SNR.

Apart from the simulated BER performance, the truncated
estimator performance is also studied as a function of the
number of KL cocfficients. Fig, 5 presents the mse result of
the truncated EM-MAP estimator. If only a few expansion
coefficients are employed to reduce the complexity of the
proposed estimator, then the mse between channel parameters
becomes large. However, if the number of parameters in the
expansion is increased to include the dominant eigeovalues, we
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Fig. 5. Truncated EM algorithm mse performance.

are able to obtain a good approximation with a relatively small
number of Ki coefficients. For instance, by replacing 256 x
256 diagonal A in(11) with a 8 x 8 diagonal, A, decreases the
compotational complexity enormounsly.

V1 CONCLUSTON

In this paper, we proposed an efficient nondata-aided EM-
hased channel-estimation algorithm for SFBC-OFDM systems,
which is crucial for the decoding of SF codes. This algorithm
performs an iterative estimation of the channel according to the
MARP criterion, using the EM algorithm employing the M-PSK
modulation scheme with additive Gaussian noise. The Hkeli-
hood ratio is properly averaged out over the data sequence so
that the resulting aleorithm does not need a training sequence
to acquire the channel: thus, the throughput of the system
improves substantially compared to the existing channel-
estimation algorithms based on the data-aided schemes in lit-
erature. The performance of our channel-estimation algorithn
is confirmed by corroborating simulations and is compared with
existing EM-ML alternatives. It has been shown that the EM-
MAP estimator performs well over the EM-ML. Moreover, the
fruncation property of the KIL. expansion significantly reduces
the complexity of the EM-based algorithms.

ApPENDIX T
DERIVATION OF (11)

In (10), the term log p(R, A. G ) can be expressed as
log p(R..A, G} ~ log p[ A, G} + log p(R|A, G) + log p{G).
(24)

The tirst term in (24) is constant, since the data sequences A
have an equal a priori probability and A and G are independent
of each other. Also, since the noise samples are independent,

a 10 i2

from (3) and (9). the second and third terms in {24) can be
writfen as
log p(RIA. G) ~ — [Re(r) ~ Ap{n)Hy ~ Ag(n)Hy}!

x B R (n) — Ac(n)H; — Ay{n)Hy)

- [Ro(n) + AL(WH, ~ Al (n)Hy)'

2 7R, (n) + AL{n)H, — Al{n)H;]

ogp(G) ~ - GIATIG, - GIAT1G,. 25)

Taking the derivatives in (100 with respect to Gy and Go,
along with the fact that JA.(n}l® = |AL(n)]® = (1/2)1. and
equating the resulting equations to zero, we have

(()62 - : {“
X [23 Tl [Aﬁ (n)R.(n)
— A (MRy(n) —H) —A G =0
d(\«) o Vo (i}
G, Zip (R.4.GY)

x (BT (AL (n)Re(n)
4+ A MRo(n) ~ Ha) = A1Gy] = 0. (26)
Since p(R, A, G™) may be replaced by p( AR, G1) with-

out violating the equalities in (26), defining the conditional
probabilitics as

P X 8wl

ay neE S

X {A%m} woay, Asppa(n) = as|R, G(“"‘) (27)
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Y s @l (Rl A2e(n) = ay, Aggia (n) = az, G) P(Ag(n) = a1, Agprr = ag)

P{”[ﬂ} -

2:6350-2":-‘;& P {Ri,&lz;‘_(?l ) =ay, 512;__;_;..1_('}’\‘,} =l :(ﬂ} P{Ag;\g(??} =y, Az;,:.;r} =

(30}

az}

and the N./2 x N./2 diagonal matrix

Ne
I = diag (rﬂ 1) W 1 (2 ----- i)) (28)
the equations 1n (26) can be expressed as
e (r‘,")‘ Re(n) — Ty R,(n) — Hl) = AT Gy
20 (DY Ro(n) + TR, () - H) A G (29)

" 4 i B i1y
from which. the final expression for GL‘

(11) casily follows,

L= 1,2, given by

AppENDIX I
EXACT COMPUTATION OF 1‘(" (k) FOR QPSK SIGNALING

Let a = {1 & 7)/2 represent the unit power and the inde-
pendent and idemiuiliy distributed data sequence modulating
the QPSK carrier, I'lV' (k) in (13) can be expressed (30), shown
at the top of the page. From (9}, it follows that

}_ml sy G OXD (ﬂ_ Re [(! 2{ (kj })
. (]
v apes, o0 { 2Re @20 (k)] )

L“(L} 30

where

ZPO (k) =Rei Y GV (m)yi (k)

Tk

+ B Z G‘E’H (i (k)

TR

Z8 (k) = Ry g LG""‘(m P (k)

~ R S G (m)vim (k)

T
Then, taking summations in the numerator and the denomi-

nator of (31) over the values of the QPSK symbols a, we have
the final result as follows:

i1
(e 7 Lt ;_ " £ ¢
}_" (k) = 2 Lclli!i EJ)PU (/ J‘))]

e

=
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Abstract—A transmitter diversity techmigue for wireless
communications over frequency selective fading channels Is
presented. The proposed technique utilizes orthogonal fre-
quency division multiplexing (OFDM) to transform a fre-
quency selective fading channel into multiple flat fading sub-
channels on which space-frequency processing is applied.
Simulation results verify that in slow fading environments the
proposed space-frequency OFDM (SF-OFDM) transmitter
diversity technigue has the same performance as a previously
reporied space-time OFDM (ST-OFDM) transmitier diversity
system but shows hetter performance in the more difficult fast
fading environments, Other implementation advantages of SF-
OFDM over the ST-OFDM transmitter diversity technigue are
also discussed.

[, INTRODUCTION

Spatial diversity is a well-known technique for combating
the deirimental effects of multipath fading. Traditionally,
spatial diversity has been implemented at the receiver end,
requiring multiple antennas and RF front-end circuits at the
receivers, This multiplicity of receiver hardware is a major
drawback, especially for portable receivers where physical
size and current drain are important constraints. In recent
years, transmitter diversity has received strong interest. The
main advantage of transmitter diversity is that diversity gain
can be achieved by transmitting from multiple spatially sepa-
rated antennas without significantly increasing the size or
complexity of the receivers.

A number of orthogonal space-time transmitter diversity
techniques have been proposed [1-3]. Unfortunately, the
large delay spreads in frequency selective fading channels
destroy the orthogonality of the received signals, which is
critical to the operation of the diversity systems. Conse-
quently, these techniques are often only effective over flat
fading channels, such as indoor wireless networks or low
data rate systems. Space-time coded OFDM (ST-OFDM)
systems [4, 3] have been proposed recently for delay spread
channels. In [5], it was shown that OFDM modulation with
cyclic prefix can be psed to wansform frequency selective
fading channels into multiple flat fading channels so that
orthogonal space-time transmitter diversity can be applied,
even for channels with large delay spreads. The use of
OFDM also offers the possibility of coding in the frequency

dimension in a form of space-frequency OFDM (SFE-OFDM)
transmitter diversity, which has also been suggested in [2].
This paper focusses on the implementation and performance
evaluation of SE-OFDM transmitter diversity and its possible
advantages over ST-OFDM transmitter diversity. Special
considerations for the effective implementation of SF-OFDM
transmitter diversity are also discussed.

1. OFDM MODULATION WITH CYCLIC PREFIX

OFDM is a popular modulation scheme for high data rate
digital communications, especially for channels with large
delay spreads {6]. A block diagram of a conventional OFDM
communication system is shown in Fig. 1. An OFDM com-
munication system can be considered as a block or vector
transmission system. Let X {m} denote the input serial data
symbols with symbol duration T, . The serial to parallel con-
verter collects W serigl data symbols into a data vector
X(n)=[X (nN) X (N +1)--X (nN + N ~1)]", which has
a block duration of AT . An even block size N is assumed

throughout the paper. In fact, N is often chosen to be pow-
ers of two to take advantage of the efficiency of the fast Fou-
rier transform (FFT) in the modulation and demodulation

processes. Let X, (n) denote the &-th forward polyphase
component of the serial data symbols, ie,
X (n)=X(aN+k) for k=01 N~1. X,{(n) can be
viewed as the data symbol to be transmitted on the E-th
subcarrier during the block instant #. The data vector X ({n)
can then be expressed in polyphase representation as
X(n) =[Xn(n} X {n) X, (n)]T . The data vector X(n)
is modulated by an inverse discrete Fourier transform (IDFT)
into an OFDM symbol vector x{n}. A length G cyclic ex-
tension of the IDFT output is added to x({n} as a guard in-
terval. The resulting vector with the cyclic prefix is given by
% (m) =[xy (1) 5. (1) % (n)-+-x 4 (n)] . The vector
x* {n) is transmitted through a frequency selective fading

channel of order L, ie., the channel impuise response
h{m,7)#0for =L and h{m,r)=0forr>1..

D-7R03-645 1 LOK/S10.00 © 2000 IEEE
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Fig. 1. Block diagram of a conventional OFDM system.

To avoid inter-block interference (IBI), the guard interval
is chogen to satisfy G 2 L . Assuming the channel impulse
response remains constant during the entire block interval,
the received signal vector ¥®(n} is simply the convolution

of x*(n} and the channel impulse response vector h(a),
e, ¥ (n)=x%(n)xh{n). At the receiver, the guard inter-
val is first removed from the received signal vector to form
the vector y(n)=[ & (1) ¥4 (1)~ Yo (n)] - 1t can be
shown that with x° () constructed as the cyclic extension of
x(n), the vector y{n) is the cyclic convolution of %{a) and
h{n). The demodulator performs an N-—poim discrete
Fourier transform (DFT) on the vector y(#) to yield the

demodulated signal vector Y{n}. A well-known property

of the DFT is that cyclic convolution in the time do-
main results in multiplication in the frequency domain.
Thus, the demodulated signal vector is given by
Y{n)=A(r)X(n)+Z(n}, where A(n) is a diagonal ma-
trix whose diagonal elements are the DFT of the channel
impulse response h{n} and Z{#n) is the DFT of the channel

noise. Since A(n) is diagonal, the subchannels are com-
pletely decoupled from cach other, and A,,{n} can be

viewed as the complex channel gain of the k-th subcarrier.
Thus, OFDM with cyclic prefix transforms a frequency se-
lective fading channel into N perfectly flat fading subchan-
nels on which orthogonal space-frequency transmitter diver-
sity technique can be applied.

IIl. SF-OFDM TRANSMITTER DIVERSITY

The proposed two-branch SF-OFDM ftransmitter diversity
systera is an OFDM extension of the simple orthogonal
transtnitter diversity scheme first shown in {2]. The OFDM
modulation with cyclic prefix allows the orthogonal trans-
mitter diversity technique to work in frequency selective
channels. A simplified block diagram for the proposed sys-
tem is shown in Fig. 2.

X{m)

= [Fasaiel Prei

T
TET & j filp
xﬂ":i—r Cyolic
X

Space-Freq Prefix &
Encoder Txa P
j hz{n]
i
Prefix

F Channei i
EEsﬂmaiori

Fig. 2. Block diagram of the proposed two-branch space-
frequency OFDM transmitter diversity system.

The data symbol vector X{n) is coded into two vectors
X, (n) and X,(n) by the space-frequency encoder block as

Xi{n)=[ X, (n) =X (0} X, o () =X, (n)]
X, (m)=[X,(n) X;(n)X,,(n) X;,(n)]

16}

During the block instant n, X, (n)is transmitted from the
first base station Tx; while X, {a) is transmitted simultane-

ously from the second base station Txy.
The operations of the space-frequency encoder and de-
coder can best be described in terms of even and odd poly-

phase component vectors. Let X, {n) and X, {r) be two

length N/2 vectors denoting the even and odd component
vectors of X{(n}, ie,

X, {”) =[xu{”) X, (”)"'Xr:—¢{") Xz (”)]T

X, (n)=[X.(n) X(n)X,a(n) Xuu(m)]"

Simitarly, X,,(#}, X,,(n), X,,(n) and X,,(n) denote
the even and odd component vectors of X, {r) and X, (n)

respectively. Equation (1) can then be expressed in terms of
the even and odd component vectors as

x!.r(n)zxe(n) L xi.o(n)z_x;{n]
X, (n)=X,(n) , X, (n)=X(n)

(2)

The equivalent space-frequency block code transmission
matrix [3] is given by

X, X,
& “{—x:, x:)'

Let A, (n} and A,(n) be two diagonal matrices whose

clements are the DFTs of the respective channel impulse
responses, b, {n) and h,{n). The demodulated signal at the

receiver is given by
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Y(n}=A ()X (n)+ A, ()X, (n)+2(n) ()

or, equivalently, as
Y. (n)=A ()X, (n)+ A, (n)X,, (n)+Z,(n)
Y, (n)=A, (n)X, (n}+ A, (n)X,, {n)+Z,(n)
Assurmning the channel responses are known or can be esti-
mated accurately at the receiver, the space-frequency decoder

block constructs the decision estimate vector X{n) as
%, (n) = A7, ()Y, (1)+ A (1) Y: ()
X, (n)= A, (n)Y, (n)= A, (n) Y. (n)

. ()

(3)

The diversity performance of the proposed SF-OFDM
transmitter diversity system can be analyzed by first substi-
tuting {2} inio {4) to express the demodulated signal in terms
of X,(n) and X, (n} as

Ye ("} = Al‘e (ﬂ}xe (n}+A2.e (H)Xo(ﬂ)'l' zr(_”)

Y, (1) =-A,, (1) X0 (n)+ Ay, (1)X; (1) + 2, ()
Assuming the complex channel gains between adjacent sub-
carriers are approximately constant, i.e., A, (n)=A,{n)

and A,,{n)=A,,(n). then substituting (6) into (5) results
in

©)

gx =(|Al.e

’ +|A1.‘]2]X, +A]Z, +A, 2T,
(N
X, =(|Aw[2 +iA2_“F)Xn EAL T AT

Lo™a

where the implicit dependency on the block imstant n has
been omiited for briefoess. Note that the decision variable
equation (7) for the proposed SF-ODFM transmitter diversity
scheme is similar in form to that of the optimal two-branch
maximal ratio combining (MRC) receiver diversity system
[7] and is exactly the same as that of the ST-OFDM trans-
mitter diversity system in [5], Tt is thus reasonable to expect
the proposed SF-OFDM transmitter diversity system to have
the same diversity performance as the previously reported
ST-OFDM transmitter diversity system.

IV, PerrORMANCE OF SF-OFDM TRANSMITTER DIVERSITY

The bit error rate (BER) performance of the proposed two-
branch SF-OFDM transmitter diversity system was verified
by simulation. The simulation system used OFDM with cy-
clic prefix length set to the channel order L and 4-QAM on
each subcarrier. The COST207 six-ray channel power delay
profiles [8] were used throughout the simulations, and it was
assumed that perfect channel cstimation was available at the
receiver. Simulation results for the SF-OFDM transmitter
diversity system in a slow fading typical urban (TU) channel
with maximum Doppler frequency f,, =10Hz are shown in

Fig. 3.

Average Bit Error Rate

s sy - ee
&~ Single OFDM transmitter [simulctod) V8
- SF_OFDM f diversity (simulatech | St
0 -=:= Two-branch transmitier di deal i i
R b e " i
Yo 8 10 & % 25 & @ 40
r, Ry

Fig. 3. SF-OFDM transmitter diversity in typical urban (TU)
channel, 7, =2Sec., N =512 and £, =10Hz.

Simulation results show that the SF-OFDM transmitter
diversity system significantly outperforms the conventional
OFDM systern. It provides about 5 dB of diversity gain at a
bit error rate (BER) of 107 and about 15 dB of gain at a BER
of 107, Also shown in Fig. 3 is the theoretical performance
curve of an ideal two-branch transmitter diversity system.
The performance of the SF-OFDM transmitter diversity
matches that of the ideal transmitter diversity system very
well up to a signal to noise ratic (SNR} of 30 dB. At higher
SNR, the SF-OFDM transmitter diversity curve starts to ex-
hibit an error floor, which is a well-known characteristic of
atl OFDM systems in Daoppler spread channels [9].

For conventional OFDM systems, the BER error floor is
mainly a function of the mnormalized Doppler frequency
foNT,. The BER error floor will degrade as f,NT, in-
creases {9, With transmitter diversity, complex channel gain
variation between successive OFDM blocks (in the ST-
OFDM case) or between subcarriers (in the SF-OFDM case)
can degrade the error floor of the diversity systems. The de-
cision variables for ST-OFDM transmitter diversity are com-
puted over two OFDM blocks [3], so it relies on the channel
response to remain constant for two block periods 2NT, .
With SF-OFDM transmitter diversity, the decision variables
are completely determined within a single OFDM block, so it
is reasonable to expect SF-OFDM to perform better than ST-
OFDM in fast fading environments where f,NT, is large. In
Fig. 4 (a), the performance of the proposed SF-OFDM
transmitter diversity technique is compared to that of the
previously reported ST-OFDM transmitter diversity tech-
nigue [5]. Simulation results show that SF-OFDM transmit-
ter diversity significanty outperforms ST-OFDM wransmitter
diversity when the normalized Doppler frequency is large.
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Fig. 4. Performance comparison of ST-OFDM and SF-
OFDM transmitter diversity systems over the TU channel.
(a) The same f,NT, is used for both ST-OFDM and SF-
OFDM. (b) f,NT, is doubled for SF-OFDM.

To further illustrate the effectiveness of SF-OFDM in fast
fading environments, the block size is doubled for the SF-
OFDM system in Fig. 4 (b). Simulation results show that SF-
OFDM still slightly outperforms ST-OFDM transnutter di-
versity even at twice the normalized Doppler frequency.

Besides its superior performance in fast fading environ-
ments, SF-OFDM transmitter diversity has other practical
implementation advantages over the ST-OFDM approach, as
well. Since the proposed SF-OFDM transmitter diversity
scheme performs the decoding within one OFDM block, it
only requires half of the decoder memory needed for the ST-
OFDM system of the same block size, Similarly, the decoder
latency for SF-OFDM is also half that of the ST-OFDM im-
plementation.

Despite the number of advantages SF-OFDM wansmitter
diversity has over the ST-OFDM approach, there is one im-
portant parameter that requires careful consideration for SF-
OFDM transmitter diversity systems. Recall the assumption
used to derive (7) that the complex channel gain remains
constant between adjacent subcarriers. Any significant

Mean Subcarier Gain Variation

1;’ w0
Block Size (N)

Fig. 5. Mean complex channel gain variation between adja-

cent subcarriers vs. block size N for typical urban (TU) and

bad urban (BU) channel power delay profiles.

variation in complex channel gain between adjacent subcar-
riers will introduce error in the decoding process and will
degrade the BER performance of the diversity system. The
assumption of constant gain between subcarriers is, of
course, only true for non-dispersive or flat channels. For
frequency selective fading channels, the complex channel
gain variation between subcarriers depends on the channel
order L, the channel power delay profile, and the block size
N . The gain variation between subcarriers will be worse for
higher order channels and channels with larger root-mean-
square (RMS) delay spreads. On the other hand, a larger
block size reduces the gain variation between subcarriers
because of the finer partitioning of the frequency selective
chansel,

Although an analytical expression for the subcarrier gain
variation is not available, simulation of the complex channel
gain of the subcarriers can provide a qualitative measure on
how the gain variation is affected by the channel character-
istics and block size. Fig. 5 shows the simulation results of
the mean subcarrier gain variation as a function of the block
size for the COST207 TU and bad urban (BU) channel
power delay profiles. As expected, the gain variation be-
tween adjacent subcarriers is worse for small block sizes and
for channels with poor power delay profiles, i.e., gain varia-
tion is worse for the BU channel because of its larger RMS
delay spread. For N =32, the mean gain variations are 0.13
for the TU channel and 0.33 for the BU channel. The gain
variation becomes small quickly as N increases. For
N =512, the mean gain variations are reduced to 0.004 and
0.011 for the TU and BU channels, respectively.

Simulation results for an SF-OFDM transmitter diversity
system with a block size of N=64 in aslow fading
BU channel is shown in Fig. 6. Although the normalized
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Fig. 6. SF-OFDM transmitter diversity over the bad urban
(BU) channel with 7, =27Sec., N =64 and f, =10Hz.

Daoppler frequency is very small in this case, the BER is se-
verely degraded becanse of excessive gain variation between
subcarriers, Based on the results in Fig. 5 and Fig. 6, it can
be concluded that a sufficiently large block size is essential
for the implementation of SF-OFDM transmitter diversity
systems. However, an excessively large block size is not
required for SF-OFDM transmitter diversity to work ef-
fectively. For the symbol rate and channel characteristics
used in the simulations for this study, 8 moderate block size
of 512 is quite adequate as apparent from the results in
Fig. 4 (a).

V. SUMMARY AND DISCUSSIONS

A simple two-branch SF-OFDM transmitter diversity tech-
nique for wireless communications over frequency selective
fading channels has been presented. It has been shown that
SFE-OFDM is an cfficient and effective transmitter diversity
technique, especially for applications where the normalized
Doppler frequency f,NT, is large.

This paper has focused on two-branch diversity because
of its simplicity and its unity coding rate. Higher order SF-
OFDM transmitter diversity can be implemented in similar
fashion along the frequency dimension. Unfortunately,
higher order complex orthogonal block codes [3] all have
less than unity coding rate, which results in a reduction in
data throughput or an expansion in bandwidth in order to
maintain the same data raie. Even if the coding rate loss is
accepiable, it is not clear whether using higher order trans-
mitter diversity directly or applying other error correction
codes (ECC) on top of the second order ransmitter diversity
system will achieve better overall performance. The tradeoffs
between higher order diversity and ECC is an interesting
topic for further study. Also not addressed in this paper is the
important issue of chaonel estimation in the SF-OFDM

transmitter diversity setting. A channel parameter estimation
technique has been proposed for the ST-OFDM transmitter
diversity system in (10}, It would be interesting to investigate
if similar or better channel estimation approaches can be
developed for SF-OFDM transmitter diversity systems.
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Effects of Channel-Estimation Errors on Receiver
Selection-Combining Schemes for Alamouti
MIMO Systems With BPSK

Wenyu Li, Student Member;, IEEE, and Norman C, Beaulieu, Fellow, IEEE

Abyiraci—The bit-error rate (BER) of binary phase-shift keying
in Rayleigh fading, using the Alwmouti transmission scheme and
receiver selection diversity in the presence of channel-estimation
erron is studied. Closed-form expressions for the BER of log-like-
lihood ratio selection, signal-to-noise ratio (SNR) selection, switch-
and-stay combining selection, and maximum ratio combining are
derived in terms of the SNR and the eross-correlation coefficient
of the channel gain and its corrupted estimate. Two new selec-
tion schemes, space-time sum-ol-squares combining selection di-
versity and space-time sum-of-magnitudes selection diversity, are
proposed and proven to provide almost the same performance as
SNR selection, bui with much simpler implementations. The effects
of channel-estimation errors on each selection scheme are exam-
ined.

Index  Termy—Alamouti  multiple-input  multiple-output
(MIMO) systems, error analysis, estimation error, fading
channels, pilot-symbol-assisied modolation (PSAM), selection
diversity.

1. INTRODUCTION

ULTIPLE-INPUT multiple-output (MIMO)  systems

have attracted great interest, since they can improve the
channel capacity and reliability of wireless communication [1].
However, adopting a MIMO system increases the system com-
plexity and the cost of implementation. A promising approach
for reducing implementation complexity, while retaining a rea-
sonably good performance, is to employ some form of antenna
selection.

In general, MIMO antenna selection combining (SChincludes
recerver (12x) antenna sefection, transmitier {1x) antenna selec-
tion, and joint Tx/Rx sclection. Both Tx/Rx selection and Tx
selection require that channel estitnation be fed back from the
Rx to the Tx, In order 1o avoid the need for a feedback channel,
and to keep the system simple, some systems will implement
Rx selection diversity only. In MIMO Rx selection diversity, L,
out of L Rx antennas are selected, while the Tx uses all avail-
able antennas. Some past work has examined MIMO Rx selec-
tion diversity. In [2]-{4], the Rx selection criteria are based on
achieving the maximunt received signal-to-noise ratio (SNR).
An approximation of pairwise error probability is given in [2].
An upper bound on pairwise error probability is presented in
{3]. In [4]. an upper bound on bit-error rate (BER) is derived.
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Inthis paper, we examine the effect of channel-estimation error
on the BER performance of a MIMO system using binary phase-
shift keying (BPSK) modulation and Rx selection diversity in
a slow flat Rayleigh fading chanpel. The Alamonti space—time
block code {(STBC) [5] is used at the Tx. The “best”™ of L Rx
antennas is chosen according to some selection criterion. Since
all SC schemes require some knowledge of the complex channel
gains for all the diversity branches, and the complex channel gaing
have to be estimated at the Rx, channcl-estimation errors affect
the performance of all practical 8C schemes. Quantitative resulis
for the effects of noisy channel esiimation ate derived.

Fivedifferent sclection schemes are considered for Rx antenna
sefection. The first scheme is log-likelibood ratio (LLR) selec-
tion, which was proposed in [6] for a one Tx antenna and 1. Rx
antennas system. In LLR selection, full knowledge of all the com-
plex diversity branch gains is needed. and the branch providing
the largest magnitude of LLR is chosen. This selection scheme
was extended in {71 w include a two Tx antennas and Np Rx
antennas system using the Alamouti scheme, The BER for this
schemeis givenby anexpression imvolving asingle integral, How-
ever, perfectchannelestimation is assumed in [ 7], Here, we derive
a closed-form BER expression for this LLR selection scheme,
accounting for the presence of channel-estimation errors.

Traditional SC is the second scheme considered in this paper.
The selection of the best antenna is based on the largest SNR
among the diversity branches at the detector input. Unlike
LLR selection, which requires full knowledge of the complex
channel gains for all the diversity branches, SNR selection only
requires ordering Tading amplitudes on the diversity branches.
In [8], SNR selection is apphied to Tx selection. Two Tx an-
tennas which provide the largest and the second largest SNR
are used for wransmitting an STBC. The performance of the
system 1s assessed in terms of an outage capacity analysis, but
exact BER results are not given. In [4] and [ 71, the BER of SNR
selection at the Rx side is evaluated. In this paper, this result is
extended to include the effeets of channel-estimation ervors.

Since both LLR selection and SNR selection schemes reguire
channel knowledge, we propose a new selection scheme, which
we will refer to as space-time sum-of-squares (STSoS) sclec-
tion. The STSoS selection scheme does aut require knowledge
of the channel gains to make the Rx antenna selection. Further-
more, branch selection is done before the space-time decoding,
so that channel estimation for the space—time decoding is only
performed for the branch selected, achieving a significant com-
plexity reduction, Compared with the two former schemes, this
new scheme is much simpler to implement. Significantly, it is
shown in the following that it provides essentially the sume per-
formance as the SNR selection scheme.
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The proposed STS0S SC scheme requires squaring the ampli-
tudes of the received bit signals. Tn order to further simplify the
hardware implementation, we propose another scheme, which
only needs the amplitudes of the received bit signals. Similar to
STSoS selection, this scheme, called space-time sum-of-mag-
aitudes (STSoM) selection. does oot require channel estima-
tion. The simulation results in the following section show that
STSoM selection has only slightly poorer BER performance
than STSoS and SNR selection.

Tn order to implement all the former SC schemes, the Rx needs
to monitor all the diversity branches to select the “best” branch.
Furthermore, the Rx may switch frequently in order to use the
best branches. It is desirable 1n some practical implementations
to minimize switching in order to reduce switching transients.
Therefore, SC is often implemented in the form of switched
diversity [9], [10] in practical systems. in which rather than
continuously picking the best branch, the Rx selects a particular
branch until its SNR drops below a predetermined threshold.
When this happens, the Rx switches 10 another branch. [11]
and [12] investigate a switched diversity system with one Tx
antenna and Np Rx antennas. A performance apalysis for this
system without space-time coding was given in Rayleigh fading
in {11}, and in Nakagamy fuding in {12]. In [13], switched di-
versily is applied at the Tx side and the cumulative distribution
function {cdf), the probabibity density function (pdf), and the
moment-generating function (MEBG) of the received signal power
are derived, again without space—time coding. In this paper, we
analyze a rransmission system with an Alamout code at the Tx
and switched diversity at the Rx. The average BER accounting
for the effects of channel-estimation error is derived, and the
optimal switching threshold that minimizes the BER for this
switched diversity scheme is determined.

The remainder of this paper is organized as follows. In See-
tion i, we present the system model. In Section HI, we considera
wireless system withtwo Tx antennas using the Alamoutischeme
and L Rx antennas, and derive the BER for the four SC schemes
withchannel-estimation ercor considered. The analysis of amax-
imum ratio combining (MRC) Rx | 14] is also recalled, and the
performances of these four selection schemes are compared with
theoptimal MRC scheme. In Section IV, numerical resultsare pre-
sented and therelative performances of the four selection schemes
are discussed. Conclusions are drawn in Section V.

I SYSTEM MODEL

In general, we consider a system where an Alamouti scheme
[5] is applied with two Tx antennas and £ Rx antennas. Refer-
ence |3, Fig. 3] shows the STBC system for the special case of
two Rx aptennas for illustration. We assume a BPSK modula-
tion, so that the wansmitied signal is either +1 or —1. Signals s
and =9, corresponding to two information bits, are sent simulta-
neously during two consecutive bit intervals. The corresponding

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 33, NO. [, JANUARY 206

received signals in these two intervals on the 7th branch can be
expressed as [5]

(la)
(1h}y

where g;4,j = 1,24 = 1,.... L is the complex gain between
the jth Tx antenna and the ith Rx antenna, and n;;. j = 1.2,

s+« Lorepresents addinve channel notse. The vartances of
the real (or imaginary) components of ¢;; and n;,; are denoted
by a_g and o}, respectively. The average SNR of the received
signal is defined hereas 5 = 20? /o2, The maximum-likelihood
(ML) decoding of s; and 33 is based on the combiner outputs

[5]

g = stk JaaSe

Tyi = = g148e -+ G281 4 Mo

i=

g =g g+ JaaTa (24)
Y20 =574 = §1ira 2b)
where ¢, is the estimate of g;, with variance 05. in the real
and imaginary parts. The signal estimate is 5; = spu{R{y,; . )).
7 =1,2, where sgn{z} = signum{x) is defined in |15, p. xlv}.
The complex channel gains g, ; are estimated at the Rx prior
to fading compensanon. We assurne identical statistics for the
independent diversity branches, and that the correlation between
i, and 1ts estimate ¢;; 15 the same on each branch. Extending
the results in [16] 1o include the case when the variances of the
chaonel gain and its estimate are uncqual, we define

R, R, N .
9pi = | =5 +i—5 | fi + (i + duge) (3)
F}'g G;}

where @, ; and y;; ave uncorrelated with ¢, ;. The parameters
R, and R, arc given by
R.=Elgiil = Elyode] (42}

Heo = E[_(;’I,‘?(f)‘i = "‘E{,‘}Qg.{}' (4b)
Under the Rayleigh fading assumption, F.; = 0 [17], and we
cao siroplily (3) 1o
(5)
where £ = R, /f.f;jr and d;; = (x;: + ju;.). The variance of
the real (or imaginary) component of d;; is o] = (1 — pla?
[18], where p is the squared amplitude of the cross-correlation
coefficient of the channel fading and its estimate

9i4 = kgii+dji

i Elgq?] R at 3 (6)
O EfgFE(GP] T ok T o2

When pilot-symbol-assisied modulation (PSAM) is cm-
ployed to estimate the fading channel gain, the cross-correla-
tion coeficient of the channcl fading and its estimate can be
expressed as shown in (7) at the bottomn of the page, where K
is the size of the interpolator, A and 1)}, are the interpolator co-

efficients, {1 is the Doppler shift, 7% is the symbol interval, NV

p=

|K/2) !
b o (2m fplkN = 2nfTy)
s (B -13/2) N
LK/2) 1 /2) LR /2] )
b3 Wb Jo(2m fiplk = m{NT) + L b (hpy?

ke fC—1}/2) ms— (K ~1)/2]

Do (O —1)/2]

Petitioner Samsung Ex-1004, 0137
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is the frame size, and Jy{-) is the zeroth-order Bessel function
of the first kind. The detailed derivation of g is in Appendix A.

1. BIT-ERROR RATE ANALYSIS
By symmetry, the BER is the same for s; and s2, so the fol-
lowing analysis will consider 54 only. Theresults for 55,7 = 1.2
can be obtained by appropriately renaming the variables.
Using (1), (2a), and (3), the combiner output 3, can be
written as

((}; i(£1 i+ {;’-) 't’lr:,) 51
{.?J“rl!) \"’+Jll‘”lf + J"é?'rﬂr fs)

s =k (%f}l:rl-z + 142, )|2} A
g1t

Since sg = 44| or —sy, cach with probability 1/2, we can calcu-
late the BER a8 By = L1/ 2{Fy sy, + Po gy ) = Fhogms, =
By eymsy =1, where the Tast two equations follow from symmetry.
For the case s» = s; = I, from (8), we can write the decision
variable for 7 as

Wiyn) =k (|60 + |d2.t7)
+ R [fj?:é(fii__s Foda ) A Goi(da
REGy i)+ RGgems )

—dy ;)"
(9)

Conditioning on |§; ;/* and {§2;|°. it can be shown that
b}l.[_f)}_*(!il‘c -+ fi;!‘_J, »P{‘{:F;.ﬁ({){g_g o !il‘g}], %R(;l:!’f_‘-"ﬂ,i'_,:.} and
R(gs,in3,) are independent. zero- moan (}mssi;m random
variables Wi!'h variance  2{g1:1%03, 2g0:%a2, |G1ifo’
and 1q“| (f’ respectively.  Therefore, ‘TL{J]_!, . condi-
tioped on \_r,q,,iQ and |§a[%. is a Gaussian random vari-
able as well, Tt has mean k(gy;]* + [§2./%) and variance
(203 + a7} (1g1al” + 15247

To simplify the following BER caleulation. we normalize the
LX]\i‘LQQiGB in (9) by dividing both sides of the equation with
2kea? . Then (9) can be written as

("h (=

= 2(,;& (160,41° + 1241%)

_____ {'}?{qia dy ‘?‘d.{?)'}"?é"d” _dl'} ]

'HR(SIJ )+ Rgaing ) (10

Letag = (1,17 + j§g1,|2}/2r}‘§: conditioned on w;, the new
decision variable {3 ;) has mean o; and variance ({203 +

al)2k? 2}0, Using (6) and o5 = (1 — p}(}r' this variance is
‘iimpilflbd o {{(1-p}F7+1 /m,a, Define the effective SNR

(1

Then the variance is a;/%,.

Since i and jo; are independent, zero-mean complex
Gaussian random variables, @; has a chi-square distribation
with four degrees of freedom. and its pdf is given by [14]

Satas) = apexp{—m). (12)

A, LLR SC

The LLR Rx selection system model is described in [7].
With the Alamouti scheme and imperfect channel estimation,
the LLR for data sy, given gy, 7 = 1,2 and g ; is

plyiildie. s = +1)
Py |§}‘et s = —1)

(13
From (&), conditioning on g, ;. we can show that y;; is a
wmplcx Guaussian random variable with mean &g, .° +
[B2.4%)81 = mus; and rcalhmagmdry part variance
62 = (203 + 02)(|ins® + 1§2.4%)- Then continuing (13),
we have

Pisi = +Ugjitni)

‘\ _I = 11
STP - Ui

It

Jog =y |~ |
X [-——-“-—--‘y“i“ t b
Ai=1n et VI ﬂ“ﬁ(ﬂx i)
€xp [ }
2k 2R,
9 \:-f oo o ST 4
(g)”_ + ]1\3}1,?} [_) “}-&-‘J?)ﬁﬂ%(gll (1 )
Since I, d, & n, and {h are the same across all the Rx

branches, [ht_, LLR Rx 8C is equivalent to selecting the branch
providing the Llrm.sl .mlpl itude of { ch I} Noiu, with perfect
lelmd estimation, ., whea . = o, = nq and 05 = 0,

Ay = (4/No YRy i), \’vf‘ll»h matches th;. result in [7, eq. (37}],
whux Ny is the noise power spectral density.

The final expression for the BER is derived in Appendix B.
Ttis shown in (15) at the bottopt of the next page, where 4 -~ ¢
and m -y are given in (39b) and (40b), respectively.

A simpler suboptimum SC rule was also proposed by Kim
and Kim in [6]. Instead of the amplitude of Ry ;). [y is
used for this envelope-LLR SC. Simulation results for the BER
of this envelope-LLR selection scheme will be given together
with results for the other SC schemes in Section TV,

L=lL=l=n n m

S EEER) (G ()

n={l wm=0 p=il =0 =20

]

e F
X xiH‘ml Penbmi " midmy

fL—1-n-m

(=1)"*P(p+ g+l
(g + rngm + B + (T}"”{’r"'“*'j

(13
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Fig. I, STSoS Rx selection system model,

B. SNR SC

The Rx SC scheme model is same as the model in [4] and [7].
In SNR SC, the Rx antenna with the largest SNR will be chosen
for space—time decoding. From (8), the SNR, given the «th Rx
antenna selected, is £2(]g1 12 +152.41°)/2(203 +02) = Foa, /2.
Therefore, the antenna providing the largest SNR is the one pro-
viding the largest a;. Let A, = max|([g1,]% + 92417/ .er:fj
Then, the expression of the BER can be rewritlen as [7]

Ijb a L. / Pr {ﬂ{?fl..i} i Ul ‘4“1?!}( = ﬂ_]f.'—\nmx(a'}da
I

» /{ T

where the pdl of 4,44 is [19]

{(106a)

F oo Ll
Famalo) =1 | f,;(a-,-}«fa.*] fala)
Lo
=Ll = (1 +a)exp{—a)] bt Jala} (16b)

and fa(a)is given in (12).
Expanding U.;,* Falodda}®" in (16) using the binomial the-
orem gives

L1 4 i 1 ;
5 T f, — L PR
n=rxX 3 ("7 (i)
=0 j=0
g H
x] Q {\,f:,s_f_.a} gitt exp[—{i + Dalde.  (17)
0
Inicgrating (17) term-by-term, the final expression for the BER

is derived as
i g+l

ner g S S () ()

=0 =0 me==0)

LUt (1 N\
{1+ i)ite 2 5 ‘

(18b)

C. New SC Method 1: STS0S Selection

Both LLR-based and SNR-based SC schemes require knowl-
edge of all the Rx branch fading gains in order to decide which
branch to choose, This increases the Rx complexity, Here, we
propose a new selection-diversity scheme that selects the branch
providing the largest sum of the squared amplitudes of the two
received bit signals, Le.. vy |+ o |? (see Fig. 1). This scheme

is similar to square-law combining, although square-law com-
bining is used for noncoherent medulation and we deal with
coherent modulation here, To the best of the authors” knowl-
edge. this SC diversity scheme as used in space~time coding
here with coherent modulation is novel. We will call it STSoS
sclection. The advantage of this selection scheme is that it docs
not require channel estimation to perform the selection. Hence,
the Rx implementation is simpler than other selection schemes,
Moreover, this new scheme provides comparable performance
o SNR-based selection. as 15 shown in Section IV,
The system model is shown in Fig. 1. Observe that

AryalP+ 2raq)?
= A AU . T
= [rya+rail” + e — vl
= fgilsr —sa)tgealsr + 2ty Hon
Hgrilm s Fuai(ss=s) 4y i=nas”  (19a)
and, observe further that ¢ + 82 = 2 and 83 — 50 = 0, or
g1+ 89 = 0 and 50 — 9y = &2, so that

|71.: + '1'2,512 + frii— vl
_*{ 5201 i tny b 200 i 40y —na i’ 1= —sy
L 2 2
2y +n it HE201 oy —nelT . s1=8.
(19h)

Thus, selecting the branch having the maximum value of
lr1af? + Jraal® is equivalent to selecting the branch with the
maximum value of

lgss + nyl” + g2, + nil (20
where 7 and n5 are independent, complex noise samples, each
of variance o /2 in each of the real and imaginary components.
Note that when the SNR becomes large, STSoS selection is
equivalent to selecting the branch with the maximum value of
lg1 :12 + 1g25 1%, because the noise terms in (20) become small.
On the other hand, in SNR SC. selecting the antenna providing
the Jargest a, = {[§::1° + [G24]%)/207 is equivalent to sc-
lecting the antenna providing the largest |7 ;12 + (s, 2. because
the o2 is the same over all the Rx branches. Since the channel
cain estimate depends on the SNR, with a large SNR value, one
bas §j; — g5 7 = L2, As u result, the SNR selection is
equivalent to selecting the branch with the maximam value of
lg1.:)7 +]g2.:1" as well wheo the SNR becomes large, and STSoS
selection becomes equivalent to SNR-based selection in slow
fading. Observe further that the noise affecting the branch se-
lection 1s effectively reduced by 3 dB in the STSoS combiner.
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Fig. 2. S8C Ry selection system model,
Alse note that when the SNR becomes small, both STSo0S se-  side does not affect the average BER performance [13]. Conse-

lection and SNR selection become dominated by noise terms,
e.g., 15 j = 1,2 for STSoS selection and esumation eror for
SNR selection. Both these terms are Gaussian distributed, such
that the BER performances of both selection methods approach
0.5. As aresolt, the BER difference between the two methods is
indistinguishable.

The simulation results in the following section show that
STSoS selection has essentially the same performance as
SNR-based sclection.

0. New SC Method 2: STSoM Selection

The proposed STSoS SC scheme, which selects the branch
providing the largest sum of |71.:]% + |ra ;% requires squaring
the amplitudes of the received bit signals before making the se-
lection. In order to further simplity the hardware implementa-
tion, we propose another scheme which selects the branch with
the fargest sum, Jry | -+ |12 ;. Similar to STSoS selection. this
scheme, called STSoM selection, does not require channel esti-
mation. It is simpler than STSoS sclection because the Rx only
needs to obtain the amphitudes of the two received signals vy ¢
and r ;. and then take the sum. The simulation results in the
following section show that it has only slightly poorer BER per-
formance than STSoS and SNR selection.

E. Switch-and-Stay Selection

Switch-and-stay SC {SSC) [11] functions in the following
manner: assuning antenna b is being used, one switches to an-
tenna 2 only if the instantancous signal power in antenna | falls
below a certain threshold, vy, regardiess of the value of the
instantaneous signal power in antenna 2. The switching from
antenna 2 o antenna 1 is performed in the same manner. The
system model is shown in Fig. 2. The major advantage of this
strategy 1s that only one envelope signal need be examined at
any instant. Therefore, it is much simpler to implement than
raditional SC, because it is not oecessary to keep track of the
signals from both antennas simulianeously. However, the per-
formance of 88C is poorer than the performance of SC. Using
the Alamout scheme at the Tx antenna side. and assuming the
fadings on the Rx antenna branches are independent and iden-
tically Rayleigh disiributed, the number of branches at the Rx

quently, only the case of two Rx antennas is examined here.

in Rx SSC. with channel-estimation error, the BER is related
to the instantaneous effective SNR of the solf,a,iui tth bram:h Yo
in (8), where v, = £2(|3:1% + g2 %) 7{30 '+ o). Condi-
tioning on the pdi of 7. the BER is Qf\, 2.}, The final BER
expression is derived (n AppL-lldlK CoTris

5 5 2 ) 2 1 + e
B =Ky - [n} ( I8 A, E) SEA Lot o)

v N
e Je

th 2
e exp{—Tn) exp | -~ el
%o+ 2)

where Ay and Ky are given in (45b).

Note that the BER depends on the value of the swilching
theeshold ~vo,. The optiral value, 373, is a solution of the equa-
tion (OF, /0y )y =y, = 0. Differentiating (21) with respect
10 i, We et

1 o112 L an 3%
Y= @) e = o - B |
e EREN O W T
. 4 (22)

where ) 1{.) denotes the inverse Gaussian (-function, and %,
is the effective SNR (11).

F. MRC Diversity
In MRC, all the combiner outputs are weighted and sumymed

to form the decision variable as illustrated in [5. Fig. 1. From
(10, the combiner output is

I ;X
9 il i Al Foana P Yol s dinaiamss
R 2 Ypaf = 252 ) (i.’h:; + 1g2i] ) + ‘?Acr'z
d==1 !
L
. ?TL‘Z [\t}‘;_il'd].‘i + da ;)
i ildag = d1)" + 85+ Goams ]

(23)
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L.():_1L‘i|tm_ned ony = }_A.m(tg;df + Eyg;_|z),f2rrﬁ, this decision
variable is a Gaussian random variable with mean y and variance
/7. The pdf of y is chi-square distributed with 4L degrees of
freedom | 14]

== Y

m 1 (24}

Lexpl—u).

Following [14], the BER for MRC with Alamouti coding is ob-
tained as

e
i

(254}

]{ Q (Ve v (y)dy
]

L 2E~1 o . k
v S ST SRV I S |
( ? ) [2{1 + !Q}é

k=l) o

il

[Zi . Ez
5 (1= pa}
2 ]

Yo

fig == gf = :
\l I

(25b)

IV, NUMERICAL RESULTS AND DISCUSSION

The BER results in this paper are functions of .. which is,
in turn, a function of p and 7. Figs. 3 and 4 show plots of the
average BER versus SNR per bit for the different selection-
diversity schemes in a flat Rayleigh fading channel with per-
fect channe! estimation and cross-correlation (.75, respectively.
The envelope-LLR selection, STSoS selection, and STSoM se-
lection schemes are evalvated by computer simulation, As ex-
pected, these results show that in all cases. the BER increases
with increasing fading estimation error (decreasing value of g,

It is observed in Fig. 3 that the performances of LLR selec-
tion and MRC are the same for dual diversity. The performances
are, indeed, identical, becanse for MRC, the sign of the com-
biner output R{y; 1) + Ry, 2} is determined by the maximum
of Ry }], which coincides with the LLR selection rule. It is
also observed in Fig. 3 that the performances of STSoS selection
and SNR selection are the same, al least 1o graphical accuracy.

s e it e Vs el A Ve ¥ rnn b e

@
3 e

5 s 7 5
]
Fig, 4.
STBRC.

BER versus SNR for the 2 TX and 4 Rx system using an Alamouti

The STSoM selection scheme performs almaost as well as the
STSoS and SNR selection schemes, although it is simpler than
both to implement. As does STSoS selection. STSoM selection
choses the best branch without requiring any channel estima-
ton. The envelope-LLR selection scheme, which does require
channel estimation of all the channels, performs better than the
STS0S, 5TSoM, and SNR selection schemes. but not as well as
the LLR and MRC designs. The SSC selection ofters the poorest
performance, in exchange for its simplicity, as expected.

Fig. 4 shows the average BER as a function of SNR per bit for
the various selection schemes used in four-fold diversity with
perfect channel estimation and p = 0.75, respectively. There are
a number of inieresting observations. First, MRC and LLR are
not the same, and MRC outperforms LER, as expected. Second.
the LLR sclection outperforms envelope-LLR sclection. Third,
the envelope-LLR selection outperforms STSoS and STSoM.
Fourth, the performances of SNR and STSoS selection are the
same, as they were for the dual-branch case. This is a significant
result. In order to implement SNR selection, the gains of &ll the
diversity channels must be estimated. No channel estimation is
required to implement STSoS selection. The demodulation will
require channel estimation according to (2a), but in the case of
S§TSoS. only two channel gains need to be estimated, while in
the case of SNR selection, 2L channel gains must be estimated
to implement the branch selection. We have also compared SNR
and STSeS schemes for L = sand I = 12 {20]. In all cases,
the performances are graphically the same.!

Figs, 5 and 6 show the average BER as a function of p {or the
various selection schemes with 4 SNR of 5 dB per bit for duai di-
versity and four-told diversity, respectively, Observe from both
figures that with poor channel estimation, i.e.. p — 0. all the
BER curves converge 10 0.5, At this point, the system is only al-
fected by random noise and offers the worst BER performance.
With the increase of p, there is a decrease of error rate for all the
selection schemes. When p = L. systerns with various selection

"Hxtended simulation tests indicate that the STS0S scheme owperforms SNR
selection in the fourth or lngher signilicant figure.
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with %, = 5 dR,

schemes reach the bestperformancee, where the BER values match
the values in Figs. 3and 4 at the p = 1 and %, = 5 dB point.
Figs. 3-6 show the average BER versus SNR for specific, con-
stant values of p. These results show clearly the performance dif-
ferences between the selection schemes, They are alsorepresen-
tative of a situation where the Rx electronics has reached a limil,
and cannot provide a better estimate of the channel gain. On the
the other hand. many practical estimators will show adependence
on SNR., 1.e., give better estimates as the SNR increases. In these
cases, alarger SNR value leads woabetter channel estimate, which
means a higher value of p. To show this effect on BER. we con-
sider PSAM as an example, We assume that a sinc interpolator
with a Hamming window is used to interpolate fading estimates,
with & frame size of 14, and normalized Doppler shift of 0.01.°
Fig. 7 shows the average BER versos SNR from 0 to 10 dB with
[ = 2. Since p is also a function of the symbol location, we give
“Fosimplify the analysis in this example. itis ussumedthal no branch switching

occurs during a PSAM interpolation length, In the altiernative, one can huffer
the pifer symbols before the selecion.
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Fig. 7. PSAM BER versus SNR for the 2 TX and 2 Re, STBC with Hamming

windowing apphied fo a sine intevpotator for 8 = 6, N = 14, and f,7, =

0.1 with symbol focation at o= 3.
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Fig. 8. PSAM BER versus SNR for the 2 TX and 4 Rx, STBC with Hamiming

windowing applied to a sing interpelater for K = 6,V = 14, and fpT, =
Q.07 with symbol location at n = 1,

the BER of the third data symbol in a frame as an example. Com-
puted from (33), the value of p for this PSAM system varies from
0.575 to 0.931 as the SNR varics from 0 to 10 dB. Similar to the
resultsinFigs. 3and 4,inFig. 7, MRC and LLR selection stifl have
the best performance, then envelope-LELR selection outperforms
SNR and STSoS sclection, which, in turn, slightly omtperform
STSoM selection. The simplest selection scheme, SSCselection,
has the worst BER performance. Again, the petformance of the
SNR and STSoS schemes are indistinguishable. Fig. & shows sim-~
ifar results for four-fold diversity. Inthis case, MRC outperforms
LLR selection, but SNR and STSoS selection again have the same
performance, which is marginally better than STSoM selection.

V. CONCILUSION

Analytical BER resolis were derived for LLR selection,
SNR selection, SSC, and MRC with channel estimation errors
using Alamouti ransmission systems. A new selection scheme,
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STSoS selection. was proposed. with a much simpler hardware
implementation, The results show that it has the same per-
formance as SNR selection. A suboptimal selection scheme,
STSoM, was also proposed with a still simpler implementation,
but only slightly poorer performance than STSoS SC.

APPENDIX A
DERIVATION OF p

A, Fading Estimation in PSAM

We assume that PSAM is used for channel estimation. The
PSAM frame format is similar to that considered in [21, Fig. 2],
where pilor symbols are inseried periodically into the dat
sequence. Since there are two Tx anleonas and an Alamouti
scheme is employed, we consider two consecutive pilot sym-
bols are wansmitted together between data symbols. Under
the assumption that the fading gain remains constant over two
consccutive symbol intervals, N/2 clusters, cach with two
symbols, are formatted into one frame of N symbols, where
N is an even nuimber, with the first two pilot symbols (n = 0}
followed by NV — 2 data symbols (1 < n < N/2 — 1), The
composite signal is transmitted over 2/ flat, Rayleigh fading
channels, At the Rx. after matched-filter detection, the pilot
symbols are extracted and interpolated to form an estimate of
the channel in the following manner.

Rewrite (1) to include the above assumptions as

o e AT o 7 T i 2 T
Plak =0 k500 T 92800+ {26a)
n L n n 7 o T ‘
foie = 0k k T B aSt ek T 20k (26b)

where rT; . denotes the first received symbol af the nith symbol
cluster of the kth data frame in the ith Rx branch, and similarly
far the fading gain ¢ and noise n. Siace the pilot symbols are
koown to the Rx, without foss of generality, we assume that the
two pilot symbols at the first cluster {n == 0} of the frame have
the values +1 and ~1, respectively. Then for the two received
pilot symbols, (26a) becomes

o = Gk + 150k (27a)
{ (§] o 4
ik =9 P S D (27b)

Adding {27a) and (27h). we obiain the estimate of 5;1(1'??-_‘ p as

n + n
L} 0} 1 4 Ak »
Gk =1ixt e (28a)

Subtracting (27a) from (27b) generates
4] [

T T | T
- [ i 2.k Lk
Poinw =Yz T 5 (28h)

The fading at the nth symbol (1 < n < N/2 — 1) in the kb
frame of the ith branch is estimated from 2K pilot symbols of K
adjacent frames, with pilot symbols from & = —{{K — 1)/2]
previous frames and to by = [ K/2] subsequent frames. These
estimates are given by

fo nf} ;
S 1) 14,
91 k= Z hgﬂa_s,k— Z e R
},,—,-...k] R
e b i n
W5 . Al . It} 2k 1.k
y;_.¢,k““ Z IlfIQQ = Z h‘;‘ [[ER o il 2 .............. R
b=y fo=: i,
A
N
P 2 -1 (29b)
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where A7 is the interpolation coeffictent for the nth data symbol
in the kth frame.
B. Derivation of R,

In an ommidirectional scattering Rayleigh fading channel, the

astocorrelation of the real part of the fading gain is [21]

R(r) = oS dp(2n fpT). (30)

Since caleulation of the correlations for the data symbols is the
same at all branches, we drop the subscripts {1, 7} and {2,4} in

(28). (29). Then, combining (28). (29} with {44}, (30}, we have
kg 0 o
: Y - R
R, = Elghgn] = Z R E | gt :f‘?k'f"—*—z—*—
R =iy
ka
= Y alhpJy(2rfplkN — 2n|T). (31
LT 31
C. Derivation of o}
From (28) and (20), the vartance of ¢ can be derived as
1 A A i 2 ¥ ﬂ{il .k +n'g.£.3c
A=tppir=1E| 3 np (g + Hia 00
2 b=ty
by e + a0
X hed gt Lk TRk
Z L g] ik + 2
;\»—-_kl
fs
Z Z hk?rmﬁ Jo(2n fplk—miNT,)
k== —kym=-—k;
rl:2 ke
- S (apy? (32)
ribs= =Ky

D. Derivation of p
From (6). using (31) and (32), we have

i
Fa _ 2
Y hpda(2w fplhN = 2n(T,)
b kg
- k'}.

ke ; i
Y (ap

s — Ky
(33)

P zj Rk Jo (27 fplk—m| NT, )+

ke —kypn= -k

Note that g is a function of the type of interpolator, the data
symbol location, the Doppler shift, the data (rame length, and
the symbol interval. When a sinc interpolator {22} is used and a
Hamming window is applied, the interpolation coelficients are
given by

In
hi = sine (?\T— — !’)

. r
¥ 1054 = 0.46 cos Zn(2n kN)

2] 2 |
KN -1

KN

(34)
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APPENDIX B
DERIVATION OF (15)

Similar to the analysis in [23], the BER for LLR Rx 8C is
1

B = ZPI‘{?R('}%‘.‘L,&J < [). 7th branch selected).

=i

33)

Since R(yy,;) is proportional to N{y] ;). conditioning R{y] ;) in
{10y on g1 ; and ga; vields

L
Py ZPr( Riyy ;) < 0.ith branch selected)
i=1

=L Pr(R(y; ;) < 0, 1th branch selected)
= L-Pr (R 1) < 0. RG] > [RE )| )

i aEl
=L-Pr (”%{y;.l} -~ ;’RR{y’L\u'.}lw,;;ﬂ) : (36)

Letr; = Ry} ;) and vy = Ry} ). then

[Jh
- 030

=L / Pr(|rm R ), < fri= =R ) s
0 7

=il ] Pef{—ry < 1 < '?‘151'1}]L'_L Fr{r)dry (37)
]

where fp(ry} is the pdf of . Since ry = —R(y] ), frlr)
is equal to fo {—ry¢ ), where fp (%) is the pdf of v;. From (10,
one has that Ry, vzt 18 Gaussian disuibuied with mean
a; and variance a;/%,. when conditioned on a; = (|g1.]* +
2.2}/ 207, Averaging over a;, the pdf of r; is given by

5
Jr ) = / Frialas) falagda,
i}

G Aolm —a;)?

a '\/Zﬁrz.,- : a4

}(a., exp (—a; ) da;.

(38)
Changing the variable of integration to z = (/a;, and using the
result from [ 15, eq. (3.472)]

P

. > l .2 2
XD | 0 o~ Caf iy
j@ bt*q;( €153 (ar)r

______

(38) can be simplified as

Folwy = A+ Bla]) exp (= Blal + Cx) (39a)
(37 + 2) e
Then, for the 7th branch
-
Pr(—r <r;<rirn)= / fo (z)de
—
sy b (my — rnary pexp (—msgr)
— {1y + mgryyexp (—mgr) (40a)
where my = i my = AB
1Te=BE T B-C
. I 2408+ AC
g = B-C iy = W
AD , 4437
Ty 2}':9’“::'“("". 'ITJ.(-;:.B"{" C Ly = {'}}wg
(40b)

Combining (37), (38). and {40), the final expression for the
BER is obtained as (41), shown at the bottom of the page.

APPENDIX C
DERIVATION OF (21)

Following {12], the cdf of -, can be written as

i)
Prfﬁ?'c‘,.l = Pi’c‘-) Pr{ve,2 < 7). if ve <
= Pf{ﬂrrth f:“: "."r.’.,{ S Nr) T+ pr{ﬁfr:.l 5 nf::.)
Pr{ve,2 < v

i = Yen

{42)

From (12), both .1 and 7.2 have a chi-squared distribution
given by

: ; ii Py 4 T
Fes) = —5—exp (“,—}—) =12, {43)

The pdfis obtained by differentiating the edf in (42) with respect
0y,
flve)

[l -(?-2?“" + 1) axp (— 2’:’ )] s exp (_. i:‘ ) Yo < Yih

a {Ju{ﬂ -4—1) axp (--2"—i")} 4_% axp (-- 2\

o
. . . ) . i i ; -
e {mr + (g = mardexp (=mary) = (mg 4+ mgryYexp (—migr )] x AL+ Bryyexp{(=Dry — Cry)dry
Jo
L=1L=1=n nn m i

(=1)"*2(p +q + i)t

S L= WL~ L =n) S = U
::LE E E E E ( y " U * A bl T il S g
: . F i {man+mem+B+0C)

il mal pige=t {=0

“n

Petitioner Samsung Ex-1004, 0144



178

, the BER i3

po= [ Q(VE) e

b=, B{viu]

o Ay, 2y,
h‘:;] Q+/ 27 %exp (~ = )ti've

[ i 5

i

: By g
- :7.(!{\/ 2vin)

ic

. expf ——ﬂ.-n,)] exp | — 21#_;)
2) . Fe

J{ y +
a0 \/ Lol Fe + _),_}
AL aAL T T
=

(43a)
. /(50 4 20 = Fo\Fe = 35
where K, = ¥ - -
Ky
Ky (45b)
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Sifi Lu, Balachander Narasimhan and Naofal Al-Dhahir
University of Texas at Dallas
Email:{ s 059000, bxn062000, aldhabir } @ utdallas.edu

Abstract— FEffective Inter-carrier Interference (FCI) mitiga-
tion for MIMO-OFDM requires accurate channel esfimation
which is very challenging due te the large number and
fast time-varving nature of the channel parameters to be
estimated using scattered pilots. We present a novel SFBC-
OFDM scheme for doubly-selective channels and a reduced
complexity channel estimation algorithm which exploits the
banded and sparse structure of the channel in the frequency
and time-domains, respeciively. Furthermore, we design an
FIR-MMSE ICI cancellation algorithm for mobile SFBC-
OFDM and demonstrate its effectiveness for Digital Video
Broadeasting-Handheld (DVB-H) systems.

I INTRODUCTION

Orthogonal Frequency Diviston Multiplexing (OFDM) is
very sensitive (o time-selectivity which manilests iself as
variations in the channel impulse response (CIR) within cach
OFDM symbol. This resulis in ICL which is proportional 10
the Doppler frequency due to the mobility of the receiver,
and is a significant performance-limiting impairment for
QFDM receivers.

In most previoos studies, a quasi-static channel 1S assumed
where the channel response is assumed constant over each
OFDM block and a conventional one-tap per subcarrier
requency-domain equalizer (FEQ) is used, which is highly
suboptimal under severe Doppler, In [1], we proposed
a Finite-lmpulse-Response Mindmum Mean Square Error
(FIR-MMSE) FEQ which has few taps per subearrier and
utilizes the approximately banded structure ot the channel
mairix in the frequency-domain.

OFDM 1n a multiple-input multiple-output (MIMO) sys-
tem, konown as MIMO-OFDM, is an attractive multiple-
antenna scheme for high-rate reliable broadband wireless
transmisston. The Alamouti space-time block code (STBC)
{2} can be infegrated with OFDM systems to achieve spatial
and multipath diversity gains and reduce the error floor due
to KCI. However, under high mobility, implementing the
Alamouti STBC over adjacent OFDM blocks is not effective
due to the significant channel time variations. Instead, space-
trequency block coding (SFBC) was considered in [3]
where the Alamouti scheme is implemented over adjacent
subcarriers within the OFDM symbol [3], where the channel
frequency response is approximately constant (especially
for large FFT-size). However, the Alamouti stracture is

This work was supporied in part by Semdeonductor Research Corpotation
uncker contract No. 2005-HT-132R and by a giit from Texas Instruments Inc.

destroyed in the presence of ICI and the corresponding
diversity gains are lost. In this paper, we design a novel
embedded Alamoutn SFBC-OFDM scheme and show how
to efficiently integrate it with the low-complexity FIR-
MMSE FEQ in [1]. To compute the MIMO FIR-MMSE
FEQ coeflicients, we develop a reduced-complexity hybrid
time/frequency-domain channel estimation algorith to esti-
mate the (¢ main dizgonals of the frequency-domain channel
matrix. Simulation results show that our proposed scheme
can effectively combat ICI ander high mobility conditions.

This paper is organized as follows. Tn Section II, the
OFDM system model 15 described and the FIR-MMSE
FEQ design for the single-antenna case is briefly discussed.
In Section IH this design is generalized to the MIMO
case and integrated with our new embedded SFBC-OFDM
system. A redoced-complexity channel estimation algorithm
to estimate the fast-varying channel is described in Section
IV and a detailed complexity analysis is given in Section V.
Simulation results are presented in Section VL and finally
conclusions are drawn in Section VIL

Notation: We use (-} to denote the franspose. (-)* the
complex-conjugate, |-] the floor operation and {-)n the
modulo-N operation. G, ; denotes the element in the i-th
row and j-th column of matrix G. The estimated value of a
random variable a 15 denoted by a. Iy denotes the N x N
identity mateix and G(:, 71 denotes the j-th column of G.

I SYSTEM MODEL AND ASSUMPTIONS
A. Mobile OFDM

We consider an OFDM system with N subearriers where
cach OFDM symbol, denoted by X = [Xg... Xy_y]%, is
converted into time-domain samples x = [ru...:n;«_r,,,llj‘
using the N-point Tnverse Fast Fourier Translorm (IFFT)

We assume that the cyclic prefix (CP) length is equal to or
larger than the Channel Tmpulse Response (CIR) memory
length denoted by ». Then, the received OFDM symbol y =
lyo .- yn-1]? after CP removal is given by

v =Hx-+v (1)

where H is an V x N time-domain channel matrix with
elements Hy ;== Iy, ¢, ), where b, ¢ 15 the CIR at fag [
for 0 <] < p—1and umeinstant n for 0 < n < N —1, and
v is the nme-domain noise vector with correlation matrix
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1. Taking the FFT of (1), we obtain
Y =Fy=FHF'X +Fv=GX+V 2)

where G £ FHF is the frequency-domain channel matrix
and 'V is the frequency-domain noise vector. For a quasi-
static fading chanpel. H is a circulant marrix and bence
transforms ioto a diagonal G mateix in (2). In this case.
the OFDM subcarriers are decoupled, and a one-tap FEQ
1s optimal. For example, with a linear zero-forcing (ZF)
FEQ, the data estimate for the k-th subcarrier X’;\. in this
case is stmply X = (Jﬁ}‘ Y%. For the time-varying channel,
however, H is not circulant, and hence G is no longer
diagonal, In this case, the mput-output relation for the k-
th subcairier is given by

Z C;‘.ir.'ﬂ\ KXot Vi (3)

=k

Vi s G e X o+

The first term on the right hand side of (3) is the desired
signal term while the second one is the ICI term which
can be characterized by the normalized Doppler frequency
Fyw £ where fy is the Doppler frequency and T is the
time duration of the useful part of one OFDM block.

For the case of a MIMO system with A4, receive
and A, transmit antennas, we can generalize the model
in {2) as follows. The frequency-domain channel ma-
rix is G = CVMENMo ghose (4,5)th block is the
N x N frequency-domain channel matrix between the i-
th receiver and j-th transmiiter, denoted by G%7)
FHODES and HYY s the corresponding time-domain
channel matrix. Y = [(YINT | (YWIWTT ¢ VM.
and X EXHNE (XY "*‘1 17 e CNMogare the
receive and transmit me< Jt,»pruc,tm,h, wheu, Y =
[y YT and X0 = [x§ X847 for
1<i< M, and 1 <y <M,

B. FIR-MMSE FEQ for SISO-OFDM

Noting that G has most of its cncrgy concentrated along
the main diagonal, we can approximate it by a banded
matrix. which bas son-zeco elements only along (20 + 1)
main diagonals and two [} x [ viangotar marrices in the
top-right and bottom-left comers. Based on this banded
structure, we proposed in [1] a reduced-tap MMSE FEQ
algorithm which computes for each subcarrier an FIR FEQ
by applying the MMSE criterion based only on the following
(2D =+ 1) = (4D + 1) submatrix of Gt

r o
G(-’.‘: = D30 (’(m = D Yo A By o

- -
G = ‘-”m-: {1ri~2FH x G wn ik 200

Glrt D). (ms2)
(4)
The (2-tap (where () = 2D + 1) FIR-MMSE FEQ is

T
& (00w =210

W = gm(Gm Xppt + U-QIQJM : {(5)

where g, = G (5, 2D + 1) 1s the middle column of Gy,

Hence. the FIR-MMSE FEQ output for the m-th subcar-
rier is given by

X’m =wn Y, (6)

where Y, = IY} [ S EE | Y;_'m‘b-f)) 5 }’T

This FIR-MMSE FEQ has O{NQ?) complexity, signif-
icantly less than the conventional N-tap FEQ. In [1], we
showed that the choice of a 3-tap FEQ (@@ = 2D+ 1 = 3}
achieves a good performance-complexity fradeoff.

111 FIR-MMSE FEQ ror MIMO-OFDM

In this section, we generalize our FIR-MMSE FEQ design
to the MIMO case and propose a new embedded Alam-
outi SEFBC-OFDM scheme which can be readily integrated
with the FIR-MMSE FEQ. Here, we consider pilot-symbol-
assisted estimation where the pilot tones are embedded in
the data subcarriers in the frequency-domain.

A, Embedded Alamouti SFBC-OF DM Madel

We consider a MIMO-OFDM  system with A, = 2
transmit and M. receive antennas. In order to guaraniee the
spatial diversity gain (by preserving the Alamouti structure)
in the presence of severe ICL we design our SFBC encoding
scheme as shown in Fig. 1. Bach OFDM symbol of size N
is divided into data blocks cach consisting of L subcarriers
separated by D pilot subcarriers where [ is equal to the
number of significant superdiagonals in G (see Section 1I-
B). Two information symhols are grouped into pairs and
form an Alamouti codeword which is implemented over
the f-th (1 < & < L) subcarriers of two adjacent data
blocks which are separated by B = [ 4 D sobearriers.
As shown in Fig. 1, {two adjacent data blocks and two piol
blocks form one superblock; hence, each superblock spans
28 subcarviers and contains L Alamouti codewords. For
each non-edge codeword (ie. & % 1 or L), ignoring noise
and considering (for simplicity) ICI only from the adjacent
subcarner {i.e. I} = 1) at the {-th receive antenna, we have

Y =Gy (DXeea ()

FGILOX + G L (0K ki (O
where Y (1) = [Yah,, (Yahipes)]” and Xi(l) =
I Xorppop—1 Xorpyor|' correspond to the receive and trans-
mit pair for the A-th Alamout codeword in the /-th su-
perblock, respectively, for 2 < k << L — 1, Gf’;u() is the
channel frequency response for the k-th Alamouti codeword

given by

tc' —
3\ Jm L{}
{i.1) .23
C’?mu g B C’m} e 21 4m
~(#.2) ~{d.1} ¥
{ TG, ’E(H—m-t—ﬁ'} 22k TGk 13, f’[{'-rm-v-.”)
(8)

1t is clear that G} (/) is at the main diagonal of G., hence

the second term on the right-hand side of (7) is the desired
term while the other two are 1CT terms. Using this form, we
can ecasily extend the FIR-MMSE FEQ for the SISO case

Iln4
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Fig. L.

in Section IL-B to the Alamouti SFBC case which will be
discussed in the next subsection,

We insert two blocks of pilots, each with D) subcarriers
as shown in Fig. L. Since the pilot tones are known to the
receiver, their interference to the edge codewords in cach
data block can be compuied and subtracted from the received
signal to facilitate equalization. For a ¢ = (2D + 1} wp
FEQ, we need I pilot subcarriers for cach pilot block.

We emphasize that this scheme is different from STBC-
OFDM [2] where the Alamoutt scheme 15 implemented
over the fth subcartiers of two adjacent OFDM symbols
which is oot suitable for the fast time-varying channel
conditions considered in this paper. It is also different from
conventional SFBC-OFDM [3] where the Alamouti scheme
is implemented over adjacent subcarriers which also fails in
the presence of severe ICT between adjacent subcarriers. In
both of these schemes, the Alamouti structure is destroyed
and hence spatial diversity gains can not be realized. Qur
proposed scheme solves this problem. To achieve full spatial
diversity. Gk {[) must be as close to the Alamouti matrix

as possible. This requires frA R e ‘*.f}j, miiisd = 12,
or equivalently. the channel mlnmme bandwidth must be
significantly larger than the width of 3 subcarriers. For the
TUO6 channel model we use in this paper for the DVB
environment. the channel coherence bandwidth s around
200 KHz while the subcarrier width is 1 KHz for the
8K mode. Hence, the channel frequency response can be
approximated as fixed over tens of subearriers.

The choice of the desion parameter [ entails a
performance/data-rate trade-off. Choosing a larger L results
11 higher data-rate but less diversify gain (since the channel
frequency response fluctuates more within cach Alamouti
codeword). On the other hand, a smaller L results in a
smaller data rate but approximating (8) as an Alamout
matrix becomes more accurate resufting in higher diversity
gain. Fortunately, for the DVB-H BK system, choosing a
relatively large I still achieves a good performance as shown
in Section VI.

rn

B. FIR-MMSE FEQ for Alumouti SFBC-OFDM

In this section, we integrate the FIR-MMSE FEQ in
Section T-B with our Alamouti SFBC-OFDM schemie in
Section LA, For the m-th Alamouti codeword of the [-th
superblock, we amit the superblock index [, and consiruct a
matrix G, = [(GW)T ... (G NT|T as a siack of M,

D Data Subcarrier

Pilot Subcarrier

Pilot Biock»4——Data Block—»
I:——-——One Super Block, 28 = 2(L+} subcarriers—b-l

Alamowti SFBC structuee for FIR-MMSE FEQ

matrices, each of which has a similar structure to (4) for the
SISO case, 1.¢.

el ()
C“'iw---ii’}..»-_-(-mu2DJ~ Gm DYy A2

( 1] X i"l‘)
my (200 x

my{m—20) »

Gy -

14) {€}
L G{m.! D G- 200 e G {m- DY e {re b 2020
(f

where each element is a 2 x 2 matrix of the form given in (8)
(setting { = 0 1o omit the superblock index). Hence, similar
1o (3}, the FIR-MMSE FEQ coefficients are given by

B 6

AT w1
where g, € Q@M

columns of G, and w,, £ is the FIR-
MMSE FEQ coefficient matrix. Finally, the FEQ out-
put for the m-th codeoword is 5(,,; = WY
where Y, = I(”i"irl})T Y K vy =
D!flr:— [N (l_f:::—- D+Bly }r{::a+lﬂ\ (}/ . g
and X-m = {‘XZm—! Xbri

Wi == Bm + '7212(\!\-13‘,-}_ (10}

contains the middle two

2% 2QM,

?’“rT:7'+P:’}>\.')

IV. SivpeLiFied HYBRID FREQUENCY/TIME CHANNEL
ESTIMATION

To estimate the channel at pilot locations, we need to
place pilots in pairs of subcartiers, f.e. D == 2 in Fig. 1. As-
suming we have £ = N/d pilot subcarriers equally spaced
at Xy Npwyar: me, Xpepyer where pl) = | x
d and each pilot codeword contains two adjacent pilot
subcarriers, we have 2F pilot subcarriers. Assuming the
chanmels fixed over two adjacent subcarriers (i e(*“; S

C‘}‘:] pered =1L 2and 1 <4 < M) and ignoring TCT and
noise, we obtain the input-output relation for subcartiers &

and (& + 1) for the i-th receive antenna as

A£E) = iyt
Yo |. Xp(f‘ Xt || Comany
(i) _XE ); i 2
piti1 piti+1 pily Tt Byl

)
which can be used to obtain the least squares (LS) estimate
for the channel frequency response at pilot subcarriers.

To estimate the () main diagonals of GU we use the
hybrid frequency/time-domain channel estimation algorithm

1185
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in {4]. This algorithm is based on the fact that for normalized
Doppler of up to 20%, the channel ume-vanations can be
approximated by a piece-wise linear model with a constant
stope over each OFDM symbol duration.

We summarize the algorithm in {4} and extend it to the
MIMO case as follows.

Step I Ignoring ICL, for each receive antenna 4, we obtain
the frequency lt‘ﬂpt!i'f% at pilot codeword locations using
(I1) and compute (“p,“ sy for j=1.2and 1 <i < M,
For each pair of transmit-receive antennas, we omit the i, §
indices to simplify the notation, since we are estimating each
of the 2M, frequency-domain channe! matrices indepen-
dently. Performing a linear or Wicner filtering interpolation
on épfn.pf;_}, we obtain an estimate of the diagonal of G,
denoted by g, followed by a P-point IFFT to get an estimate
of the average CIR (i.e. the middle row of H) denoted by
h"%, where we assume that the current OFDM block index
s d -1

Step 2 Repeat Siep 1 for the next two OFDM symbols so
that we have the middk 10\\5 for three consecutive OFDM
symhols, denoted by b, hi and h}'?,.

Step 3 For the current OFDM symbol, we denote by éy
and s the estimated slope vectors for the first and second
halves of the OFDM symbel, respectively. Hence

-~ & AV §
& = (hi'F

BPE /N @ = (B - BN (12)

Step 4 Using the CIR slope vectors, we can compute the
estimated off-diagonal elements of G (see [5]). Combined
with the estimated main diagonal obtained from Step 1, we
now have an estimate of the full G oatrix which we denote
by G. This matrix is an N x N full matrix and we can use
its €2 main diagonals to compute the FEQ according 1o (10).

To reduce the complexity of this hybrid channel estima-
tion algorithm. we exploit the sparseness of time-domain
CIR and the handed structure of frequency-domain channel
matrix G. In practice, the CIR is usually sparse and the
number of active channel taps is much less than L. In
this case, many channel taps can be zeroed out o reduce
the processing complexity with negligible performance loss.
To do this, we choose the M taps from b with the
largest absolute value, and zero out all the remaining taps.
Therefore, we only need to estimate AT instead of L slopes
when caleulating & and e in (12). Choosing the value of
M entails a complexity-performance tradeofl.

The banded structure of G can also bhe explotied to
reduce channel estimation complexity, Simulation results in
Sabsection VI show that a 3-tap FEQ [1] pertorms well
even at a relatively high Doppler of 10% which requires an
estimate of only the three main diagonals of G. Since the
main diagonal of (3 is estimated in Step 1. we only need to
compute one sub-diagonal and one super-diagonal of G in
Step 4 instead of the full matrix. Furthermore, we proved in
[5] that the elements of the sub-diagonals are appr(':xirnateiy
the negatives of the corresponding elements of the super-
diagonals lor large N3 hence, we only need 1o compute one
super-diagonal of 2

TABLE 1
COMPLEXITY FOR HYBRIT CHANNEL ESTIMATION ALGORITHM

| # of muttipications (N, )

System | single antenna | 2-Tx 1-Rx | 2-Tx 2-Rx
N=10, D=1 138350 700 35460
! 15898 31796 0 63892

6.2 x 10° 2% 107 | 24 % 07
M- = 20253 40506 BI1012
M=64, D=2 22400 4800 89600
M=64, D=N-1 6.2 x 108 1.2 x 107 | 2.4 % 108

V. COMPLEXITY ANALYSIS

For the SISO case, Steps 1-3 have significantly less com-
plexity than Step 4 in Section V. In Step 4, a closed-form
expression to compute the off-diagonal elements of G from
&y oand ey was given in [5]. We first peed to caleulate two
N-point IFFT of an L-sample vector (namely & + 6o amci
Gy — ez ), which has a complexity of [log, L+ m\i = ——3
complex multiplications cach [6]. In [7], a generic F tT pmn~
ing algorithin is proposed which does aot require the sparse
input data 1o he grouped together (as in our case where the
M active taps are dispersed among the entire L taps). This
algorithm has a complexity saving ratio of 3 Hence, we
need approximately (1 — #)[log, L+ 2{1 — £}IN complex
multiplications for 2 IFFT operations, whe;e 3 1s given in
[7] for different scenarios. Furthermore, to compute | off-
diagooal dlement of G, we need 2 complex multiplications
for odd-indexed diagonals and | for even-indexed diagonals
[5]. We estimate D subdiagonals for a Q-tap FEQ (where
Q = 2D + 1), which requites (3] £ | + 2(D)2)N complex
multiplications. Denoting the 1otal number of multiplications
by Nopwures, we have
i?\"rnf.-uh‘.i T )UOQ»?L‘F)”—"‘“}):\"L{H_ }"‘ [D)Q})‘r

(13)

For the MIMO case, we repeat the same procedwe for
all My = M, channels: hence the complexity will increase
by a factor of Al x M. Table I lists the total number
of multiplications used by the hybrid channel estimation
algorithm assuming L == 64 tap channel and N = 2048 for
different M. D. By using 3 = 10 instead of 64, the IFFT
complexity is reduced by approximately 40% (ie. 3~ 0.4}
[71. In addition, by exploiting the banded swucwre of G
(i.c. assuming a ti-diagonal G with 2 = 1 instead of a full
G with D = N — 1), the number of required multipliers is
reduced significantly.

VI. SIMULATION RESULTS

We choose the DVB-H standard as our case study, which
is required to support high mobility. We evaluated the DVB-
H recetver pertormance in the BK mode with [V = X102
since the 8K mode suffers more from ICI than the 2K or
4K modes. We assumed the typical urban TU-06 channel
delay profile defined by the COST 207 project with 6 taps
in the continuous-time domain, 8 MHz channel bandwidth,
and a cartier frequency of 800 MHz. Alter sampling, we get
a long diserete-time CIR with approximately 50 taps. Each
discrete chanmel tap is generated by an independent complex

L1s6
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Fig. 3. 1-RX Alamouti SFBC-OFDM, 104 Doppler

Gaussian tandom varniable with time correlation based on
Jakes model, A 64-ctate rate-1/2 convolutional code is
employed. The coded s are nterleaved and mapped inio
QPSK consteliation poinis.

The performance for the 8K mode system is evaluated
with a relatively high Doppler of 10% corresponding to a
highway speed of approximately 100 Km/h in this sim-
ulation. Fig. 2 shows the BER performance for a two-
transront and one-receive aptenna system buplementing onr
proposed embedded Alamouti SFBC scheme with different
L. We observe that as L increases, the BER performance
becomes worse (due to less accurate assumption of Alamouii
matrix in (&) and increased difficulty 1n channel interpolation
between pilot subcarriers), but the pilot overhead is reduced.

Keeping the same 1/12 pilot overhead rate of the DVB
standard, we insert a pair of pilots at every 24 subcarriers
(L = 24} and Fig. 3 shows the performance for this scenario.
Since there s significant ICL error floors are observed with
a l-tap FEQ with either perfect or estimated channel. To
combat this 1CI. we implemented our 3-tap FEQ design
as described in Section HT which improves performance
significantly. To estimate the 3 main diagonals of G, we
immplemented the reduced-complexity hybrid channel es-
timation algorithm in Section 1V and it results in only

Alrmouti SFEG, M=R152, L=24, Doppler = 10%

= 1~HK, t-tap FE
- 1Y, B-tap FEQ)
2-FX, -tap FE
-+ 23X, 3-tap FEQ| 3

- :
Las ~
o
T s
i ) )
&
10" Mo e R T 3 & i e L
3 10 12 14 16 18 20
SNF (8]
Fig. 4. Alamouti SFBC-OFDM with estimated channel, 10% Doppler

2 dB performance loss from the case of perfect channe
koowledge.

Finally, to realize additional spatial diversity gains, we
increase the number of receive antennas to 2. Fig. 4 com-
pares the performances of the 1-RX and 2-RX systems (with
estimated channel) where the increased slope of the BER
curves for 2-Rx 18 evident and resulis in additonal ICI
mitigation.

VIL CONCLUSION

High mobility causes performance-limiting ICT in MIMO-
OFDM  receivers. We designed a novel SFBC-OFDM
scheme and showed how to integrate it with FIR ICI-
mitigating equalization. To compute the cqualizer cocffi-
cients, we showed how to estimate the fast time-varying
MIMO channel matrix cfficiently by caploiting its sparse
and banded structure in the time and frequency-domains,
respectively. Simulation results for the DVB-H system
demonstrate the effectiveness of the proposed scheme.
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ABSTRACT

In this paper we apply a new joint svnchronization-pilot sequence
(JSPS) optimization desipn  technique to multiple  fransmitter
OFDM systems. One objective in the design of the JSPS tfor MISO
transmissions Js 1o climinate the requirement for the differemt
preamble fields used for coarse and fine synchronization and
channet training. In this work, independent JSPSs are designed for
each transmitier in a multiple antenna system. but are fransmitted
simultaneously  from ecach antenna. Consequently, ISPSs can
potentially reduce the overbead of multiple anptenna preamble
ransmissions (improving bandwidth efficiency). The objective of
this paper is to determine the performance advantages of join
carrier frequency offset (CFO) and chanael estimation using only
the pilot portion of the JSPS. By jointly optimizing the position
and power of each pilot across the transmitter antennas in Rayleigh
fading channels with CFO. we show = 15 dB SNR improvement in
the performance of the channel estimator.

Index  Terms—Orthogonal {reguency  division multiplexing
{OFDM), pilot symbel assisted modufation (PSAM), pilot design.
MISO systems

L INTRODUCTION

Orthogonal  frequeney  division multiplexing (OFDM) is an
atfractive fechnique for high data rate wransmission in mulipaih
channels [1]. while multiple transmit antennas can be otilized 10
improve diversity performance and thus reduce the receiver
demodulation hit crror rate (BER) [2]. In many wircless
applications it is desirable 1o minimize ransmitier power in
multiple antenna OFDM systems and thos coberent modulation s
commonty utilized for this purpose (as compared 1o differential
modulation which requires 2-3 dB additional power)[3]. Coherent
OFDM, however. requires accurate synchronization and channel
estimation; otherwise the power savings of coherent modulation is
diminished and becomes less atiractive as a prefereoce over
differential OFDM [4]. Because of coherent OFDM’s sensitivity 1o
syachronization error, information packets are typically preceded
by coarse/fine synchronization and channe! estimation preambles,
which are commonly separated into two fields, each field with a
different sequence [5]. OFDM sestems have been shown to be
particularly sensitive o carrier frequency oftset (CIO), which

This work was supported m part by the U 8. Army Research Laboratory
under the Collaborative Technology Alliance Program. Cooperative
Agreement DAADIG-01-2-0011.

1-4244-1484-9/08/525.00 ©2008 IEEE

tad

ted

*School of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA, USA

causes inter-carrier interference (IC1) and it left uncorrected can
result in severe BER degradation at the receiver {6}, In addition.
unresolved CFO will alse degrade channel estimation and
equalization due to IC] and uncorrected phase rotation over time.

In this work, we develop a single sequence preamble {as
opposed to two separate sequences) for preamble-based OFDM
systems, where this  sequence can be wused for coarse
synchronization  (timing- and  frequency-acquisition),  fine
synchronization  (fine tming and  frequency  estimation) and
chammel  estimation. We denote this sequence as a  joint
synchronization-pilot sequence (JSPS). 1SPSs have been shown to
be effective for frequency and timing acquisition {7} and sampling
offset can be estimated jointly during the channel estimation phase
|8]. We assume that the preambles for each antenna are ransmitled
simultancously in one time slot (o minimize preamble
transmission overhead) and thas will interfere with each other. The
pilot part of the JSPSs used for channel training is designed {o be
orthogonal in frequency across all transmitter antennas. This
characteristic enables robust and low complexity CFO and channel
estimation at the single antenna receiver.

A number of joint detection methods have been proposed in
the literature for OFDM single-input single-output (SISO} systems
19] 110} and for OFDM transmit diversity svstems {11] with CFO.
Simitar 1o the idea in [11], the preamble JSPS does not assume any
specific space-time code as opposed to the space-time block-code
{STBC) based iterative detection method in 12} The ISPS is
designed to enable decoupling of the CFO and channel estimation
from the symbol decoding, which is attractive for low receiver
complexity, compared to blind and semi-blind approaches [13][6].
The scope of this paper isto show that, within cach JSPS, optimized
pitot positions and power can vield improved CFO and channet
estimation perfonmance is smultiple OFDM transmitter systems.

This paper is organized as follows. Section 2 describes the
OFDM MISO model. the multiple antenna preamble JSPS
sequence is developed in Section 3, while the pilot design part of
the JSPS is described in Section 4. A robust performance CFO
¢stimation algorithmn, with low complexity, is detailed in Section 3,
with performance results presented in Section 6. Section 7
concludes the paper.

2. SYSTEM MODEL

Figure 1 illustrates the basic structure of our OFDM system. We
encode the data svmbols using rate-1 space-frequency  block-codes
(SFBC), which can be transmitted b one OFDM block duration as
contrasted to a STBC OFDM system, which requires two OFDM
blocks, We denote &V as the total number of OFDM subearriers.
The baseband time-domain transmission signal. x, is structured
such that preamble, x,, precedes information symbols, x,, and thus
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The preamble part. x,, is not a SFBC. but is designed specifically
to cnable course / line svachronization and chasnel estimation
with low complexity at the receiver. &, is the composite baseband
transmitted preamble signal from both antennas and is denoted as
i
Xp=3 2,
)

(2)

where X', is the ISPS from the ith transmit antenna and A s the

number of fransmit antepnas. The data part. x,. s encoded

according to a SFBC. For example if 4 = 2. the SFBC encoding of

two symbols s, and s, is performed across two OFDM subcarriers
fioand fi.p using the Alamouti code {2] as denoted in the lower
right-hand corner of Figure 1. where (- is the complex conjugaie
operator. This process is continued until all (K, of the N OFDM
subearriers are assigned, where K, denotes the data subcarvier
indexes and [K{ is the cavdinality of K. Since the fine CFO and
charmel can be estimated using the preamble part, x,, and if the
channe! is approximately constant over the packet burst, then K]
= N - |K,)l. where K, denotes the null (unused) subcarrier ndexes
and (K, is the number of null subcarriers.
The composite transmitted data signal. x,;. can be writien as

A
. o 00
STEDR VR
=}

where X, i the SFBC vector data sequeace from the ith transmit

3

antenna. 1T X is the same as x. but with the cyclic extension
removed. then prior w the cyelic extension, the baseband signal for
antenna i is

A .
S"' 1 L2 Frmik i N

~r 1
K nf=—e Y. (4)
JN f=
where 7e {0, L ..., N1}, X, }W_K i ¢ }&,___&. amd X, }mx are

the non-zero SFBC encoded symbols during the daa part, the non-
zero part of the JSPS during the preamble part and a zero vector
{for the null subcarriers at indexes. K. for both the dafa and
preamble parts.

P'he received bascband signal after multipath and CTO s

k= Od s e 7Y ufa], 5]

tad

4

where hifn} is a length~-L vector of the channel impulse response.
with Rayleigh distibuted amplitude and each channel tap is i.i.d.
complex Gaussian with zero mean and variance such that I*Tﬂh}?:[ =
1. &= AFT, is the normalized CFO with respect fo the subcarrier
spacing 1T, where 7, = TN, T'is the sample period, and win] is
rero-mean additive white Gaussian noise with varance ¢ and

* s the convolution operaior. We note that x{r] is the same as x
in {1}, with the index n representing the sth element of vector x. In
this paper, we assume coarse frame and frequency synchronization
are achieved via acquisition of the JSPS [14]. Next we present
algorithms to lind the fine CI'O and chaunnel frequency response.
Both CFO and channel estimators use the preambie JSPS. bat
because of the orthogonality of the transmitter pilot parts ol the
JSPS. the cstimators are completely decoupled processes and are
thus of low complexity.

3. MULTI-ANTENNA PREAMBLE JSPS DESIGN

Design of JSPS is described in [14] for SISO OFDM systems,
where synchronization and pilot information are supcrimposed
with the OFDM data. The pilot part of the JSPS in [14] uses a
parametric  pilot  optimization process to  improve  svmbol
estimation from the least-squares (L.5) channel estimates [15]] 16].
In this work, we extend the JSPS design introduced in [14] 10
multiple antennas.  The pilat part of the ISPS 13 utilized for fine
CFO estimation and also for chanae! estimation. In {13}{16] it is
shown that uniformly-spaced and constant-power (USCP) pilots
are suboptimal. Accordingly, those authors propose a non-USCP
solution for LS channel estimation that provides dramatic
improvements over the USCP pilot schemes commonly used in
OFDM. An alternative pilot desizn for OFDM systems with nuf}
subcarriers was proposed in [17], but was shown in [16] to perform
worse than the USCP scheme for certain channel orders. Thus we
choose to extend the scheme in [I5][16] for the multiple antenna
pilot portion of our JSPSs rather than the one proposed in {17].

In this paper. we use ¥ = 256 and K, = 64, where there are
32 null subcarriers on each band edge. Given we have chosen the
null subcarrier locatons, the next step of the JSPS design is to
determine the pilot pesitions and power loading for cach antenna.
The pilot positions and powers for cach antenna, respectively. are

depoted as K, K. Ky and Loy, P Prg where [Kyy = 1K) =
K, K.,
o Kz o

= Kb and 3 Pulil= 3 Ppolil=..= 3 Pyli]. Once these
1t iz} £

pilot parameters are determined for cach antensa, the lefiover
positions are used for coarse synchronization information denoted
as Ky, Ao K. all exhibiting a flat power profile in the
frequency domain. with equal total power P, on ecach K.
Kyg.... K¢ for ecach transmit antenna.  We note that to provide
frequency orthogonal pilots across transmitter antennas, i K,

R KI.},,_{ tepresents all possible subcarrier positions, excluding
K= K, 7.7 Ky, then the ith fransmit antenna power,

P, jor K,
P,=1P forK,
10 JorK . j#i

(6)

Once the pilot positions and power are determined, the method in
{7} is used to Il in the remaining subcarriers for cach antenna with
synchrenization information.
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For the data part of the transmission, symbols are encoded
using the SFBC method described in the first part of Section 2. If
no pilots are :Lqmml during data transmission, Ky = K== K
= Ky = K== Ky and (K = K| I pilots are mqumd due
0 d_\-'namic channel conditions and CFO drifl, where (K] pilots are
inserfed every OFDM symbo! for each transmitier antenna, then
ot = Kyl - AJK4 Next we deseribe the pilot parameter
optimization for muitiple antennas.

4. MULTI-ANTENNA PILOT OPTIMIZATION

In [15]f16] a parametric pilot oplimization process is proposed for
SISO OFDM systems. The parameterization is accomplished using
a segmented optimization technique by applving boundary
consiraints to an wn-fractable non-linear discontinuous optimi-
zation.  We extend this technique to multiple-antenna OFDM
systems. We will show from simulation that this extension pro-
vides near optimal performance when compared to the perfect
channel knowledge case with no CTO.
Candidate &, indexes for cach antenna can be formulated as
Ky = {int(/" o g(n) re {0, 1, 2Kl - 13, (7}
unti} the minimizing set is found for each transmit sntenna. The
demain of f'is restricted to [1, N, where s a one-to-one mapping
such that K, = £7(5) and § is a circularly shifled version of K.
Following the procedure i [16], a cubic function is wsed to
parameterize the pilot subcarrier positions according to
g =eayT + ay? %)
Given that the number of non-null subcarricrs for the ith antenna is
denoted as N, and denoting the middle of the non-null subcarriers
a8 ¥, the constraint equations become

+ot oy

é,[l_&__l__l] =1/2 )

; 7 4
20y =—(N, 1)/ 2+ 5, (1)

gl K, == (N, +1)/2-8, ()
2 (0y>0, (12

where & represents the distance the edge pilots are from the signal
band edpes. Using the constraint equations in (9)-(12) and the fact
that the edge pilot placement should be no further from the signal
band edge than the average pilot spacing, three of the five
variables can be eliminated and thus the optimization problem in
(7) is greatly simplified. We note that once K, is found starting
with antenna £ then Ay are excloded from the set for the next
antenna pilot positions and se on uniil K, are determined for all
antennas. The composite pilot sequence from all antennas can be
positioned  in  any non-null  subcarriers and are  placed
symmetrically about the center ol the signal band, Without loss of
generality, the pilots are placed sequentially from left to right
giving g7 a pesitive slope. If !{'w represents the jth antenna

candidate sel of pilol subcarrier positions and extending the single
antenna optimization [16], the pilot powers are found by solving
. W I
arg min [Aw] . subject w0 2 1? . =&, (13)
Ky =K s [uly > 0vk,
» is the power allocated to the pilots, A is the element-wise
magmtude square of the mariy Q Q. where Q , =[Ql

where £

2 L A

tad

L)

Q. =10k, 2. 0y Q, = N expl- 220 - Dk =1/ N1 IS hon € N

and the LS channel estimator is 7, =Q Q7 Y/|¥/ 1" (CFO = 0).
The LS estimator data suhcarrier MSE of the channel estimate is

Q QLD 0! "}, where X, are

approximated by

the ith antenna modulated pilot \’liuc:s. B, is a diagonal matrix with
diagonal elements from veclor u, Q° and Q7 denote the pseudo
inverse and Femmitian  transpose of QU respectively.  The
transmitter pilot optimization does not require channel knowledge.
At the receiver, CFO estimation is performed prior to channel
estimation.

5. CFO ESTIMATION

The CFO is estimated prior to channel estimation. The preamble
part for cach antenna is comprised of one JSPS followed by
another JSPS {ie.. [ISPS ISPS}) 16]. The CFO is estimated by
measuring the phase change from ISPS-10-ISFS along each pilot
subcarrier £, We can write the received version of preamble ISPS
pai‘t of (1) as y,. which can be separated into two parts such that y,
= [y Mi2]' The frequency domain pilot part of the p,, and .
signals im the 7h wansmit antenna (ignoring receiver noise.
assuming £ < cyclic prefix length and the CI'O ICH is part of the

channel  {requency response, ff) can be approximated as
YO = XEHEe P R and = X H e TN | rospec-
tively. H the phases ¢, and #,,. are computed as /;}m and %}m 3

respectively. then the CFO s cstsmaud according o

i
1 !
CFO, = e wg, )V (14)
T Z 1 &

¥

where v s a wughtmcv vector of size K, based on the received

3 mo K .
pilot power. If Py = ¥y - (V)] I) . then v can be writien as

(13)

Z(fhl +PM"H

&=
This CI'O estimator has ow complexity and is decoupled between
ransmivters. This decoupling between cach antenna means that we
can exploit both estimates for reduced estimation variance.

6. PERFORMANCE RESULTS

{Unless otherwise specified. the SNR is defined as E4NV,. where £,
is the energy in a single constellation symbol s and N, = 2 &% is
ihe noise spectral density, The lefl plot in Figure 2 shows the MSE
profile for antenna | of a 2-transmitter system using the
optimization procedure outlined in Section 4 for two values of ay,.
The USCP pilot design occurs when oy = 0.0 and ay = -0.057
provides a flat maxinuna MSE profile, which we denote as the
“optimized” pitot design in subsequent plots. The MSE profile for
antenna 2 is nearly identical to that of antenna |, so it is not
shown. The right plot in Figure 2 compares the channel estimate
maximum MSE inan L = 16 tap multipath channel as deseribed in
Section 2. The optimized scheme performs greater than 15 dB
better than the USCP scheme,

Simulated MSE performance of CFO, in (14) for [K,=1=16
tap Ravleigh channel and CFO, & = &= 023, is shown in Figure 3
for both pilot schemes. SNR in Figuee 3 is defined as the ISPS, x,..
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signal-lo-noise power. :J'ir {o. . The MSE is measured according

o F[ICFO, - A} For CFO estimation, the optimized pilot design
works slightly better than USCP pilots without weighting. Once
weighting is utitized according to (15), a factor of 10 reduction in
MSE performance is found. In the weighting case both pilot
schemes perform equally well.

Demodulated BER performance is measured for 4=2 transmit
anteinas and one receiver antenna SPBC-OFDM system. BER
performance is compared in Figure 4 for channel estimation with
and without CFO correction. Without CEFOQ comrection, the induced
CFO s, & = & = (.03 (0.2 kHz). while for the case with CFO
comechion, & = &= 0.25 (1 kHz) A maximum hkelihood decoder
is uiilized, as defined in [2]. When the CFO is not comrected, both
the USCP and optimized pilot schemes degrade severely. When
the CEQ is estimated and corrected (denoted as the “w/C™ curves)
prior to chanael estimation, the opiimized design pecforms neardy 4
dB better than USCP and within ~(0.5 dB of the perfiect channel
stafe information (PCST) curve.

7. CONCLUSIONS

A new parametric pilot optimization scheme was developed for
multi-antenna OF DM transmission svstems. The optimized scheme
provides =13 dB improvement in maximum MSE LS channel
estitmation performance compared to oniformly-spaced constant-
power (USCP) pilots. The optimized pilot scheme MSE
performance was shown o be cqual or better than USCP pilots for
carrier frequency offset (CFO) estimation. For demodulation BER

performance  of SFRC-OFDM, the optimized pilot  scheme
petforms at feast 3 dB betier than USCP.

SFBC OFDM in Mulipath & CFO, USCP vs Oplimzes Pilols. L= K =18

@ uSce ok
<G Oiptivntzed, 200 Mz
B USCF‘ 1K -um::

SNR {d8)
Fig, 4. BER tor SI'BC-OFDM, USCP and oplimized pilots in
multipath and CFO (with and without CFO correction).
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Intercarrier Interference in MIMO OFDM

Anastasios Stamoulis, Suhas N. Diggavi, and Naofal Al-Dhahir, Sernior Member, IEEE

Absiract—1Ia this paper, we examine multicarrier transmission
over time-varying channels. We first develop a model for such
a transmission scheme and focus particularly on multiple-input
multipie output (MIMO) orthogonal frequency division multi-
plexing (OFDM). Using this method, we analyze the impact of
time variation within a traasmission block (time variation could
arise both from Doppler spread of the channel and from synchro-
nization errors). To mitigate the effects of such time variations,
we propose a time-domain approach. We design ICI-mitigating
block linear filters, and we examine how they are modified in the
context of space-time block-coded transmissions. Qur approach
reduces to the familiar single-tap frequency-domain equalizer
when the channel is block time invariant. Channel estimation in
rapidly time-varying scenarios becomes critieal, and we propose
a scheme for estimating chanpel parameters varying within a
transmission block. Along with the channel estimation scheme,
we also examine the issue of pilot fone plucement and show that
in time-varying channels, it may be better to group pilet tones
together into clumps that are equispaced onto the FFT grid; this
placement technique is in contrast to the common wisdom for
time-invariant channels. Finally, we provide numerical results
iltustrating the performaace of these schemes, both for nncoded
and space-time block-coded systems.

Index Termy—Channel estimation, Doppler, fast fading chan-
nels, intercarrier interference, MIMO, multicarrier transmission,
pilot tones, wireless transmission.

L INTRODUCTION

HE explosive growth of wireless communications is cre-

ating the demand tor bigh-speed, reliable, and spectrally
efficient communication over the wireless medium. There are
several challenges in attempts to provide high-quality service in
this dynamic environment. These pertain to chamnel time-vari-
ation and the limited spectral bandwidth available for transmis-
sion. In this paper. we are concerned with the role of time vari-
ation in transmission of multicarrier modulated signals and the
design of schemes to handle such variations.

Multicarrier transmission for wireline channels has been
well studied [1]. The main advantage of orthogonal frequency
division multiplexing (OFDM! ) transmission stems from the
fact that the Fourier basis forms an eigenbasis {or time-invariant
(DMT) channels. This simplifies the receiver and leads to in-
expensive hardware implementations, as the equalizer is just a
single-tap filter in the frequency domain (under the assumption
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For wireline iransmissions, OFDM is commonty relerred to gs diserete nul-
titone {1}

that the channel is time-invariant within a transmission block).
Furthermore, combined with multiple antennas [2], [3]. OFDM
modems are attractive for high data rate wircless networks
(wireless LANs and home networking). However, the block
time-invariance assumption may not be valid at high maobile
speeds or when there are impairments such as synchronization
errors {e.g.. frequency offsets). In such situations, the Fourier
basis need not be the eigenbasis, and the loss of orthogonality
{ofthe carriers) at the receiver results in infercarrier interference
(ICT). Depending on the Doppler spread in the channel and
the block length chosen for transmission, ICI can potentially
cause a severe deterioration of quality of service (QoS) o
OFDM systems. Essentially, ICI arises from “time-selectivity™
of the channel and, therefore, is the frequency-domain dual
of the intersymbol interference (ISI) seen in single-carrier
transmission over frequency-selective channels.

Given the direct relationship between achievable data rate and
the signal-to-inter-carrier-interference-plus-noise ratio (SINR)
at every subcarrier (see, ez, [1]), ICI has a negative impact
on the data throughput as it effectively decreases the SINR.
Starting from an analysis of the ICT impact on system perfor-
mance, we develop herein an 1CI mitigation scheme for both
single-input single-output (S180) and multiple-input multiple-
output {(MIMO) OFDM systems. Founded on optimam block
linear filters and practically realizable channel estimation tech-
miques, our proposed scheme significantly improves the SINR
(which serves as a figure of merit for the system performance)
over a wide range of channel and system configurations.

In SISO OFDM, carrier frequency errors induce a structured
ICT pattern that can be eliminated using either training-based
or blind techniques (see, e.g.. [4] and references therein). The
frequency offset manifests itself as a multiplicative factor in
the frequency channel response (at each subcarrier of the FFT
arid), and once the frequency offset has been estimated, it can
be removed rather easily, Without estimating the carrier offset,
transmit precoding can be employed to suppress its impact on
ICT (see, e.g., [5] and references therein). On the other hand,
Doppler-induced 1CT appears to be more challenging. In SISO
OFDM, previous studies have quantified the effects of ICI on the
system performance. In [6], a central limit theorem argument is
used to model 1CI as a Gaussian random process and quantify
its impact on bit error rate (BER), whereas [7] presents results
for a number of different Doppler spectra. In [8], the focus is on
the wide-sense stationary uncorrelated scattering (WSSUS) [9]
channel to show that if the OFDM block duration is greater than
8% of the channel coherence time, then the SINR (due to ICI)
is less than 20 dB (see also {10] and references therein).

Similar to SISO OFDM, MIMO OFDM is sensitive to
Doppler and carrier frequency errors that destroy the subcar-
rierorthogonality and give rise to ICI. MIMO OFDM may be
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equipped with transmit and/or receive diversity (see, e.g., [2]
and [11]) and may build on beamforming, space-time coding,
and interference canceilation {to name just a few techniques)
to increase the achievable data rates over the wireless medium.
Our IC-mitigating designs encompass generic MIMO OFDM
systems. In particular, for space-time-coded transmissions, we

illustrate through simulations the significant SINR gains by our

approach.

Compensation for Doppler-induced ICT hinges oo the estima-
tion of the time-varying channel. When the OFDM block dura-
tion is less than 10% of the channel coherence time. [ 1 2] argues
that the channel can be assumed to vary in a linear fashion (and
as a result, it can be obtained by linear interpolation between
two channel estimates acquired from (raining blocks). When
the OFDM block duration is much smaller than the channel
coberence time (relatively mild Doppler), the channel can be
assurned approximately constant (over an OFDM block), and
its estimation has been thoroughly studied (see {10} and refer-
ences therein). For rapidly time-varying environments and for
the cases where the channel obeys a parsimonious model. tech-
niques in [13] and [14] can be used for channel estimation and
tracking. In this work, we look at severe Doppler cases, where
the channel can no longer be assumed constant within a trans-
mission block: for such rapidly time-varying channels. we de-
velop a novel estimation method.

Our contributions in this paper can be summarized as follows.

« We develop a model for intercarvier interference appli-
cable to MIMO channels.

= We present an ICI analysis for MIMO OFDM,

= We propose a time-domain filtering scheme for mitigating
ICL

+ We propose a channel estimation and tracking scheme for
estimating the time-varying (within fransmission block)
channel parameters.

+ We propose a pilot tone placement scheme (which works
in conjunction with the channel estimation scheme).

The following is an overview of the paper organization. In
Section 11, we present the model and the notation used in the
paper. We present an ICI analysis for MIMO OFDM in Sec-
tion 111, and in Section TV, we develop optimum block linear fil-
ters that suppress ICI and yield significant SINR improvement.
In Section V, we address the problem of estimating a rapidly
time-varying channel, and in Section V1, we present illustrative
simulations. Finally, in Section VI, we conclude with some dis-
cussion,

It Dara MobpeL

The input data {x(k)} is passed through the filter g{f) to
produce the transmitted signal s{#). The received signal can be
written as

we(t) = j heltir)sit — v3dr 4+ 2(8) (
where n.(t;7) is the impulse response of the time-varying
channel, and z(¢) is the additive Gaussian noise. We collect
sufficient statistics through Nyquist sampling. The basic idea is
that if we sample at a rate larger than 2{ Wy <+ W, ), where W}
is the input bandwidth and W, is the bandwidth of the channel
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time-variation {15], then we get Nyquist sampling. A careful
argument about the sampling rate required for time-varying
channels can be found in [16]. In this paper, we assume that this
criterion is met, and therefore, we have the discrete-time model
Bl
u(k) = yeo(kT) = Z Tk Dl — ) + =(k) (2)
L=t}

where fi{#:7) represents the sampled time-varying channel im-
pulse response (which combines the transmit filter ¢(¢) with the
physical channe! A.{#;7}). The approximation of having a [
nite impulse response in (2) can be made as good as we need
by choosing 1 [ 16]. In this paper, we focus on the discrete-time
model given in (2). For the case of multiple transmitter and re-
ceiver diversity channel with M, receive and A, transmit an-

tennas, we can easily generalize this model to
y(k) =" Hk:iDx(k - 1) +2(k} 3)

{=0
where H{k:1) &€ CM->: js the Ith tap of the matrix response
with

x(k) € ¥
y(k} c CM,.
z(k) € ¥~

input;
output;
complex additive temporally-white cir-
cularly-symmetric  Gaussian noise  with
z(k) ~ CA(R,.), ie, a complex
CGaussian vector with mean 0 and covari-
ance R,
The noise is assumed independent of the input. Throughout this
paper, we impose an average power constraint on the input that
is assumed to be zero mean, ie., Efjlx(&)||*] £ P. The spe-
cific structure of {H(k:Z}} could be constructed by assigning a
special structure to FL.{#; 7} (for example a discrete multipath
channel).

Over a time block of & symbol durations, (3) can be ex-
pressed in matrix notation as

v=Hx+z (4)

where y,z & CVM 5 & CYMY and H & CV MMM e
assume that a cyclic prefix of length equal to channel memory
is inserted in each input block to eliminate interblock interfer-
ence (IB1). This prefix serves just as a guard interval between
blocks when we have channel time variation within a transmis-
sion block. However, when the channel impulse response (CIR)
is time invariant over the block, the cyclic prefix serves the role
played in OFDM. i.e.. H becomes a block-circulont matrix.

Now, let us consider OF DM transmission. where each of the
A, time-domain N -dimensional input vectors in x is generated
by taking IDFT of an information-bearing vector, i.e.,

% = Q( rx}f.’X {S}
where? QT = Q & Ly, (& denotes the Kronecker product
{1710, Tag, is the identity matrix of dimension My, and Q(1. /)
1V Ne 1@%/NIK for 0 < 1, b < N — 1 is the standard N -di-
mensional DFT matrix. We will first develop more detailed no-
tation for the case M. = M, = 1, and then, the generalization
would not be difficult.

We denots complex matrix transpose with superseript 5, complex conjuga-
tion by superseript = and matrix transpose by superseript 1
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We can write the output of the DFT at the receiver for a time-
block [~ (r~—1)...., N—1](where N is the number of carriers)
as

Nt

Yip) = Gp.p) X+ Y_ G a)X (g} + Z(p)  (6)
forp = 0,....N — 1, where ¥Y{p), Xip), and Z{p) arc the
DFTs of {y(k)}. {(k)} and {2(k)}, respectively. We have also
defined G{p, g} as the (p. ¢)th element of G = QHWIQF /N,
Here, Q is the DFT matrix defined as Q = lqo.... qn_]
and g, = 1/VN|L . exply2rs(N — 1/N)T, and H™ s
the equivalent channel matrix including the effects of the cyclic
prefix (used in OFDM) defined as (7), shown at the bottom of
the page. We can easily evaluate Gim, s) as

¥ 1 \:"l v:“l [ oo DY 2Ty (8=rn} /N~ ilmalfN g

Glmn,s) = v ,l_[‘) 2 hir; De Wi A8
Note that the form of the model in (6) is applicable to more gen-
eral transmission scenarios than using OFDM. We can replace
Q by any arbitrary matrix B, and for a given structure of the
guard interval (prefix), we can find the specific structure of G
fas in (8) for OFDIM] for that case.

In the case when we have transmit and receive diversities, we
can maodify (6) to

N1
Y(p) = G pX@) + ) Go.oX(@+Z(p) )
o5
where [G(p. )iy = [QHOIQU/N], 1< i< M, 1 <
JEML0<Sp<N—-LO<qg<N—1 and HO is the
equivalent channel matrix [as in {7)] for the time-varying ISI
channel between the ith receiver and the fth transmitter, which
is denoted by {R')(k;1)}. Tn addition, the received vector for
the pth frequency bin is Yip) = [Y(p)... YW (p)T,
Kipy = [XH{p), ... XM pi1 is the ransmitted vector for
the pth frequency bin, and Z(p) = [ZW(p), . ... ZU80 (p))E s
the noise vector. We can rewrite (9) in compact form as
Y=GX}Z (10}
where the (p, ¢)th block of G is given by G(p,¢). Y =
Y (0, YN = DT & €58 X = [Xt0), ., XN —
DY € €% and Z = [Z(0)..... Z(NV - D)JF € CV¥,
We can also write the matrix G in more compact nofation as
G= Q{ﬂxj HQ'_;Tx,] H R
where QU = Quly . QU™ = QE&}'{M! . and H is obtained
trom (4).

2453
HE. ICT ANALYSIS
We start with the data model given in (9}
Nl
Yim) = Glm,m)X{m)+ L G, n)X(n)+Z(m). (12)

Wl
et

We are interesied in finding the covariance matrix of
the ICI (with noise) Z(m) = Zyorlm) + Z(m), where
Zici{n) = SN G{m,n)X(n). In order to find the co-
variance of Z;c_;[(.-n‘). we need (o make a few simplifying
assumptions.

* Each channel {hUi(k;0)} is modeled as a

WSSUS channef, ie., E[R%HEDREMLn)] =
E[|AU9){#: 1)]?)8—,,. Moreover, the channel is modeled
as a complex Gaussian stochastic process.
The channel between the ith receiver and the jth trans-
mitter is uncorrelated with the channel between the kth
receiver and the Ith transmitter when ¢ =% kor j # [
That is, elements of H'/) are uncorrelated with the ele-
ments of H'* Moreover, we assume that the channels
{2 (k)Y are identically distributed over {(i. j}}.

These statistical assumptions on the channel are nor crucial,
and the analysis can be accomplished without these assump-
tions. However, they do simplify the algebra and expose the im-
portant issues that we need to point out, Given these assump-
tions, we can male the following observation.

Faci 11L.1: The elements of the matrix G(in, ») are indepen-
dent and identically distributed (i.i.d.) Gaussian random vari-
ables.

Proof: As [Gim,n))i; = (QHEDQH INT,, .., the ele-
ments of G{m, » ) are i.i.d. complex Gaussian because the chan-
nels %) are modeled as complex Gaussian and independent
across the transmit and receive antennas. ]

Given these statistical assumptions, we can now proceed to
evaluate the covariance of Zyc(n)

-

E[Zrci{n)dif(n)]

N—1N-1

=k > Z G(m‘-p)X@)XH(H)GH(;rn.,fr{._‘,.
Pl s
N=—L N .

= L 2: E[G(m. p)Rxx(p:n)G% (m,n)]  (13)

pzn omma

n
—
nagnt gt

h{:0) 0 hi0; 2} A0 1Y T
hi1:1) R0} h{1:3) h{1;2)
HY = | hr~1v=1) Ay-Lr-2) 0 0 (7
: : RN — 2: 0} 0
L 0 5 N - 11} h{(N—1;0) |
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where we have defined Rx v {p. n) = E[X(p)X{(n)]. Equa-
tion {13) indicates that the basic component of the calculation
is EJG{m, p)R ¢ x (p, )G (m.n)]; this is what we focus on
next.

We start from the observation that we can do an eigende-
composition of the signal covariance matrix as Rxx{p.n} =
Ulp, n}Ax (p, nYUH (p.n). where Ulp, ) is a unitary matrix.
From Fact HI1). the matrix G(m, p} has i.i.d. Gaussian ele-
ments (i.e., G(m, p) is isotropically distributed), which implies
that the matrix G{m, p)U{p. n} is distributionally equivalent
to G{m, p) (note that if we apply a unitary transformation on
an ii.d. Gaussian matrix, the resultant matrix is also an i.id.
(Gaussian matrix with the same distribution). Hence, we can
rewrite E{G (., p)Roy x (. m) G (m.n)] in the following way:

E[G{m, p)Rex{p.n)GH (m.n))
= E[Ga.p)Ax(p. 2)GH (m,n)] (14)

where A {p, n) = diag{ A (p.n), ..., Aag. (p.n)) is a diagonal
matrix of the eigenvalues of Ry v {p, n).

Now, let us examine the elements of the matrix given in (14).
The {r, 5)th element is

{E[G(m, p)Ax(p. myGH (m.n)) }T‘S
A

= Z/\k{';u,n}E [{G(mﬁp)},:k el {-m,‘n}}k__sJ

keid

M
()
£ Z/\k{p,?le

k=1

x [{G{m? D (G}, 16, (15)
where {u) is due to the assumption that the channels on dif-
ferent finks ave uncorrelated® . Hence, the compoenent matrices
E[G{rm, )R v (3.2 )G (m,n}] are diagonal (a direct result
of the fact that the channels are modeled as being spatially
white),

Using the WSSUS meodeling assumption and using the
Fourier basis, we can write

E [{G(-n:r..p)}r_,‘_ {G-”(m,’n}}krp}

1 (11—1
— 2l =) /N
i oIl

I=0
MNo1N-1
e b N g (e N
x ) E ""Ma(\"l _ ?,2}(332‘ o { e} SN P Jmrg(n-—-mi/N
?‘J_ﬁn ?"'_;=0

(16)
where we have defined »p;(vy — v2) = E{i‘;."""="3{riglj
Rl (g ],

¥Fhis can be seen from the fact that [Gwr. pi]o e = [QHE Q2 /N,
and [GH{m.njl. . = [QHY MYEQH [N, ., which shows that if » # 3,
then [G{we. pY, o and [G 7 {m.a )]y o ave sncormelated.
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Consequently, as the channels are spatially independent, we
can write the covariance matrix of the ICT as

E iZicl(n‘lZE‘[(n)j

N1 N-1 5 w1
5 P
. tr{A\ {ZL n}} (_,-»3'27.-1:’;-.w m) N
=2 2w (&
el L Feaid

N-f N
<30S malr— )

1yt 1 =0

w @l {p—vr:jﬁi)(J_—_-,ill'rr:-;t\-n—w-f,-\'_:) 1

where tr{.) denotes the frace of a matrix.
This analysis points to a few issues worth noting.

+ The ICT is accentuated with the presence of muliiple
transmit antennas (L.e.. 4, > 1),
The covariance of the 1CI is spatially white in (17) due to
the assumption that the channel matrices H™/) were as-
sumed to be so. We can analyze spatial correlation with
similar techniques. but the expressions turn ouf to be a
little more complicated without adding much more in-
sight.
Multiple-receive antennas could be used to mitigate the
ICI. For example, the ICI term in {12) can be seen as
interference, and hence, using multiple receive~-antennas,
we can do either zero-forcing or MMSE interference sup-
pression purely in the spatial domain [18]. However. this
might require many receive antennas, depending on the
amount of dominant ICL In order to also utilize the ad-
ditional available degrees of freedom (dimensions) in the
time domain. we examine next a combined time and spa-
tial domain approach.

.

IV, TIME-DOMAIN TCE MITIGATION TECHNIOQUE

Henceforth, we focus on the case M, = M, = M asitbrings
out the essential ideas without unduly complicating the algebra.
Extending the analysis fo the general case is straightforward.
Therefore, as M, = M, = M for notational convenience using
(11), we write Q = Q') = QIT¥),

To combat IC, the length-N M received vector ¥ is multi-
ptied by an N i x NAM matrix {corresponding to an N M -tap
time-varying filter) W resulting in

¥y=Wy = W({Hx+2) = WHx +2 (17
where the colored noise vector 2 has auto-correlation matrix
R:: = oo WWH_ Taking the DFT of both sides of (17), we
get

YEQy = QWHQTX + Q2

EGX + 2. (18)
Note here that G captuares the effect of filtering with W, In
contrast, in (10). G captures the effects of ICT before the filtering
operation, Next, we show how to design linear ICI-cancellation
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filters for OFDM. We start with the SISO case {M = 1) and
then extend the design to the MIMO case.

A Optimum Linear ICI-Clancellation Filter for SISO QFDM
Using (18), we can express the SINR at the mith frequency
bin (1 £ m £ N) as follows [19]:

B G lm, mi?

-{'.'U'{Rz:) b Z b‘rnIGf\“ﬁL\Jr}Eg
BE T

SINR,,, = (19)

where £, ., is the input encrgy allocated to the nth frequency
bin. We assume that the channel is unknown at the transmitter.
Therefore, the total input energy £, o 1s divided equally across

all frequency bins, Le. B, = (Eoiol/ ’\"'ME Under this as-
sumption and defining e; to be the #th unit vector, (19) becomes

SINR,,
E, |ef Ge,|*
Za(WW + B, T el Ge,,

?!—-—r?}

QWHQ'HE:,”C QH HW' £ Q}f

5..‘ Cney ) HH‘VHQHcm

s e HQWHQ! (

\\r}:i:i?}
g Wh,, h W,
s + GITWH (I - qmall) H”w”

“:}thhn‘g W

20)

T wil (gl + Ron) Wi o
where we have defined SNR = E./o2, Q:,,‘iefQ He, .
by, = Hqp. w, = wH Y. and Ry, = HQ EIJ\ B

eme,,zJQHH = HHY - h,, k. Furthermore. we assumed
that w w,,, = 1 for 1 < m < N, which implies that
WWWH) = Y whw, = N,

et

The achievable bit rate in an OFDM system is (approxi-

mately) given by [19]
ﬂ[NRm)
£y

Rate = [2_ 195,2(
mt

where I & (1 /370 QP / N3P is the SNR gap (assumed
tlle qame for all frequency bins), the Q-function is defined by

= j ¢~ /2z and ¥m and 7. denote the desired per-
formarlce margin and overall coding gain, respectively. Further-
more, F. and N, are the target probability of error and the
number of nearest neighbors in the used signal constellation, re-
spectively. It is clear from (21) that optimizing w,,, (and hence
W) in (20) to maximize SINR,, also maximizes the bit rate in
(21).

We have the following optimization problem:

@n

3 i H w
li}:?.lx w?n hi"‘l 113;{ ne
i

subject to wil (ﬁl Rm) Wi, = 1

and w/lw,, = 1.

2435

This is a standard generalized eigenvalue problem whose solu-
tion is determined as follows.
1) Define the Cholesky factorization R,,, e fl/:: NI +
R.. =LLY,
2y Compute the domingnt eigenvector {call it vi) of the ma-
trix L 'h,, bl L~ “H Now, since the matrix hmh;',’:_ is
rank-1. it can be shown that v{ = oL "th,,, where o
is a constant that makes v; a unit-norm vector.
3) Compute Wy op = L™Hv; = SR7'h,,, where the
constant /4 is chosen to make wp, o, a unit-norm vector.
4y The corresponding optimum SINR for the mith frequency
bin is
SRS s = BER T R, (22)

e me

B, Alternative Form
We can avoid the need to compute R for each m as follows,
Using the matrix inversion lemma, we can write
RJ?I— =

el

I+ HHY ~ b, Y

¥

s\mI F B =

Yy hy, b’

n

= R;" = ("J‘JRI =p Rm)

T
T {1~ hZRyy 1h,, ) '

Therefore, only one inverse, namely, that of the output auto-
correlation matrix Ry, needs to be computed. In summary, the
optimurm filters W, o, are computed as follows.
1) Compute R;,j (using channel estimates obtained with
pilot tones and interpolation or using an ensemble average
from several received vectors y).
2y For each frequency bin 1 < m £ N, compute the fol-
lowing.
a) Wy, = R 'hy,.

i
b} Wm..opt - W’:n/i“’m]v
¢} The corresponding optimum SINR for rmth fre-

quency bin is

”‘\H{

~1

h”R ‘h,,,

STHR i s , (23)
t s

Finally, we note that computational complexity can be further
reduced using a low-rank approximation of R, (this technique
has been used in {20] as part of the channel estimation process).

C. ICT Cancellation Filter for MIMQ OFDM

We can express the SINR for the jth transmit antenna and
the kth frequency bin, which is denoted by SINR;, in MIMO
OFDM as in (24), shown at the bottom of the next page.!

Absumm‘r that wiw; = 1forl < 1 < MN, we bave
i, Wi Wiassr = M, and hence, r(WWH) = N M.
Note that in the MIMO case, we define intercarrier interference to include

interference from all other frequency bins for the same antenna and interference
from all frequency bins (including fth) for other antennas,
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Therefore, (24) becomes [using (18)] the second equa-
tion at the bottom of the page, where we have defined

Q”e, ;= Hgq;. and w; = W0q,. If we further
deime Ry; = { 1/11 SNRYIwas + HH” ~ by, u+,h;‘ e and
R,;j = hy ”‘Uhk Apgs We get

o o H s
> Wiafr Ry W4

i o r=1
SINR] = =5
Z_ WMH?RMWR
]
- W’}IR;-.
WI{?rR}.:'
where we have made the definitions R =
diag(Ryj..... Ry, R = diag(Ray.....Rgy). and
A —.
AL M
ol — Tl H H s o L
Wil = [wil whhe Wl 11a¢ |- 1t can be shown
N ) -
M

that SINR ; is maximized by the filters

Wi Af o opit :(l'R.;ylhj_-_.u.\g.g-i for 0 i & i N1
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where € is & normalizing constant, and
Ry, = (I/M.SNER)Iyy + HHY, Finally, the optimum
filter W ¢ is given by

H

L.opl

H
Wi Jop

.“fopi: = QH

Wg,w..-.pi

It is worth emphasizing that the filter W, calculated above
performs joint intercarricr and interantenna interference sup-
pression. With zero Doppler, the matrix H will be block cir-
culant; hence, the matrix QHQY will be Alock diagonal (i.c..
interantenna interterence is still present). However, the matrix
QW ,, HQ'! will be (approximately) diagonad, indicating that
the matrix filter W in this case acts also as a linear “mul-
tiuser” detector that suppresses interantenma interference.

0. Space-Time-Coded OF DM

in this section, we will explore a special case of coded MIMO
OFDM, namely, a space-time block-coded OFDM with two
transmit and one receive antennas, ie. My = 2and M, = 1
(the analysis can be extended to the case Ad; > 2and M, > 1)

1<r< M (25) We study a space-time block-coded OFDM system based on
Mo 2]
E, ¥ |GEM + v kM + )i
) e
SINR] = T -
oy tt(Rzz) + Ej z ¥, IGIEM + v 8))?
r=li=] itk M 45
s 2
g; 1 efly 1 Gensra |
- res e Y 24
(st0) (<) (W) 4 50 5T felt, e
1 : rel il ik A 4G
124 H
. 3“\ e/, QWHQ 131 jefly,  QHYWH QP ey,
SINR, = = —
L k ATr QWHQH ( 2: ei'ﬁ‘;") QHHVV FQ e 4,
r=l r=1 58k AT 4

B i ] H
Z Giont o Whaas B0 W a0

y==1

A )
SN T E Q;fi-u_r,‘VH (I_-v - (lk;w-iJ,»j(Ii.’:‘f_,_.r:) Hh‘quer
=} h

ST 54
2 Witge, Bresr e By +i Wk M 4

==

e
TNA Ewuq, (HH ‘“hn1ef+,hm+a)wkui+l

ras

Zi W; a1 e Bk ‘»H-Jh!\ Sy ;w*‘u’u‘*’

1

Ivas + }II{” - by 'U-r-,?h}\ \”,) WL 4

Petitioner Samsung Ex-1004, 0160



STAMOULIS er ot INTERCARRIER INTERFERENCE IN MIMO OFDM

the the Alamoati code [21] (as first proposed in [221}; although
details can be found in [22]. the basic mechanism is as follows,
We consider two source symbols ¢ (m} and e;(m), which, in
a conventional OFDM system, would be transmitted over two
consecutive OFDM blocks on the same subcamier rn. Similar
to the Alamouti code. the two source symbols are mapped as

Xpytm) =[er(m], calmy]*

Kipy{m} ={—ci{m), (m)} (26)
where Xy, represents the information-bearing vector for the
first OFDM block. and X o1 corresponds to the second OF DM
blocks .

Our goal is to understand the effect of channel time-variation
over such a lransmission scheme and the performance of optimal
MMSE receiver structures. Using (12), we can write the output
of two consecutive OFDM blocks as

Yegy{m) = Gegylm, m)X gy (m)
.':\""’I.
+ Z Gym. )Xy (n) + Zeyim) (27a)
Yoo {m) = Geoy (o i) Xy (m2)
N1

+ 57 Gy n)X gy (n) + gy (m) 27h)

B

and, with the aid of (26), obtain

i XU,(ml 1 _[Gwim mii.
1Y fm)’ - IGQ){J’N (0]

o i (.l(m.)
L(:g(m_'}

(G, m)h 2
~{Gz(m.mili

" § Goimnh [Guylmn)hiz |
ﬂ_____' EG(QE(W'?”")H,B fGr 2)Jrl n}]u |

(q(m] N {&m“”)} 28)

ic)(n) “J(m
which can be written as

=y

it
Z Gm, nleln) + Z{m).

sl s

= G, mle{m) +

7 (_l:_l
Y{m)=

Now, it can be seen that the mathematical structure of the Alam-
outi-coded OFDM is identical to that of the MIMO OFDM (with
ICT) structure defined in (12), and therefore, the MMSE anal-
ysis done in Section 1V-C carries through with the appropriate
interpretations of notation. Furthermore, the derivation of the
optimum linear MIMO TCI cancellation filter W is straightfor-
ward (by applying the results of Section [V-C). In this case, W
isa 2N x 2N matrix as it processes 2N tones over 2N symbol
durations.

ntuitively. cach OF DM subcarrier can be thought of as a flat-fading channel,
and the Alomouti code is applied to cach of the OF DM subcarriers, As a result,
the Alamowti code vields diversity pams at every subcarrier.

457

Computational complexity can be reduced by defining
a per-tone 2 x 2 filter W, that suboptimally attempts to
minimize ICI by processing only ¥, ,(m} and Y 5,(m}. With
time-invariant channels, and in the absence of noise, it can be
seen that W, reduces to

v = [[Gwemly  [Goytmmlles 1

W - ‘ Y]
(Gay(mm)liy, —[Guylmmili, |

which coincides with the A!amoufi-deceding matrix. Note

that with time-invariant channels, in (28), all “off-diagonal”

terms become zero, [Gypy(m, miliy = [Gay(m.mlfy . and

[Gy(mm)le = [Gm(??hmﬂhz

V. CHANNEL ESTIMATION AND TRACKING

In this section. we address the challenging problem of channel
estimation in an OFDM system with severe Doppler and we
propose a promising technique based on channel interpolation
and ;udlcmusl\ -placed pilot tones. Throughout this section, we
assume M, = M, = 1.

In a time-varying environment, estimation of H ameunts to
estimating N channels b, = [h(n; Q). ... A0~ 1 J]T, 0«
n < N — 1 that comprise the rows of H; in other words, we need
to estimate /N parameters. This number of parameters can be
significantly reduced if ¢ priori knowledge about the channel
dynamics is available (see, e.g., [23]), or if it is assumed that the
chanmel is quasistatic (1.e., constant within an OFDM block, but
varying from block fo block). Although it has been shown that
{he aforementioned methods bave provided promising resulls,
both of them rely on assumptions that do not necessarily hold
true in the OFDM environment considered in this work. On the
one hand, we have made no assumptions about the underlying
channel structure; on the other hand. our work addresses sce-
nariog where there is significant [C1, and as a result, the channel
cannot be assumed quasistatic.

Given the minimal set of assumptions on the structure of the
underlying channel, the estimation of H appears, at first sight,
o be a daunting task. Even when a full training block is used
(in other words, all OFDM subcarriers are pilot tones), we have
available only N values for the estimation of N parameters. To
reduce the number of parameters needed for channel estimation
from N to less than V. we make the reasonable assumption
that some of the channels h,, can be obtained by linear interpo-
lation. Such an assumption holds true if there is not significant
variation between channels by, and b, 4, 0 < n £ (N - 2),
and as we illustrate later on. channel interpolation does not have
a significant negative impact on the achievable performance of
our methods. Furthermore, channel interpolation transforms a
seemingly very difficult problem to a tractable one, as we will
shortly see.

The basic idea of using interpolation to reduce the number of
parameters is as follows. We paramelterize the matrix H by using
a small number of its rows. We then express the entire matrix
as a function of these rows, therefore reducing the number of
parameters to be estimated. Physically, this puts “markers™ in
time where the channel is estimated, and the estimates at ather
times are interpolated using these estimates. Let us consider A
chamels by, 1y .. By, 000 which form M rows of the channe!
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Suppose N = 3, » = 2, M = {0,2}, a = (0.3,0.7)7" Then, H is given by
h(0:0) 0 A(0: 1) 10 ol | hooy 0 A0:1)
ShO L)+ TR 3RO+ TR0 o | =10 3 0| o ho:o) 0
0 Ii(2;1) h{2:0) 0 0 0 0 h{th 1) R{0:0)
000 B RZ0) 0 h(2:1)
+t10 70 h(2:1} h(2:0) 0
0 0 1 0 M) R(Z:0)

and H, H differ only in the second “interpolated” row.

Fig. 1.

matrix H; let us denote by A1 = {wn{1).... m(})} the set
of these rows. Our method is based on the assumption that each
channel h,,, n & A4 can be expressed as a linear combination
of the A channels b, 1y.... . B an, e,
Rin; )y =al [him(1xD,. ... h('m[;’k-f}:lj]’[
0Ll u—1. (29)
For example, when the channel process {h,. } is Gaussian, then
such a Hnear interpolation is optimal in the MMSE sense. Note
that in (29), we have used the same M x> 1 weight vector a,, for
all of the r~channel taps of b, . Using the same weight vector is a
direct consequence of the assumption that h(n: 0), ... h{niw—
1) are i.i.d. processes for every n (but there is correfation be-

Example of interpolared matrix,

where A,y isan NV » N diagonal matrix with entries

1. n = m(z)
Al =10 - neMandn # m{i)  (32)
an(m{t}), otherwise,

An example of this formulation is given in Fig. 1.
Given the structured form of H, its estimation amounts to
estimating My paramelers grouped in the A » 1 vector
- F
|

- T T
h:= [hnnfl)’ ] h)‘!l[,‘i{)j

To perform channel estimation using pilot tones. we need to
express Gi(m. s) 1= [QHQ],., . asa function of h. From (3 1),
we can express G, s) as

(33)

tween A{n: I and A(ms D) for v # m). & A HoAk i 3
In Section V-C . we present guidelines on the choice of the G, 5) = y [Q m(iyHe M )Q ]TM (34
weight vectors ay,s. [n Section V-A |, we study how channel ) IsisM
estimation can be accomplished using pilot tones. We can easily evaluate
YA o Holl O
A. Channel Estimation Using Pilor Tones [QA’”‘“’f(’flh oo YA s
N-1p-1I
Let us denote by He:(h,,, ) the N x IV circulant matrix that we = _1 Z Z At himlis D
would have in the OFDM system if the underlving channel was N oD T T '
fixed and equal to h,,,, i.e., we have (30). shown at the bmtc_lm of s (A @Erls—me)/N) i (2mal /N (35)
the page. Using (29), we can see that the channel matrix H ob- o Y
tained by the interpolation of the channels by, (1), .. . 1, (M} which implies that h(m(i}: ]} is scaled by
is N1
TE P S 1 T, S P AN
) i ,}.1{“ e F(2wsl /N Z‘ 1Am(H]-:-rﬁ'j("”"g myN)
H = Z ‘&n'a(_i'j-H(?(hm{i)_) (3” - N () .
1 it (36)
h{m; 0} 0 R 2y h(m; 1)
him; 1) h{m; 0} h(m;3)  h(n:2)
Helhy) o= | him;e — 1) h{m;e — 2) ] 0 (30)
him; ) 0
L 0 0 R 1Y R )
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Hence, by defining the 1 % v row vector

B [z:;;; 0 B (o~ :1.)J (B7)
we can write
AP L8 -
[QAm-(f) "Lif-‘f.h'n(('i_\}x]Q i?'r'rv_a- = b”;'{'“jhn;f_i)' ("8’\
By defining the 1 x Mpr row vector b™ e
: . b;;‘(‘}‘ﬂ), it follows from (34) and (38) that

Glm.s) = b"™*h. (39)

If the channel matrix was H (instead of ), then the received
tone Y{m) would be

Yim)= G’('r:'a_. myX {m)+ Z G(m,n)X {r} + noise. (40)

[EE=F i

ICT

Inspired by how pilot-based channel estimation is done in
OFDM systems, one could proceed as follows.

i

I} lgnore the ICI term, and assume that Y'{ )
Glp.p)X(p) + noise l";:E"}J((;u}b*f’"“lﬁl + noise,

2) Assuming that there are P pilot tones, which are placed
at subcarriers p(13, . ... p(2), form the 7 » 3w system

of linear equations
X (p( 1))}35"(1)(5’(1 i
= : h + noise
X {(p(Pypipdn

Y{p(1})

Y(p(£))

ot Yip, = B(mﬁ -+ noise.

3) With P chosen such that 7 > My, obtain h as the
least-squares solution of the aforementioned system of
linear equations, i.e, h = BIP)YU“.-'-‘ where B:P} is the
pseudoinverse of B py. '

Unfortunately, this approach does not produce reliable

channel estimates because B py is not full column rank. As
we prove in the Appendix, By has rank #, irrespective of the
choice of interpolation cocfficients {a, tngaq. Consequently,
channel estimation is not possible if we look only at “isolated”
pilot tones. Intuitively, this is not a surprising result as we study
a system where ICl is not negligible: hence. we should account
for the IC! in the channel estimation process. The important
practical implication of this fact is that in OFDM systems with
severe ICH, pilot tones should not be placed far apart from
each other, but rather, they should be grouped together. Before
we explore the reasons for this grouping of pilot tones, let
us note the contrast with OFDM in time-invariant or slowly
time-varying environments, where it has been shown that the
pilot tones should be equispaced {24], [25].
Revisiting (40) for a pilot tone p, we obtain

Y (p) = Gp. X (p) + Z G, q){q)

g pilot

I
+ > Glma)X(n)+ noise (41)

reoaet pilot

2459
which yields
Y(p) =b"h + Z G{m,n)X{n) + noise
n oot pilot
bP = Z X(gb* | . (42)

g pilot

Equation (42) is the basis of the following channel estimation
method.

1) Assume that for every pilot tone p

Y (i) =h¥ + el{p)

S Xt | B+ z0).

g not pilet

2) Formthe P x M v system of linear equations

¥{p(1)} batL)pit) e{p(1))
: 2 : b+ :
Y{p(P)) B PLp(r) Ap(P)

or yr(p_)_ = B{p}h ¥ ey,

3) Obtain h as the least squares solution of the aforemen-
tioned system of linear equations h = B! 1,)Y( Py BX
tension of this technigue to MIMO OFDM 1s straightfor-
ward.

B. Placement of Pilot Tones

Unlike time-igvariant or slowly-time varying OFDM systems
where pilot tones should be equispaced [24], [25], our proposed
channel estimation method implies that pilot tones should be
grouped together (but in more than one group). In this section,
we quantify this observation and propose a pilot tone place-
ment scheme. For analytical tractability, we start from the case
1 = 1. which corresponds to channels that are time-varying bat
not frequency-selective. Work on pilot symbaol assisted modu-
lation (PSAM) [26] has suggested that for Rayleigh flat-fading
channels, pilot symbols should be placed periodicatly in the time
domain to produce channel estimates; the coherent detection of
the transmitted symbols is based on the interpolation of these
channel estimates. The periodic transmission of pilot symbols
in the time domain suggests a grouping of pilot tones in the fre-
quency domain, which is an intuitive idea explored by the en-
suing discussion.

We adopt as figure of merit the approximation error e{p) in
(43), and we seck the pilot tone placement scheme that mini-
mizes E[i|c(p)]|*] for a specific pilot tone p. Assuming that the
transmitted symbols are Li.d. with E[[| X (¢)||*] = 1, we obtain

E{fle@l’t=1{ Y bRy | +0* @4

4 not pilot

where R;zj;, := Ehhf], and o° = E[|Z(p)i?] is the vari-
ance of the AWGN (which is the same across all subcarriers).
in the Appendix, we show that b YR (b7) 7 is a decreasing
function of ({(p—¢) mod N}, Consequently, E[||e(p)|[%] is min-
imized if we place all pilot tones ¢ = p as close to p as possible.
it is implied that for time-selective channels, pilot tones should
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be grouped together. On the other hand, in frequency-selective
time-invariant channels. placing the pilot tones equispaced on
the FFT grid is the optimal scheme [24], [25]. Intuitively, for fre-
quency-selective time-varyving channels. the pilot tones should
be grouped together hur m more than one group. As we discuss
in the simulations section. we have found that our channel esti-
mation method indeed produces the best results when the pilot
tones are partitioned into equispaced groups on the FFT grid.

. Selection of the Interpolation Weight Vectors a,,

Without imposing any assumptions on the wnderlving
channel variations, linear interpolation appears to be the sim-
plest method for choosing the weight vectors a,,. On the other
hand, if a priori knowledge about the underlying channel mode!
is available, more sophisticated channel interpolation schemes
can be devised. Let us suppose that the channels follow the Jakes
model [271: E{(h(m: DR (a1 = J(2n falin — 2T, with
fu denoting the Doppler frequency, and 1" denoting the symbol
period. Then. the calculation of the interpolation weights is
straightforward. Porexample, if we fixvows by, iy o, b g,
the set of weights a, = [.(1).a.(N/2 = 1), 0, (N — D)}

S

that minimizes the error E[[h{n:l) — al’h(l|*] with

() = (AL, MN/2 = 10, AN ~ LD}7 can be ob-
tained using the the orthogonality principle
i =
&y, :R.F(,.,.F‘g ;};f

where R, ; = Efh(n; Dt ()], and Ry = Elh{Hh#(1)}.

oy b
With J,[n] 1= J,(2x fenT), it can be seen that
i [Jo[n}. g, { % — il -'n” N =1 = 'ﬁ‘.]]
1 L [§ -1 L[N -1
Ry = | L[5 - 1] 1 T I5] |- @5
LIN=1 LY 1

As we demoastrate in the simulations section. for Doppler
values of practical importance (i.e., less than 200 Hz), there
is little to be gained by adopting the Jakes-based estimator in
place of the linear interpolator. Hence, from an implementation
point of view, the linear estimator appears to be an attractive
solution as it dispenses with the estimation of the Doppler
trequency without sacrificing performance.

D. Channel Tracking

Under relatively mild Doppler, the quality of the channel
estimates (and, consequently, the SINR gains of our ICI
mitigating methods) can be improved by channel tracking. A
simple tracking scheme is the following: An injtial channel
estimate Hyy can be obtained by transmitting a full training
block: subsequent blocks contain pilot tones that are used to
acquire new estimates H’m. The channel estimate for the »th
OFDM block is obtained using a forgetting factor ¢ as follows:
Hey = ol + (1~ (x)fi:ﬂ) {see, e.z.. [24] for a similar
methed in SISO OFDM). Frequent retraining can further
improve the quality of the channel estimates at the expense of
the overhead of the training symbols. As we illustrate in the

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 30, NO. 10, OCTOBER 2002

20;
{

2
T
£
& 15
i
i
5

20 25 30
SNR (d8)

Fig. 2. Gains with known channel.

simulations section, the aforementioned tracking fechnique
results in higher SINR gains (as channel estimates become
ptore accurate).

VI NUMBERICAL RESTTS

In this section, we present numerical examples that illustrate
the SINR improvement due to the W filter in both SISO and
MIMO OFDM systems. As the design of W depends on channel
knowledge, we also study the accuracy of our channel estima-
tion method and the penalty it incurs on the SINR. Throughout
our simulation experiments, we investigate an OFDM system
with ¥ = 64 subcarriers, a total bandwidth of 200 KHz, carrier
frequency f. = 2.4 GHz, and the velocity of the mobile is set
to 60 mi‘h (the corresponding Doppler frequency is 214 Hz). In
all simulations, we have chosen as figure of merit the average
STNVR gain, which is defined as

) 1IN

with SINR'Y (SINR,,,) being the SINR at subcartier 7 with
(or without) the filter W. The SINR metric expresses the SINR
improvement over all subcarriers, and since it depends on the
channel realization, in all figures, we depict the average SINR
over 1000 random channel matrices H. The entries of H were
generated using the Jakes model, with 1 == 4, and each channel
tap modeled as a complex Gaussian random variable N0, 1}
SINR Improvements With Known Chanmel: First, we look at
the SINR improvement due to the W filter in SISO OFDM with
perfect channel knowledge. Fig. 2 depicts, for varions values
of SNR, the SINR gain achieved with perfect channel knowl-
edge for the carrier frequencies of f, = 2.4 GHz and f. =
60 GHz. For smaller values of the SNR, the SINR improve-
ment is smaller, as ' W attempts to suppress both ICI and ad-
ditive noise. As the SNR increases, the SINR improvement in-
creases because W attempts to suppress (essentially) only the
ICL It is also evident that at f,. = 60 GHz. the [Clis much more
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SINR gain (dB)

SNR {dB)
Fig. 3. tains with estimated channel,
I T RIMSEAT AT A T T T 0
] idsal
tracking
=¥ one shot

Q Lt e

SiNR gain {dB)

57 ag 20 a0 3t a2 a3 a4 as
SNR (dB)

Fig. 4. Chanmel tracking.

severe and, consequently, W resuits in higher SINR improve-
ments over a wider range of SNR. In both cases, the substantial
SINR gains illustrate the merits ot our IC1 mitigation technique.

SINR Improvements With Estimated Channel: Fig. 3 illus-
trates the performance penalty due to channel estimation (f. =
2.4 GHz}. The channel estimates are obtained using the method
described in Section V with M = 2 (the top and the bottom row
of H are estimated, and the rest of the rows are obtained with
linear interpolation). We have used 4y pilot tones grouped into
 groups that are equispaced onto the FFT grid (i.e., subcarriers
{6,7,8,9,22,23,24, 25, 3%, 39, 40, 41, 54, 55, 56, 57} are pilot
tones). From Fig. 3. we observe that even with imperfect channel
estimation, significant SINR gains can be achieved; this obser-
vation serves as testament to the effectiveness of our channel es-
timation technique. Additionally, under relatively mild Doppler
(90 Hz), 2-3 dB of SNR can be gained by using frequent re-
training and channel tracking, as Fig. 4 illustrates.

Pilor Tone Plucement Scheme: Fig. 5 depicts the average
SINR gains when W is based on channel estimation, and a

2461

SINR gain (dB}
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L
R —©
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oy oo e WP« +. gk
20 25 i
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Fig. 5. Pilot tone placement.

total of 412 pilot tones are placed on the FFT grid according to a
number of different schemes.

« In scheme “A”, the pilot tones {1.5,9,13, 17,21, 25,29,
$33,97,41,45,49,53,57. 61} are placed equispaced on
the FFT grid.

Tn scheme “B”, the pilot tones {24, 25, 26, 27. 28, 29, 30,
31.32,33,34, 35,36, 37, 38,39} are placed into a big
group of subcarriers centered on the FFT grid.

In scheme “C7, the pilot tones {13, 14,15, 16,17, 18,19,
20,45, 46. 47, 48, 49, 50, 51, 52} are placed into M = 2
groups of 21 tones.

In scheme “D”, the pilot tones {6,7.8,9,22, 23, 24,25,
38,39,40,41, 54, 55,56, 57} are placed into » groups of
24 tones.

[

L]

It is clear from Fig. 5 that the placement of pilot tones has a sig-
nificant impact on the quality of the channel estimates and the
resulting SINR gains. It is worth noting that placing the pilot
tones equispaced on the FFT grid results in very poor perfor-
mance. unlike the time-invariant case [24], [25].

fnterpolation Technigue: Although pilot placement does
have a significant impact on the achievable SINR gains. this
does not seem to be necessarily the case with the choice of
interpolation weights, To illustrate this observation. let us look
at the case M = {0, N/2. N — 1} (i.e.. the fop. middle. and
bottom rows are lo be estimated, and the rest of the rows are
obtained using interpolation). We compare the SINR gains
obtained with linear interpolation weights and the performance
obtained using the weights of Section V-C. To isolate the effects
of the choice of the interpolation weights, we let all subcarriers
be pilot tones {which amounts to having a full training OFDM
block utilized for channel estimation), and Fig. 6 depicts the
performance of the two interpolation methods. We observe
that linear interpolation achieves the same performance as
the “Jakes-based” interpolation, which, intuitively, is a not a
surprising result: For Doppler frequency values of practical
interest, the variation of the rows of H is not very large, and
as a result, linear interpolation performs adeguately. On the
other hand, for significant variation, the Jakes-based estimator
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22 &> ideal 214H7 | itz Section TV-C operates on two consecutive transmission blocks,
20k | 3¢ finear, 214Hz ; and we define the SIVR as the geometric average of the gains
@l % ;La;‘;sé;f_";z achieved over the tones of the two blocks, i.e.,

lingar, 8584z ¢+ K -
184 Jakes, 858Hz |

SINR = V-IS'[NR{; ySINR (2.

Y
T

Similar to Fig. 2, we can clearly see the SNR improvements that

E. L.

the MIMO filter W yields.

a
L3

SINR gain (dB]

VI CONCLUSIONS

In this paper, we have analyzed the effect of intercarrier
interference on MIMO-OFDM. The cause of such an impair-
ment is time-variation within a transmission block and occurs

- in practice due to both Doppler spread of the transmission
gméﬁdg) channel and synchronization errors. We proposed time-domain
filtering-based IC1 mitigation techniques that cascade the
time-varying channel with a receive filter so that the overall
channel is approximately (in the appropriate mean-square-error
metric) time invariant. The associated problem of estimating
such a rapidly varying channel was addressed, and a novel

Fig. 6. Interpolation scheme.

EW " i g T ; J &) estimation scheme was proposed. Coupled to the proposed
38H 3% 5GHz : : K channel estimation scheme is the issue of pilot tone placement.
: B0GHz | : > Examination of this issue showed that nonuniform placement
o S '  F ' of pilot tones and in particular grouping of tones into clumps
gk equispaced on the FFT grid is effective tor these situations.
o Numerical results illustrating these techniques were also
Baot- presented.
&
o 28k
z APPENDIX A
22 4
24t e : e s R T By 1AS RANK
gab o sogNGT mo o Do g S R B EE 8 B B R s W From (36), we obtain
2 BT g ST Al i W iy it -A o i 1 N
4 16 18 zsoNH tdgi: 24 26 28 30 ;l{'?)(,g) g BERL/N )_x_, Z{‘{L""”]
=1
N=1
Fig. 7. S5INR pains in space-time-coded OFDM. Afg Z { fi'm-[i_'l}r‘,r‘
2%"—— (1)
outperforms the linear interpolator. For illustration purposes )\ z inf]_]
only, we look at the case of 858-Hz Doppler. Fig. 6 depicts the =0 .
achieved performance at this extremely high Doppler, and it is i Z Aol
evident that the Jakes based-estimator outperforms the linear % M T op=o o _
interpolator. In addition, it can be deduced from Fig. 6 that (i) me) e T =
even at high SNRs, where high quality of the channel estimate N r&.,{"l"*'\“}"'r"
is expected (with a full raining block), there is significant
difference between the performance achieved with perfect  Hence, with the aid of (37), we obtain bifn = G me{’l
channel knowledge and channel estimates. This is due to the  which readily yields that
large variation across the channel matrix rows that invalidates
the assumption that some channel rows can be expressed as a pete(ly ety el
function of as few as three channel rows. _ ") =0 B
SINR Improvements in MIMO OFDM: Finally, Fig. 7 Bypy = : n :
. o . . I . ;'»U’, 2 ol Py p{ 1) p\f’) P
illustrates the SINR gains achieved in space-time block-coded bm\ 1) R - R A
OFDM transmissions where the channel is perfectly known
at the receiver. As described in Section IV-D, the filter W of  has rank v, =
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bPiR;
LL

For analytical tractability. let us focus on the case 1 = 1 and
M = {0, N—1} From(33), wehaveh 1= (hg(0}, hn 1 (DN)F,
and R;; can be evaluated as

S {BPIE AS A FUNCTION OF (p — q)

Then, the term 319 ;= b™R;; (b™9)* is written as (cf. (37))

?,{0)) [1 ﬁl hbp;q;g%f) }
= o) + B, o
+ 7 { {65 u)) Bt (0
+ (BE(0)) (B, m)) (46)

A= (RU0) W

Without any assumptions on the underlying physical channels,
we adopt the linear interpolation scheme for the selection of the
weights a,, of (29}, hence. we set

~l=n i 17
= (i o)

(Ao 1<SnEN=-2. @]

With the aid of (32) and (36). we can write 1540}, 07
closed-form as

{0} in

1 N-1
,{_; Q([n "“T" EA(]}."._»E:JU” gy} N
R
N1 L
.32,_,:':?) 1 (1 ¥ )(ij'2r:r:';;r--<1};":\’)
hYs i
\\ ==l L\. 1
(1} Al
- \r{l'\r f 1) Z redEFrP—a N pacange
NN -

e ) J’," .
* Zr" A ”)'“-)ﬁ(]f'orp¢g

=)

- 7 Ol i) N
rw’, witha == ¢ 27E=0/N)

(D) WOt
TNIN-1) {w—1)2
o
oD =D since w' =1
which finally vields

{(—1}
(N — 1)(e/QrG—0)/N) 1)

bg-‘q (O) Foe s forf) ?é q. (48}

—bE0) for p # ¢
""([))E- which, with 1he

Similarly, we can verify that &7 1{0}
Hence, we obtain 479 = 2(1 — 4}|b}
aid of {48), finally yields

o 21 )

: B (N -1 (1 —CO% (1'1—:—{«5—\’_—1("1))

Equation (49) constitutes an intuitive result: The further a tone
q is from p. the less its interference on tone pis.

forp #q.  (49)
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EM-Based Iterative Receiver Design With Carrier-Frequency
Offset Estimation for MIMO OFDM Systems

Yong Sun, Zixiang Xiong, Senior Member, IEEE, and Xiaodong Wang, Member, IEEE

Abstract—In this letter, we study the design of expectation-max-
imization (EM)-based iterative receivers for multiple-input
multiple-output (MIMO) orthogonal frequency-division malti-
plexing systems with the presence of carrier-frequency offset
(CFO). Motivated by the spirit of maximum-likelihood estima-
fion in the EM algorithm, we first present a pilot-aided CFO
estimation scheme that allows fast Fourier transform-based fast
implementation. Then this CFO estimation is incorporated isto
the initdalization step of the iterative receiver. Experimental resolts
show the effectiveness of our receiver design in combating CFO,

Index  Terms—Carrier-frequency  offset (CFO), expec-
tation-maximization (EM)  algorithm, multiple-input  muoi-
tiple-output (MIMO)}, erthogonal frequency-division multiplexing
{OFDM).

I INTRODUCTION

EXT-GENERATION wireless communication systems

are required to support high-data-rate applications. The
multiple-input multiple-output (MIMO) technique has been
shown to be capable of achieving extraordinary throughput
without additional power consumption or bandwidth expansion
[1]. MIMO systems rely on antenna diversity to mitigate the
effect of multipath fading, To combat multipath delay spread
high-rate wireless systems, one efficient method is orthogonal
frequency-division muluplexing (OFDM), which ransforms a
multipath channel to parallel independent flat-fading subchan-
nels [2]-{4].

Trerative technigues for receiver design have atracted consid-
erable attention lately [S}-{8]. The turbo principle has been suc-
cessiully applied to detection/decoding problems such as serial
concalenated decoding 9], equalization | 10], coded modulation
[ 1}, and joint source-channel decoding [12]. Compared with
noniterative Teceivers, iterative ones can successively mmprove
the performance in typical wircless channels, but at the cost of
high computational complexity. In [B]. Lu efal. designed an iter-
ative receiver based on the expectation-maximization (EM) al-
gorithm [13], [14] for space—time block-coded (STBC) OFDM
systems with reduced complexity.

Aiming at improving the receiver design in [8]. we take into
account the carrier-frequency offset (CFQ), because CFO esti-
mation/compensation was not acldressed in that work. It is well
known that OFDM systems suffer severe performance degrada-

Paper approved by A, Anastasopoulos, the Editor for Wireless Communi-
cations of the 1EHE Communicaiions Society. Manuscript received March 12,
2004; revised August 29, 2004,

Y. Sun amd 7. Xiong are with the Department of Electrical Engi-
neering, Texas ARM University, College Station, TX 77843 USA (e-mail:
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X, Wang is with the Department of Blectrical Engineering, Columbia Univer-
sity, New York, NY 10027 USA (e-mail: wung< @ ee.columbia.edu).
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tion due to CFO [15]. Many existing frequency-estimation tech-
mques (with the exception of [16]) rely on transmission of ref-
erence symbols (e.g., repeated data symbol [ 15] or pilot-symbol
sequences periodically inserted in the OFDM codeword [171).
However, most of them are designed for single-antenna QOFDM
systems instead of MIMO systems. One work on MIMO OFDM
systems was recently reported in [ 18], where carefully designed
training symbols are inserted in the information symbol block
for both CFO estimation and MIMO channel estimation.

In thas letter, based on the fact that the iterative receiver 1n [8)
also requires pilot slots to obtain a good initialization, we target
at designing a pilot-aided CFO estimator which can work well
with the EM-based tterative receiver for MIMO OFDM systems.
Following the spinit of maximum-likelihood (ML) estimation in
the EM algorithm, we devise a scheme for ML estimation of the
CFFO. This scheme is incorporated into the initialization step of
the iterative receiver and implemented via fast Fourier ransform
{EFT). We hence arrive at an EM-based iterative receiver tor
MIMO OFDM systems subject to CFO. We also take advantage
of the available multiple frames of received symbols in previous
pilot slots to refine the estimation of CFQO. Experimental results
confirm the effectiveness of our new receiver design.

M. EM-BASED ITERATIVE RECEIVER Wit CFO
ESTIMATION FOR MIMO OTDM SYSTEMS

MIMO systerns have been well studied in conjunction with
STBC [19]. {20} with multiple receive antennas. An efficient
EM-hased iterative receiver for the STBC OFDM system was
introduced in [8]. Since OFDM systems are very sensitive to
CFO [15], it is challenging to take the CFO into account in the
recever design.

In this letter, we devise a new ML scheme to estimate the CFO
in MIMO OFDM systerns with Ay = 2 transmit antennas and
Mg = 2 receive antennas. For practical reasons, we assume that
the absolute value of the CTFO is bounded by hall of the OFDM
subcarrier spacing, since larger CFOs can be compensated by
an awtomatic frequency-control circuit [21] and what remains is
the residual CFO, The same CFO is assumed for all the transmit
and receive antenna pairs. For the multipath frequency-selec-
tive fading channel, the channel responses of different taps and
from different transmit antennas are oncorrelated, Note that the
above assumptions are made for the sake of simplicity. Some
more general cases (e.g.. MIMO systems with Ny > 2 transmit
antennas) are currently under investigation.

A, MIMO OFDM Systems Subject to CFQ

In the following, we consider an STBC-OFDM system with
N subcamiers, My = 2 transmit antennas, and Mg = 2 re-
ceive antennas, signalling through an £-tap frequency-selective

D090-6778/$20.00 @ 2005 1EEE
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““"“ﬁ_}:?‘““i @ STBC-OFDM words = P OFDM words
1] i 3 P Pid-n+ PO -1+ 2 o P
e one STBC-OFDM word - » e onie STBC-OFDM word - >
Sl '_,j
- e
pilot data slots
slot
Fig. 1. One data-burst siructare fn STBC-OFDM syvstem,

fading channel. We also assome that the fading channel coeffi-
cients remain constant within the interval of one STBC word,
namely 7 = 2 consecutive OFDM words.

From [8], pilot symbaols are required 1o initialize the EM al-
gorithm. For practical data transmission, as shown in Fig, 1, a
data burst spans P -+ 1 OFDM words, with the first OFDM
word containing the pilot symbols. The remaining ¢} OFDM
words are composed of 2 STBC codewords,

Our idea is to simultancously make use of these pilot sym-
bols for EM initialization and for CFO estimation. We modify
the traditional transmission model as follows. First, the normal-
zed CFO ¢ is included in the model. Second, at cach transmitter,
K out of the total of N OFDM subcarriers are used (o transmil
symbols. Note that this is difterent from inserting a guard in-
terval in OFDM systems. because nothing is transmitted trom
the remaining (N — K subcarriers. As will be seen shortly, this
truncated observation window of subcarriers is needed for good
estimation of the CFO. Third, we treat the optimal pilot-symbol
matrix X p as inputs. In order to improve the spectral efficiency,
we only transmil one pilot OFDM word at time slot p = 0, as
illustrated in Fig. [. According to |22}, a carefully designed op-
timal training sequence for STBC-OFDM systems can achieve
the minimum mean square error (MSE) and avoid matrix inver-
sion. For a system with My transmit antennas, the optimal pilot
symbol at the nth subcarrier of the ith transmitter, X p; [n]. is de-
signed as Xpi[n] = Xpolnje 1GxL/Min g = 0,1,...,N~1,
i=0.1....,Mpr — L with L & |[N/Mr]| > L. Usually, we
set the pilot-symbol sequence at the zeroth transmit antennd to
be X paln] = 1/4/2. ¥ n. where the factor 1//2 is used © nor-
malize the energy of the transmitied symbaols since two transmit
antennas are considered here.

Accordingly, the MIMO OFDM system model subject to
CFO is given as

Y= WyF(e)\WLXpWyh; + 45,

2W e (s
T, e BT (1)
with
Y, 2 (Y00, Y1), GV = Dl
Fiz) & liag{1, eHemeily .r.:-’tr"*“[:\‘_l}'m}'}

Xp &(Xpo. X pi)(x «2r)
X po =diag(Xpol0], Xpalll, ..., XpolK — zexin
Xp = (HE!-:l?,‘(.XP!{(}}A Xjné]}? G :n\/pl{f\y e 1]](;,- x i)
1 /N

e N =1 a=0,1...., N-1

P
- i
Ol
e

>

AU AN s

N
=l Lo Nl sammill B
Wiy & diaglwy . wier Yo o2

[wrrlrs & e @/
r=0.1... .K ~1:

1
8t a1
k; [}‘ﬁ‘_;f A, ,\:] (24 1)
A& (p0 31 t—1y7
h,; = [h.,-__.,,h? jroe s g ]
where 17(n) is the frequency-domain received symbol of the
reth subcarrier at the jth receive antenna; h.f‘.;.i =01,..., 0L~

L is the fading coefficient of the lih tap associated with the ith
transmit antenna and the jth receive anfenna, which is inde-
pendent of other patrs of antennas and is modeled as a com-
plex Gaussian variable ol variance O‘fz with fakes™ correla-
tion structure | 23], The additive white Gaussian noise (AWGN)
vector Z; contains independent zero-mean complex Gaussian
random variables with power o2, The normalized CFQ ¢ s in-
troduced through the matrix F{z) in (1), Since F{z) # Iy
(the N x N identity matrix) for £ # 0, orthogonality among
all N subcarriers is destroved. Duoe to this loss of subcarrier
orthogonality, the interchasnel interferences (ICls) from other
subcarriers will impact the transmitted symbol at the desired
subcarrier.

B. ML Estimation of CFO

The transmission model in (1) contains two unknown param-
elers: the CFO ¢ and the complex Gaussian distributed vector
;. The ML detection problem for < is formulated as

Ma~1
£ = arg max (X{c) = arg max ‘Z logp(¥ ;| Fe}). ()
¥ e
im0

Using the same strategy as the E-siep in [8. eq. (171, we can
compute the cost funciion as

Myl
Q== 3 By, o VW @[ J+coust
J=0
(%)
Ma—1
-3
g=U

+ trace (Wp‘{a}g.?;,__r. Wﬂ{f})
v

-+ const.,
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- vl
with 5, £ (WE @S5 We(e) + 371
h; £, WE(e)L31Y 5. (4)
It is easy to show that £z, =

o

.[p

i

oIy, By assuming that

the fading charnels of different paths and from different

trapsmit antennas are uncorrelated, we can show %y, =
diag (dfn, ‘75} 9
Note that W (YW (s

UéJLLO—fJU “1,;1 ---- 5§;L~i)
} is not a scaled identity matrix due
to trupcation of (N — K} subcarriers. However, if K is
sufficiently close to N {e.g., K = 120 and N = 128), the
off-diagonal elements are negligible, and WH (YW p:{=)
can be approximated as K/2 - Iy, Then ¥ ah can be simi-

¥ - 2 &2 )
|}!}>Iled to o T diag (J{)“_‘O,O'G.J Y, T4 L—13 71,500
B it -”1 ;L ) with

2l 2.2
i.._';,i o (G”:/{I&/Z + ﬁ:/gi.f‘i))'

Further simplification is achieved by assuming K/2 is much
larger than rrf /r.r?___}-:z_. since the fatier is inversely proportional 1o
the signal-to-noise ratio (SNR) of the fading channel and much
smaller than A'/2 when SNR > 0 dB. i

Based on the above approximations, we have Yy P
(202/K)Iar. i ~ (2/K)WE{)Y; and Q(2) in (3) reduces
to

aﬁ- 1
o)== {|¥,
3=}

I'EWF{E)W{’ ()Y

{_),!TZ i
4 trace --I-;— Wple)Weis)

i

Mg=1 1

== Y ISFEa WY,
=0 ¥ i

y.l’ g

K

where § = (f — 2/ K)W X pW i Wi XpW i) and y,
is the time-domain received sy mbol sequence at the jth receiver.
The second term is independent of £, and hence has no contni-
bution to the detector.

Based on (2) and (5), we form a new ML estimator for the
CFQ. Details of the search algorithm and subsequent discus-
sions follow,

*  FFT-Based Search Algorithm: 1tis possible to simaplily

plss ;
+ trace (MLWELXgXpW;\-g) (5)

{5) te
Mi—~1
He) =~ Z yfF{a)S”S FPicyy
RE] T
Mp—1 (N
T Z ZU n nj’f;(”}ﬁ
F=0 n=H

N—2 N1

20 D" D" Wy} (n)y;(n)

=l nsmm-1

x ‘_;--";'{'J wa /N (n—m} ‘\é}

where y; (n) denotes the time-domatn received symbol
at the nth subcarrier associated with the jth receive an-

383

007,
006

o

T-disyi Ty
= =
g a8

o=

a0

Fig. 2. Absolute values of the off-disgonal elermnents of matrix 7, as defined
in(6) with K == 120, N = 128, The pﬁot -symbol sequence from the zeroth
wansmit antenna s set to Vofn] = 1//2, ¥ «.

- @ of BTEC-OFDM worda-5

| I of STRC-OFDN worce<1 |
B # o STRG- OFqurdaciGl

ms’

SMR Ry

Fig. 3. MSE of the CFO estimate = Various numbers of STRC-OFDM
codewnids are considered, We set the troe ¢ 10 0.1 and the length of symbol
sequence as 1024 when performing FET in (7).

tenna. 8(-} is the real part of a quantity. Note that the first
term in (6) is a constant. And the second term is due to
the Hermitian symmetry of 7.

By denoting ' = n — m, we can further simplily (6)

to
Mp—1 (N~—1
Qley==2R | Y 4 ri(n)e IR const,
J=0 =1
My—1
== Y Ri(e) | +const 7
=0

. !

where rj(n') = E:!_é“" [ —— nym}yJ{m -+
n'), and R;(c} = z‘}*l ri{nfe 3 2as/NOR Gan be
casily computed using the FFT algorithm. Better fre-
quency resolution can be achieved by zero-padding to ef-
fectively increase the length of the symbol sequence. We
also assume a small € (Le.. g} < 0.5, since larger CFOs
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can be compensated by an auntomatic freguency-control
circuit [21] and what remains is the residual CFO) be-
tween any pair of the transmit and receive oscillators,
This assumption, together with the FFT-based imple-
mentation. will significantly accelerate the search algo-
rithm for £ in (2).

+  Truncated Observation Window of Subearriers: We
now explain the reason why not all ¥ OFDM subcarriers
are required for symbo! fransmission. Since the first term
in (6) is independent of =, the diagonal elements in matrix
T are uscless for the detection. So we oaly examine the
off-diagonal elements.

After careful computation, we show that the ofi-diag-
onal elements of matrix § in (5) are in (8), shown at the
botiom of the pext page. )

When K = N, based on the fact that Y
eIET/NI = () for ¥ yn # 0. we see thal at feast one
term in the (A1, A2) or (B, Ba) pair is zero if v £ s,
Hence, when R == NV all the off-diagonal elements of
Sand T = 878 in (6) are equal to zero. However, this
does not hold when K < N, For example, Fig. 2 shows
the nonzero absolute values of the off-diagonal elements
i with K = 120, N = 128, Thus, in order to perform
good detection, it is necessary to reserve some redundant
OFDM subcarriers.

'
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Owverview of our EM-based tterative receiver Tor MIMO OFDM systers subject to CFO.

»  Multiple-Symbol Estimation Scheme: Another obser-
vation is that the MSE of the CFO estimate is reduced
with the increase of the number of STBC-OFDM code-
words, as shown in Fig. 3. Note that the floor of MSE
at high SNRs is due to the limited {requency resolution
when performing FFT, which is determined by the length
of symbol sequence after zero padding. In the example of
Fig. 3, the length of symbol sequence 15 set at 1024,

C. integration of CFQ Estimation and EM-Based Iterative
Receiver Design

We have introduced a new ML estimator for CFO in
Section 11-B. We now combine it with owr low-complexity
EM-based iterative receiver, since both the CFO estimation and
initialization steps of the EM algorithm are pilot-aided. We also
discuss the overall design of an EM-based iterative receiver
with CFO estimarion for MIMO OFDM systems.

The performance of the EM algorithio depends on the initial
estimation of transmitted symbols, which are computed by the
traditional ML algorithm. Thus, good estimation of the fading
coefficients is necessary in the initialization step of the EM al-
gorithin. One simple solution involves pilot symbols, as shown
in the data-burst structore in Fig. 1.

In the pilot slot, we estimate the normalized CFO ¢ with
the aid of pilot symbols by (2) and (7). After compen-

L=1} k-1 K1 E-1 B )
% Z § (i_i'{?W,’J\’)izl{r—-E} Eﬁ‘ (I,_—jlﬂzr;’i\f_‘m;fs—h + § Hj(‘ln'j's’\'ﬁnjf_f'—-L—-?.] Z E—-_-;{?w,f'v\"}rlg(S—L—F_]
by} omrge=tl Hg ==l g ==h) 1y ==l)
Ay Az 3y £y
re=0,1,...N—-1; r#s (8)
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sating the estimated £, the fading coefficients duoring the
pilot slot are computed by the ML algorithm based on (1),
e, kj = LSE(Y,.Wg(c)) with LSE {-.-) meaning the
least-square estimator.

In the following data slots, a temporal filter is first applied to
exploit the time correlation of channel responses (ie., the Jakes
correlation stracture), as introduced n {24} and [25].

Based on this channel estimation, after compensating the nor-
malized CFO € on the received symbols, an initial estimate of
the transmitted symbols (denoted by X'y is obtained by the
traditional ML algorithm, .

Then in the following EM iterations, f; is updated by [8, eq.
(14)] and X {“), the estimated trapsmitted matrix alter & itera-
tions, 1s detected by [B, eq. (18}

The overall EM-based iterative receiver design with CFO es-
timation is illustrated in the block diagram in Fig. 4. Note that
in estimating = in the pilot slot, the cost function (=) keeps in-
creasing with the arrival ol data bursts and will help roprove the
estimation, since muliiple-codeword schemes can effectively re-
duce the MSE, as indicated in Fig. 3.

HI. SIMULATION RESULTS

Tn this section. we present simulation results to validate our
proposed EM-based terative recerver design lor quadrature
phase-shift keying (QPSK)-modulated MIMO OFDM systems
subject to CFO. The available bandwidih is 800 KHz and is
divided into N = 128 subcarriers. For the fading channel,
we assume the L = 4 resolvable taps with various powers
as 07, = 07,y = 03,07 = 07,4 = 0.2,¥ 4,5 The
OFDM system transmits in a bursty manner, i.e., each data burst
includes PQ + 1 = 11 OFDM codewords: the first OFDM
codeword contains optimal pilot symbaols and the remaining 10
codewords have ¢ = 3 STBC-OFDM codewords.

Fig. 5¢a) gives the BER performance of the iterative receiver
for & MIMO OFDM system with the CEO ¢ = 0.1 and the
Daoppler frequency fp = 200 Hz. The curve of the lowest BER
is the performance of an ML receiver with perfect knowledge
of & and coherent detection (CD). which is computed by the
analysis in [26]. Obviously, it becomes ffat for high SNR. This
erroy floor is due to the time variance of the fading channel,
which we neglected in the madel of (1). To study the effect of
CF(), we also plot the BER curves without compensating a small
£ == 0.1 in dash lines. It is not surprising to see the significant
performance loss due to ICIL

The BER performance for the case with a slow-fading
channel, e.g.. fn = 50 Hz. is illusirated in Fig. 5(b). Similar
observations can be made except that the error foor is imper-
ceptible when SNR < 20 dB. In other words, in the Jow-SNR
range, the effect of temporal correlation due to fading is much
less pronounced.

Besides the lower and upper bounds in Fig. 3. three other
curves are ploited as the BER results of the EM-based itera-
tive receiver after four iterations with perfect CFO information,
with CFO estimation using single data burst and with CFQ esti-
mation using five successive data bursts, denoted by "EM#4 w/
perfect =7 “EM#4 w/ 1-burst est. 2,7 and “EM#4 w/ 5-burst est.
£, respectively. Note that for a tair comparison to the case of

EAEA Wi perfect
O wf perdect e

@ 5 40 15 20 25
SHF (af
fal

s EMEA w f-bimst est e
1 -4 EME4 wi S-burst ezt g 3
EDie w2 parfect ¢ %

ShFR (B}
i

Fig. 5. BER performance of a (N = 2, Ny = ) QPSK-modulated
MIMO OFDM system with the frue CFO @ = (L1, Both coherent detection
(with/without compensation of <) and the BEM-based iterative receiver
{with perfect knowledge of -, with single-burst estimation of = and with
fivie-burst estimation of ¢) are considered. The Doppler frequency is st to
{a) fo = 200 Hz and (b) Fp = 5l Hz

coherent detection, the rate loss by inserting pilot symbols for
the EM-based receiver has been compensated. 1.e., {SNR after
compensation) == { P/ PQ + 1)- (SNR before compensation).

From Fig. 5, we observe that at low SNR, the EM result
with perfect ¢ after several terations is about 0.5 dB away from
the ML outcome with coherent detection. Moreover, the perfor-
mance loss from using the five-barst CFO estimation rather than
the perfect knowledge of = is imperceptible. This shows the ef-
fectiveness of our receiver in combating CFO in MIMO fading
channels.

Another observation from Fig. 5 is that the EM-based receiver
with multiple-symbaol CRO detection (ie., five-burst estimation
of £) outpertorms the case of single-burst estimation. The gap is
less than 0.4 dB, and becomes smaller with the increase of SNR,
since better MSE estimation is obtained at high SNR. This small
performance gain indicates that gquite good BER performance
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can be achieved via burst-by-burst CFO estimation, which is
more practical without the assumption that the CFO remains
constant within the interval of many data bursts,
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ABSTRACT

The combination of muliple-antenna and orthogonal fTe-
quency division multiplexing (OFDM); provides reliable com-
munications over frequency selective fading channels. We
investigate this approach and focus on the application of
space-time block codes (STBC) and space-freguency block
codes (SFBC) in OFDM systems, We compare the per-
formance of maximum likelibood (ML), zero forcing (ZF)
and conventional detection algorithms, We show that ZF
provides a good trade-off between computational complex-
ity and performance. The problem of channel estimaion
in STBC-QFDM and SFBC-OFDM system is also studicd,
meluding the derivation of the Cramer Rao tower bomnd
(CRLB). Since knowledge of the channel is required to co-
herently decode STBC-OFDM and SFBC-OFDM. we pro-
pose an iterative channel estimation algorithm based on the
EM algorithm that requires very few pilot symbels. The
CRLB can be achicved by the channe] esitmation algorithin,

1. INTRODUCTION

The combination of MIMO apd OFDM is a stong candi-
date for the fourth-generation wireless commanications [8],
It can provide very high speciram efficiency and high data
rate with reasonable complexity. In this paper we will inves-
tigate the combination of STBC and SFBC with OFDM. In
particular, we will focus on the Alamowti STRC [1] withone
receive antenng as an example. The sanc idea cen be ex-
tended to STBC-OFDM or SFBC-OFDM with more trans-
it or recetve antennas. Lee and Williams [6][7], studied
STBC-OFDM and SFBC-OFDM. But their study was based
on the the conventional decoding scheme, which assumed
the channel response during one codeword is constant. We
will investigate the effect of time or frequency variaton on
the performance using different decoding schemes. The
channel estirnation problem for MIMO-QFDM was first stu-
ided by Li (3] A corresponding simplified algovithm was
proposed in [4]. The main drawback of the above algorithm
is that it is not suitable in a system with chanel variation

D-7803-7663-3/03/$17.00 ©2003 IEEE

TV - 3389

from frame to frame. Lee and Williams [5] proposed a mul-
tirate pitot-symbol-assisted channel esumator for OFDM with
multiple transmit antennas. However, the percentage of pi-
iot symbals is quite high. which decreases the spectrum ef-
ficiency. Another shortcoming is the delay caused by the
time domain filtering. We propose an EM-based channel
estimation algorithm for STBC-OFDM and SFRC-QFDM,
which is a modified version of |2]. It is a frame based algo-
rithin, which means that time domain filtering is not néces-
sary. Therefore, the detection delay is mininized.

The rest of the paper is organized as follows. Tn Section
2 we will deseribe the baschand OFDM system model with
transmit antenna diversity. In Section 3 we will discus sev-
eral STBC decoding algorithms. The CRLB and modified
CRLB (MCRB} for channet estimation in MIMO-OFDM
will be derived in Scction 4. An EM-based channel estima-
tion algorithm is discussed in Seetton 3. Finally, we draw
some conclusions in Section 6.

2, SYSTEM MODEL

The schemaric diagram of Fig. | is a baschand eguivalent
representation of an QFDM system with two ransmit an-
tennas and one receive antenna.

2.1. STBCOFDM

STRLC-OFDM encoding scheme involves two OFDM frames.
Al the m!* subcarrier, symbol Xy (m) is transmitted from
antenna | and symbol Xo{m) is transmitted from antenna 2
at time instant 1. At time instant 2, — X {m) and X7 {m)
are transmitted from antenna 1 and antenna 2, respectively.
Denote the frequency response from transmil antenna § (o
the receive anienna as My (m) and Ayy{m) at time instant |
and 2, respectively, and the frequency response from teans-
mit antenna 2 to the receive antenna as Hy (m ) and Hoa(m)
at time instant } and 2, respectively. The veceived signals
are given as

Yilm) = Hulm)Xy(m} + Ha(m)Nz{m) + Ni(m),

ICASSE 2003
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Fig. . Baseband OFDM system model with transmit diver-
Sy

Va{m) = —Hia(m)XNI0m) + Haa(m) X} (m) + Na(m).

2.2. SFBC-OFDM

The rationale for the use of SFBC in OFDM is that the chan-
nel frequency response of adjacent subcarriers remains al-
most constant in such a system, It only involves one OFDM
frame. In the 2m** subcarrier, symbol X (2mj} is transmit-
ted from antenna 1 and symbol Xo{2m) is transmiited from
antenna 2. At the same 1ime, —X35(2m) and X7 (2m) are
transmitted from antenna 1 and antenna 2 respectively in the
{201 -+ 1™ subcarrier. Denote the frequency response from
iransmit antenna | to the receive antenna as Hy{2rm) and
Hi(2m + 1) of the 2rm'® and the (2m + 1)'" subcarriers,
respectively, and the frequency response from transmit an-
tennna 2 10 the receive antenna ag H,(2m) and H, (2m + 1)
of the Zrn** and the (2 + 1)*" subcarriers, respectively,
The received signals can be expressed in a similar way.

3. STRC DECODING SCHEMES

STBC decoding is discussed in {1]. [t assumes the channel
is constant duriag one codeword. We call it the conven-
tionat decoding method in this paper. For the case of STBT
with changing channels and SFBC in OFDM, the assump.
tion no longer holds. The channel coefficient matrix is not
2 scaled unitary matrix in general. Therefore, the conven-
tional decoding method is not optimal. The optimal decod-
ing method in this case is the maximom likelithood (ML)
algorithm. The main shortcoming of the optimal decoding
algorithm is the high computation burden that grows expo-

and in the case of two transmit antennas, the matrix nver-
sion iy quite simple,

Simulation resulis (omitied due to limited space) show
that the performance of the ZF approach is only slightly
worse than the performance of the optimal ML approach,
Theretore, the ZF approach is a good tradeoff berween per-
formance and complexity.

4. CRAMER-RAQ LOWER BOUND

In this section we will derive the CRLB and MCRB for the
channel estimate in general MIMO-OFMDM systems. In
paticular, we will focus on MIMO-OFDM systems with
two transeit antennas and one receive antenna.

The MIMO-OFDM systern model with two transmit an-
tennas and one receive antenna can be written in vector form

Y =XiWih +XoWyh, + N. £}

where Y is the received signal, X and X, are iransmitted
signals from antennas | and 2 in diagonal matrix form, i,
and f, are CIRs from wransmit antenna 1 and 2 1o the te-
ceive antenna, respectively. N is the Gaussian noise vector
and each element is zero mean and variance o /2 for each
dimension. W is the submuatrix of the FFT matrix with
fiest I columms.

The patameter vector here is obviously 8 = (k¥ 11 17,
The CRLB gives a lower bound for the variance of an unbi-
ased estimate

CRLB(8)=T""(8),, 1<i<2L, 2)
where L is the channel delay spread and [(#} is Fisher in-
formation matrix

I8 =E 4 log F3718} 2 log f(Y 18 ! (3)
=i 8!2 Y e a{j‘ 1,
Following (1} we have the pdf of ¥ given

FY18) =

1 1. 2 5
(rat) ¥ ﬂiii{";gll}.’.-zkax.ﬁkﬂ"}, )

ksl

where we assame the dats matrices X and X are known:
so that they do not appear as conditionee variables.
The Fisher information matrix can be partitioned into

four smal! blocks 7{§) = [ h I

8 ]; j . where

1 : 1. ;
nentially as the number of constellarion points increases. I U—Q'Wf}{{'. XiW;.hh= g wiix, w,
A suboptimal decoding approach is the so called zero- R - )
forcing (ZF) approach. It is less computationally complex Iy = ‘(;5‘“5_. Xy KWy, Iyo= = WEXS X Wy
IV - 396
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We detine the CRLB of h; and b, a3

L

CRLBL) = 3 1"'(@s (5)
i=ml
2L

CRLBhy) = 3 I'@u (6)
FES S |

These CRLBs are obviously signal dependent since the trans-
mitted signuds X, and X5 appear in the Fisher informa-
tion matrix. In order to eliminate the dependency of the
transimitted signals. we take expeciations of {; with respect
o Xy and Xo. We also make an additional assumpiion
that ransmitted signals from different antennas are inde-
pendent, Lo, B{X (miX3{m}} = 0. And, we also as-
sume E{{X{m}{*} = 4. This assumption is valid for gen-
eral MIMO-OFDM systems with independent transmitted
signals from different transmit anennas as well as STBC-
OFDM and SFEC-OFDM. Therefore, we have the follow-

ingexpectations E{0, } = E{I4} = %"lILand E{LIE{L) =

{. The CRLEs becomes modified CRLB (MCRB; after tak-
ing the above expectations. The MCURBs can easily be cal-
culated as
MCRB(h,) = MCRB(h,) = 222 o
Wity 2 Ll MA

where M s the number of subcarriers, The above deriva-
tion can easily be extended w the case of using D frames
of data, assuming the channel is constant during these D
frames, The result becomes

Lo :
“spi W@
which is D times smaller than the case that only one frame
of data are observed. Further extensions to arbitrary number
of transmit or receive antenna is straightforward.

MCRB(B,) = MCRE(h,)

5. AN EM-BASED CHANNEL ESTIMATION
ALGORITHM FOR STBC-OFDM AND SFRC-OFDM

If the svstem is perfectly time and frequency syachronized
for STBC-OFDM and SFBC-OFDM, channel estimation er-
ror is the main source of performance degradation, In this
section, we propose an EM-based channel estimation algo-
rithm for STBC-OFDM and SFBC-OFDM, which is 2 mod-
ified version of (2],

First we give the EM-based channel estimation algo-
rithm for SFBC-OFDM which only involves one OFDM
frame. The SFBC-OFDM system model is given by 1 with
ANy(@m+ 1) = =X {2m) and Xp{2m + 1) = X {2m).

Following [2], a natural choice for “complete” data &,
and Z, is obtained by decomposing the observed data ¥
into 2 components, i.e.,

2= XWh, + N,

t= 1,2, 9

where ¥V, ¢ = 1,2 are obtained by arbitrarily decomposing
the total noise N inw 2 componenis such that N, + N, =
AV, Thus, the relation between the “complete” data {2, Z.}
and “incomplete” data Y is givenby ¥ = Z, + Z,.

It is easy 10 show the above described EM-base channel
estimation algorithm takes the following form:

AP}

GRS (10}
where
' ‘ 2 .
2 = aale-S ay
j=1
P = Xowin, 12

Ohserve that 3, can be arbitrarily selected due to the arbi-
wrarily decomposiiion of the independent noise componenis
N ,. The only constraint is §, + &3 = 1. A typical value is
Ay = fy = 0.5 for the case of two transmit antennas.

Note that the above result can only be apphied for pilot
frames, i.c, the wansmitted signals X; and X, are known
at the reeedver, which is exactly the case in {2). However,
in the case of signal transmission, we don’t know all the
transmitted signals in these OFDM frames excep! for some
pilot symbols, Thus, to make it feasible we adopt the p**
estimates X and X5 instead of the actual values in the
algorithm, In SFRC-OFDM systems, we propose to use the
ZF detection approach to obtain the estimates of transmit
signals, Consequently. the algerithm is actually decision-
directed and {10) and {{2) become

,P_l;&n“:-l} - ‘vf{\xgn}}...tzipll - 1.,2. %)
20 = X as

The sbove algerithin can easily be applied to STRC-
OFDM systems. The only difference is that in STBC-OFDM
systems the algorithm involves two OFDM frames and oaly
one OFDM frame is involved in SFBC-OFDM systems. Thus,
the algorithm should be carried ont twice in each iteration
for those two OFDM frames. The ZF detection approach
35 also used to detect the ransmitted signals in these two
frames.

From Figs. 2 and 3 we can observe that the EM-based
channel cstimation algorithm can reduce the BER and MSE.
Furthermere, it can achieve a BER performance close to the
case where the channel characteristic is completely known
at the receiver in the high SNR region. However, there is
still a BER gap between the lower bound and the BER of
the EM-bused algorithm. The MSE also 1s very close to the
MCRB when the SNR increases. Comparing Figure 2(b}
with 3(b) we find that the MCRB can be achieved by in-
creasing the SNR in a SFBC-OFDM system, while this is
not the case in s STBC-OFDM systemn. It turns out that the
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{ny BER b} MSE

Fig. 2. BER and MSE of the EM-based channel estimation
algorithm for STBC-OFDM systems.
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Fig. 3. BER and MSE of the EM-based channel estimation
algorithm for SFRC-OFDM systems.

number of iterations per frame of STBC-OFDM systems is
stightly larger than that of SFBC-OFDM systems. This is
observed from Fig. 4. In general, the proposed EM-based
channel estimation algorithm works both for STBC-OFDM
and SFBC-OFDM systems. Similar performance. including
BER and MSE. can be achicved by the algorithm. How-
evey, il iy more suitable for SFRC-OFDM systems due 1o
the lower MSE and smaller iterations per frame.

I B
\'\\ , @
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Fig. 4. Trerations per OFDM frame of the EM-based channel
estimation algorithn for STBC-OFDM and SFBC-OFDM
systems.

6. CONCLUSION

In this paper we mmvestigated applications of STBC and SFBC
in OFDM systems. Channel estimation in STBC-OFDM
and SFRC-OFDM is studied, including the derivation of the
CRLB and MCRB. We proposed an sterative channel esti-
mation algorithm based on the EM algonthm with only a
few pilot symbels required. Simulanon results show that it
is a very promising channel estimation technique, which can
achieve near optimum BER and the CRLB when the SNR
becomes large, Furthermore. it appears to be more suitable
for SFBC-OFDM in terms of lower MSE and smatler re-
quired iterations.

Note: Additional details in a longer paper and larger fig-
ures can be found at htp:/fiwww.ee.princeton.edu/ xma/mimo.pdf.
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Access:

-OFDI

Hongwel Yang, Alcatel Shanghai Bell Ca., Lid.

ABSTRACT

Orthogonal frequenty-division multiplex
a popular method for high-data-rate wireless
irapsmission. OFDM may be combined with
muitiple antennas at both the access point and
mobile termingd to tocrease diversity gain and/for
enhance system capacity on & Bme-varying moli-
path fading channel, resulling in 2 moliple-input
multiple-outpot OFDM syster. bo this article we
give a brief technical overview of MIMG-OFDM
system design, We focus on various rescarch (op-
ics for the MIMO-OFDM-based alr interface,
including spatial channel modeline, MIMO-
OTDM vansceiver design, MIMO-OFDM chisu-
nef estimation, space-time technigues for
MIMO-OFDM, and error correction code. The
cortesponding link-fevel simulation resalts are
encouraging, and show that MIMO-OFDM is a
promising read to future broadband wireless
4CCess,

INTRODUCTION

The best-generation (16 radio systems gse ang
log communication techniques to lransmit voice
over radio, such as Advanced Mobile Phone Ser-
vices {AMPS), the Nordic Mobile Telephone
{NMT) system, and the T :

sal Access Comouni-
cation System (TAUS), which were developed in
the 1970s and 1980s, The 2G systems were buill
in the 1980s and 1990, and featured the imple-
mentation of digital technelogy, such as Global
System for Mobile Commuanisations {GSM),
Digital- AMPS {D-AMPS), code-division maulti-
ple access {COMA}, and personal digial celiufar
{POC) among them GEM s the most successiul
and widely used 205 systern. 36 mobile technolo-
pies provide users with bigh-data-raie mobile
access, which doveloped rapidly in the 1990s and
is still developing {oday. The three major radio
air interface standards for 3G are wideband
CDMA (WODMA), time-division syochropous
CDBMA {(TD-SCBMA), and cdmaZiiof. The
iransmitied data rate of 3G is up 0 144 ks for
high-mobility waffic, 384 kb/s foy low-wobility
traffic, and 2 Mb/s in gond conditions. However,
there are two timitations with 3G, One s the dit-
ficult extension to very high data rates such as

A Road to Future Broadband Wireless
-Based Air Interface

100 Mbds with CDMA due to excessive interfer-
ence between services. The oiher i the difficuity
of providing a fuoll rasge of multirate services, all
with dilferent quaiity of service (Qo8) and per-
formance requirements, due to the sesirictions
imposed on the core network by the air ioterfer-
ence standard, Therefore, the future mobile
communication system with featores of bhigh-
data-rate transmission and open network archi-
tecture, called 4G, is desired to satisfy the
increasing demand for broadband wireless
acicess, Hence, 4G refers 10 a collection of weh-
aniogies and standards that will find their way
into a range of new ubiguitous computing and
cominugication sysiems, The key objeciives of
4G are o provide reliable transmission with high
peak data rates ranging from 100 Mb/s for high-
mohility applications to 1 Gb/s for low-mobility
applications, high spectrum efficiency up to 14
b/ Hz, anad pbiguatous services that can acoom-
mudale various radio accesses.

To take ntersationat techanlogy leadership
and reserve competitiveness o the growing
mebile communication market, Alcate! Research
and tanovation Center has bean careying ow

esearch and innovation toward 4G for a long

tme. Their rescareh fopios cover MIMO and
QFDM related technologies including turbo
product code, chansel roodeling, chame] estima-
tion, adaptive modulation and coding (AMOC},
hiybrid automatic repeat request {H-ARQ),
dynamic resooree allocation (ORA}, and sc on.
They have also participated in a program spon-
sored by the Chinese government, Future Tech-
nofogies for Uaiversal Radio Environment
{PuTURE], since 2001,

This article focuses on 4G air interface tech-
nofogies, especiatly MIMO-OFDM-based air
jntetface to provide reliable commupaications
with high data rates and bandwidth efficiency.

OFDAM anp MIMO
OFDM

OFDM has become a popular technigue for
ransmission of sigaals over wireless chanaels, Bt
converis a frequency-selective channel into a
paralie! collecton of freguency Hat subchannels,
which makes the receiver simpler. The time
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domain waveforms of the subcarriers are orthog-
onal, vet the signal spectra corresponding to the
different subcarriers overlap in frequency.
Hence, the avalable bandwidih is used very effi-
ciently, Using adaptive bit loading technignes
based on the estimated dynamic properties of
the channel, lfxe OFDM trausmitter cag adapt
its stgtiaimg to match channel conditions, and
approach the ideal water pouring capacity of &
frequency-selective channel,
Advaniages of GFDM aysiems are:
o High sp-_{.m.l cificiency
¢ Simple implementation by fast Fourier
transform (FFT)
* Low receiver complexity
= Suitability for high-data-rale transmission
over a mulnpath fading channel
+ Tligh fexibility in torms of link adaptation
* Low-cornplexity muoliiple access schewmes
such as orthogonal frequency-division mulk
tinke access (OFDMA)
Disadvantages of OFDM systems
+ Higher peak-to-average power ratio {PAPR)
compared to stagle-carrier modulation
* Sensitivity o time and fregnency synchro-
nization erors
OFDM has been adopted in several wireless
standacds such as digital sudio broadeasting
(DAB), terrestria (iwstoi sideo broadeasting
(DVEB-T), the IEEE = 902,11 wireless local area
network { WLANS standard, and IEEE 832,164,
Undoubiedly, OFDM could be a potential air
interface candidate for futere-generabion mobiie
wireless systems,

MIMO

Multiple antennas can be used ai the transmitter
and receiver, now widely teomed a MEMO sys-
tem. A MIMO system takes advantage of the
spatint diversity obiained by spatially separated
aptennas in a dense Nlli‘i;‘iii! seatiering envi-
romment. MIMO systems may be implersenied
in 2 nurober of different ways to obtain elther a
L‘!i:’usi"y gaip o combat signal fading or to
obtain & cap: 1city gain. Generally, there ate three
categories of MIMO techniqoes, The first one
aims to -z‘r‘p; ove the p«m-:)f efficiency by maxi-
mizing spatial diversity, Such techuiques Sachude
ay dw rsity, space-time block codes (STBC)
Ll and space-time trellis codes (STTC) {"’l The
ond tvpe uses g layered approach (o increass
capacity {3} Gne ;}R)_{Fiﬂd] example of such a sys-
tem i the vertical-Bell Laboratories lavered
space-iime (\"~BLA‘S"?} archifeciure, where inde-
pendent data signals are transmitted over anten-
nas fo increase the data rate, but full spatial
diversity is usually not achieved. The third type
explaits knowledge of the channel 2t the trans-
mitter. [ decomposes the channel mateix using
stegalfar value decomposition {3V and uses
these decomposed unitary mufrices as pre- and
post-filters at the transmitier and receiver (o
achieve capacity gain {4].

MIMO opens a sew dimension, space, to
offer the advantage of diversity, and therefore
has been ‘.cc\r*tf*d in various standards. For
instance, MIMO may be implemented in the
fighespeed downlink packet access (HSDPA)
chanael, which is & part of the Universal Mobile
Tetecommunications System (UMTS) stundard.

Preliminary efforts are also underway to define a
MIMO overtay for the TEEE 802,11 standard for
WLAN under the newly formed Wireless Next
Generation (WNG) group.

MIMO-OFDM

MIMO is koows to boost capacity. For high-
data-rate transmission, the multipath characteris-
tic of the environment causes the MIMO channel
to be frequency-sefective, (DM cas trassiorm
snch a frequency-selective MiMO chananei into a
set of pacaliel frequeney-flat MIMO chanacls,
and therefore decrease recoiver complexity, The
combination of the two powerfal feohnigues,
MIMO aud OFDM, is very attractive, and bas
bhecorme a mosi promisiog broadband wireless
access schame,

MIMO-OFDM Key TeCHMIGUES

THe Spanal Cuanner Moped
Because of the sensitivity of MIMO algorithms
with respect to the channel mairix propertics,
chaupel modeling is particuladly eritical o assess
the relative performance of MIMO-OFDM sys-
fems. This section bniefly deseribes the key chan-
nel characteristios that influcace aly interface

de sign such as time selectivity, frequency selec-
tivity, and spatial selectivity,

Time Selectivity — We define the coberence
{ime as the time difference at which the magni-
tude or envelope correlaton coefficient between
two signals at the same fraquency falls balow (L5,
Thus, a signal experiences slow or time-nonse-
leciive fadisg if its syrubol period i much smalt
er than the channel coherence time, and fast or
time-selective Tading if #s symbol period is yoore
than the coherence time, When a signal is slow
fading, we can assume that the chasoel impulse
responss (CIHR) is bme-invariant during a block
trapsmission. When the coherence time is in the
order of & symbiol block interval, we say that the
chaunel is quasi-static fading, which means that
the channel fading is assumed to be constant
over each biock, and changes indepandently
from block 10 block.

Frequency Sefectivity — The cohereace band-
widih captures the asalogous notion for two sig-
nals of different frequencies transmitted at the
same time, A signal experiences fat or frequen-
cy-uonselective fading i ds bandwidih &5 much
smaller than the channel coherence bandwidth,
ard frequency-selective Jading 3 it bandwidthss
more than the channel coherence bandwidth.

Spatial Sefectivity — When using maliiple-ele-
ment antenpas, the coherence dislance repre-
sends the minimnm distapce i spacs separating
fvo antenna elements such that !.hi..y expetience
independent fading. Due o seattering environ-
ments, the chaonel exhibits independent or spa-
tially sclective fading. Spatiafly correlated fading
resuits in lywwer achievable capacity of MIMQO.

H-Factor — The fading signal magoitude follows
a Rice distribution, and the ratio of the line-of-
sipht (LOS} womponeal power (o the diflraction
component power is defined as the Ricean &-
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B Figure 2, 4 simplificd block diagram of @ MIMO-GFDAM receiver.

factor. The worst case fading occurs when the
power of the LOS component is zeeo and the
fading signal magniiude s reparded as Ravieigh
distebution. Spatial channe! oftes becomes mote
and more correlaled as K-factor increases, and
therefore lower multiplexing pain of MIMO sys-
wem can be chtained,

MIMO-OFDM Svstem MODEL
Transmitter — Figure 1 shows a simplified
bilock diagram of a MIMO ~-OFDM transiitter.
The source bitstream is encoded by a forward
erear correction (FEC) encoder. Affer that, the
caited hitstream iy mapped to 2 constelation by
the digital modulator, and encoded by a MIMG
encoder. Then each of the paralle! outpat sym-
bed streams corresponding 1o 8 certain transmit
antenna follows the same transmission process.
Fiest, pilot svmbols wre inserted according to the
pifol patterns. Then the symbo! sequence in fre-
guency is modulated by wverse FFT {IFFT o
jnence, A cycle prefix (CF)
18 attactied to every OFDM symbol to mon
the effect of channel delay spread, and a pream-
ble is inserted in every sloi for timing. Finally,
the construcied data frame is transferred i«
TF/RF components for transmission.

Raceiver — Fignre 2 shows a simplificd block
diagram of 2 MiMO-OFDM receiver. The
received symbol stream from IE/REF compo-

nents over the receive antennas are first syn-
chrontzed, ncludiog coarse frequency synchro-
nization and timing aided by the preamble.
Adter that, the preambles and CP age extzneted
from the received svmbol stream, and the
crmaaiaing OFDM symbol is demodalated by
FET. Frequeney pilots are extracted from the
demodulated OFDM symbol in the frequency
domaein, and fne froquency synehironization
and timing ave carried out to extract pilots and
data symbols accurately for the following pro-
cessing, The refined frequency pilots from all
the receive amlennas are used {or chanoel esti-
mation {0} The estbnated chaneel matrix
aids the MIMG decoder in decoding the refioed
OFDM symbols, The estimated trapsmit sym-
bols are then demodulated and decoded. Final-
ly, the decoded source bitstreams arve
transmitfed 1o the sink.

Frasme Structure — Figwre 3 shows an example
for the frame format of the MIMO-OFDM sys-
tem, o the tme domain, @ frame s a minimam
transmissionp unit that includes 10 sints. Each
stot consists of one slof preamble aond eight
OFDM symbols. The preamble is used for time
synchronization. Bach OFDM in a slot is
attached to a OF that is used to reduse IS8T, and
thercfore the design of channel cqualizer is sim-
plified. A statiered pilot pattern is ased for CE
ai high mobility.
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~Slot
preamble

OFDM symbol

B|Figure 3. The frume structiure of @ MIMO-OFDM 5

SYNCHRONIZATION

Timing phuse. timing frequency, and {requency
otfset estimation are carried gut aided by the
preamble of each stot and the pitot symbaols in
the frequency domain {51 The frame is struc-
tured such that data and piot symbols are {ras-
mitied over subcarrics, which allows estimation
of the above paramefers. Once synchronization
is obtained, fine timing estimates can be comput-

ed from the pilot symbols,

CE

MEMO-OFDM 4 a promising seherae for
achieving high data rates and large system
capacity over wiveless finks. To obtain the
promised increase in data rate. accurats chan-
nel state mlormation is required in the receiver.
However, for OFDM systems with multiple
traasmii antennas, different signals are trans-
mitted from different antennas .«.mmlmﬁum v,
and consequently, the received signal is the
supeposition of these signals, which gives rise
to chalfenges for CHE. As for pilot patterns,
there are three kinds of UF algorithms for
MIMO-OFDM system, :'(“-;p;:(iia‘cf hased on
seattered plots, orthogonal piiots, aﬂd biock
pulots {6, "E Comparatively, the first one adapts
to wide aj}piica‘ti{}.h over f{ast fading and fre-
quency selective chaanel. Therefore, we foecus
on it in the tollowing.

-t
o

Pilot Pattern — The scattercd pilot pattera
of {ransmii antennas is designed as foHows,
The pilot spacing io the ime domain is
designed to satisfy the sampling theorem, and

the channpel frequency response (CFR) of the
GFDM svmbols withou! pilots can be ostimat-
ed through time domain interpolation accord-
ing to the CE resnits of the adjacent OFDM
svmbols with pitots. Pilot spacing in the fre-
quency domain should be designed such that
{he tollowing jnequality is satisfied, which s
reguired by the MEMO-QFDM CE algorithm
described here:

FFT ot = Maximum Delay

P,SP'-M

where FSF denotes the pilot spacing in the fre-
quency domain, and Masivasn Delay s the maxi-
MU SKOCSS cfday of the mul tip'\ih channels
between tragsmitter and receiver in units of
sumpling time, Figere 4 shows the pilot patiern
over a traosmit antenna. Al the transmii anfen-
uas have the same pilot pattern.

BUMO-OFOM CE —— Woe just focus on the pro-
cessing in frequeacy domain. The time domain
interpolation processing is omitted. The algo-
rithm fo estimate CER of the multi-path channet
helween gne transmit/receive astenna pair s the
same as the lollowiag steps.

1} Muitipiy the received pilot sequence with
the conjugnte sequence of the pilot sequence of
the ildl’!‘\i"]}t antenna and get the sequence of
CFRe over pilots,

2} Maﬁe the FFTvize/PSE ;mml HFET for the
spgquence of CFRs over pilots and get the
scque-am of CiRs.

3 Privide the sequence of CIRy into M seg-
megts of the sume sepment lepgth, where M s
the nuwber of transmit antennas, Then the ith
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segment (f = L, 2, ..., M} will be the estimated
CHE of the transmoitireceive antcona past, Henge,
after making the FFTsize-point FFT for cach
segment with zero padding, we gel the estima-
ting of all the chanpels.

Simulation Result — A 3.2 GHz spatially
uncorrelated UMTS vehicular A channel with
speed of 60 knv/h is used [B]. FFT size is 1024,
OFDM sampling rate is 11.52 MHBz, the pilot
interval in the frequency domain is 8, piiots 1
the thmpe domain are inserted fn every OFDM
symbol. The number of trangmit/receive anten-
nas s {22y and (4.4),

Mean square error (MSE) of the developed
CE algorithm is shown ia Fig. 5. From the fig-
gre we can observe that the MSE of the
designed MIMO-OFDM estimator has a foor
resultiog from inter-subearrier and inter-anten-
na tnierierence. Related techuigues o interfer-
ence cancelation are desired for MIMO-GFDM
Syster.

Space-TIME PROCESSING
TecHmiques For MIMO

Current space-time processing lechnigues for
MIMO typically fall into 1wo categories, data
rate maximization and diversity maximization
schemes, although there has been some effort
tosvard umibeation rocently.

Spatial Multiplexing — Spatial rauitiplexiog
nmudtipleses wultiple spatial channels to send as
many independent data as we can over different
antconas for & spealic errer rate, There are four
spatial multiplexing schemes: diagonal BLAST,
horizontal BLAST, V-BLASNT, and twbo
BLAST. Of them, V-BLA is the most promis-
ing for its implementation simpiicity [3]
The meihnd o detect the ransmiited signals
consists of three main steps;
1), Estimate the chanpel mairix. This s often
done through (raining sequence
2y Determinaie the optimal detecting osder
and the sulling vectors
3). Detect the received signals based on the
optimal detecting order and successive nterfer-
enee caneeilstion.
+ Zero-forced (ZF) or mindrenm mean sqoarce
error {MMSE) nulling: ZF or MMSE esti-
maiion of the strongest transmit signal is
abtained via nullieg out the weaker frans-
mit signals,
Bretecting: The actua] value of the strongest
signal is detected by sticing (o the nearest
vatue w the sigaal consteliations.
Symbaol interference cancellation: The effect
of the sirongest transmitted signal on the
other weaker transmitied sipnal fo be
detected is removed from the vector of the
received signals, after which we return to
nulling in the first step.
Since the spatial multiplexing detector uses
some form of channel matrix inversion, a nmque
s if the number of receive
anlennas is greater than or equal to the pumber
of independent transmit signals. Moreover, spa-
ta] mullipiexing has poor detectioo performance
over a spatially correlated chaunel,

-

®

Space-Time Coding — Space-time coding
jointiy encodes the data sireams over different
antenpas, aod therafore aims 1o maximize
diversity gain. Two main space-time coding
sehemey, STBC 1] and STYC 2], are men-
tioned here. STTC obfains coding and diversi-
ity gains due to codisg in space-time
dimension. But ifs decoding complexity
ingreases greatly as the size of modulation
sonstelations, state number, and code length
increase. STBC based on orthogonal design
obtains full diversity gain with fow decoding
complexity, and therefore has besn widely

i3

B Figure 4. An example of the pilot patiern over a lransmit anienng.,
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fﬁ Figure 5. ,-\rﬁ’?!:

nj the (f

B Table 1. Comparisons of §TC and spaiia! muliiplexing.
P ] it 7 S

used. The well-known Alamouti code is just a
special case of STHO with double transmit
antennas {9 Space-frequency block code
{BFBCY is based directly on space-time codes
{with time reinterpreted as freguency ).

STBO is optimally designed ander ihe
assumplion that the [ading chunael is quas-stat-
ic. Theretore, the thme or freguency selectivity
degrades the performance of §TBC and SFBC,
Between SFRC and STBC, one is selected based
o the selectivity of the chanael in the time or
frequency domain, Whatever the delay spread of
the chaanel, STBC is chosen only if the channel
is slowly varving i the time domain when the
terminal moves slowly, Similarly, at whatever
speed the terminal raoves, SVBC is chosen onldy
il the channol s slowly varving in the frequency
domain wheo the delay spread of the chanoet s
small,

Comparisons of 37C and Spatial Muftiplex-
ing - Based on the algorithms above, 8TC and
spatial multiplexing are compared by analysis
and simulations here. Advantages and disadvap-
tages of STC and spatial mullipiexing are listed
in Table 1.

Drata rate: SFBO/STBC i only suitable for
low-data-rate service. Here, low data rate is just
refaitve to the very high data rafe achieved by
spatial muliiplexing. Thus, in order to achieve
very high bandwidth efficiency op to the future
18 bis/Hz, spatial multiplexing is a better choice,

Piversity gain: There & no coding in the tme
or space domain for spatial multipiexing, and it
is pot suitable for achieving diversity gain, Ha
system is designed to achieve betfer QoS for
average data rate, STBCASTDEC is a betier choice.

Spatially correlated channel: Over 3 weak
spatially correlated channed, both SFBU/STEO
and spatial muliptexing can work well, Over a
spatially correiated channel, STBC/SFBC is pre-
forred because spatial correlation leads to much
less performaney degradation for STBO/ARFBC
than spatial nanltiplexing,

Fregquency-seleeiive channel Spatial mulii-
plexing and STBC can work well in a frequency
selective channel at low mobility. At high
mobility. only MIMO spatial maltiplexiog or
SFBC can work well,

Fading chanunel: Bolb spatial muitiplexing
and SFBU can work well in a {ast fading channel
ordy if the chanoc] iy ot frequency-selective.
Over a frequency-selective channel such as
UMTS vehicular B channel, spatial multiplexing
is betier.

Channel estimation technigue: SFRO/STRC
is not as sensitive w chamnel estimation error as
spatial multiplexing, Thus, if a CF technigue
with low accuracy is used for low channel
resourcs cost and low implementation complext-
v, SFBC/ETBU ik a better chowee

Chanael with LOS: A channet with LOS @
spatially corvelated, and the receiver often has
higher received SMR. Thercefore, SFBC/STBC
i work well due to bigh received 3NKE, whils
spatinl muitiplexing fails to work in the LOS
case due to spatiad sorrelation.

Antenna configuratiorn: For a configuration
wilth more than {wo transmit asteanas, cither
iwo of the transmit antennas are chosen for
SEBC/STBC, or spatial multiplexing is used. For
more than two fransmit anfennas, foll or bigher
rate SFOC/STHC are desived,

ITERATIVE DECODING

el coding undoubtedly plays an important
role 1 modern digital communications, A rea-
sopabie coding scheme &5 always related 10 the
requirements of a particalar communication sys-
fem. GSM supplies jow-bit-rate speech service
and some data service; a combination of block
coding and convolutional coding is used on
important bits. 3G mobile communications are
expected fo provide 3 wide range of user services
spanning from voice to high-rate data, so besides
corvelutional coda, turbo code is used for the
first time.

For the limit of transmit power according (o
the consideraiion of 4G, decnders will work a1
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fow SNR. To improve the decoding perfor-
mance, all the features knowa to decnder should
be used, such as interleaving, soft decisions,
chapnel state information, and concatenation.
On the ofber band, the dramatic increase of
intepraied circuil capacity makes sophisticated
errar control methods possible, Two kinds of
codes, turbe code and low density parity check
(1.DPC) code, which have very good erxor cor-
reciion periormance, are promising candidates
for an FEC scheme in 405,

Turbo Code — in 1903, decoding of twe or
more soneatenatac tcodes was proposed usiog
soft ierative \.r,md{r-g The basic concept of this
aew coding scheme is to use a paralle! coneate-
aation of at least two codes with an interleaver
between the component encoders. Decoding is
based on alternately decodieg the component
codes and passing the extrinsic information {0
ifie next decoding stage. Even though very sim-
ple component endes are psed, the turbo coding
scheme s able to achieve performance close o
Shannoeo’s capacity booed, at teast for a large
interfeaver and at BER of approximately 109,
Long lateosey doe to large inferleaver size and
ihe pe sriormance floor at frigh BNR are two dis-
cad\mutdgw related to turbo code.

Aunother near-optimam turbo code. turho
product code (TPCL is built on 2D or 3D arrays
of extended Hamouing codes, and works with
hard decision or soft decision. The iteration is
made between row and colamn, The advantages
of TPC are snmmarized as followead:
* & single low-cost TP encoder/decoder can

support code rates from 13 1o 1928 with

exceliont performance at high code rates.

¢ Near zero latency can be attained, and no
tailing hils are reguired.

+ Apny packet size is supported.

* There i no ervor floor for TPC.

LDPC — LDPC, proposed by Gallager jo 1962,
is u linear block code whose parity check mairix
is composed of 0 elements domisantly. LDPC
code shows good error correction capacity with

w"t iterative decoding by the sam-pr adact algo-
rithm or belief propagation (BP) algorith.

Ls}.{’(, codes possess several advaniages over

trbo codes:

* BP decoding for LDPC codes can be imple-
meated felly paralie! and can p\umi
impeme nted at a s ipnificantly fa

* LDPC codes have better block erre
mance.

* There is no ervor fleor for LDPC codes.

Recenily, some researchers have investigated
the performance of LRPC .’ipf'ﬁt‘d to OFDM
systems, The good error rate performance
obiained mukes it a candidaie aceess method for
4G,

7 porifos-

Apaptive MobuLation aNp CODING
Time- "awmb wireless channel conditions and
therefore time-varving system capacity are two
imporiant features of ass wnd mobile com-
munication systems. Accordingly, fature systems
should have a high degree of adaptivity on many
fevels in order to achieve desired performance.
mpdes of such adaptivity are information rate

B Figure &. BER performanice of a MIMO- t‘}
with bapdwidih cfficiency of 4 bisiHr end 8

adagtion. power contrel, code adaptation, band-
width adaptation, antenna adaptation, and pro-
tocel adaptation. AMC is a kind of information
rate adapiaton, aod is used presontly in H5DPA
and IEEE 80216

Ti 10 p[i'i&.ii){\. of AMC is to change the mod-
i and coding format in accordance with
mnstantancous fluctnation in channel conditions,
subjest to system restrictions. Chaanel condi-
tions should be estimated based on feedback
from the receiver. For a system with AMC, wsers
close 1o the cell site are typically assigned high-
er-order modulation with higher code rates. On
the other hand, users close fo the cell boondary
are assigned lower-order modulation with fower
vode rafes,

The impiementation of AMC offers several
challenzes, Fisst, AMC is seasiiive to channel
qnent error and delay. In order 1o selact
appropriate modulation schomes, the scheduler
rast be aware of the chapach guality. Errors in
the channel estimate will cause the scheduler to
sefect the wrong data rate, and fransmif at cither
too high power, wasting om capacity, or too
fow power. raising the biock error rate, Delay in
reporting channel measuremenis alse rednogs
ihe reliability of the channel quality estimate.
Farthermore, changes io interference alse
INCTEASE MEASUTremant errors.

Ome objective of AMC is fo greatly improve
the MIMO channel capacity with the help of
turbo-hke codes.

INTERCARRIER INTERFERENCE CANCELLATION

For & raditional OFDM communication system,
the frequency offset caused by oscillaior inacecu-
racies or Doppler shift resnits in 1T that
degrades the BER performance of the system
greatly. Although freguency sy achronization is
used, the residential frequency offset causes a
swmber of impatrmests ncluding attesuation
and rotation of each of the subearriers and ICT
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# Table 2.

inaddition pavametes

bhetween subearriers. Similarly, MIMO-OFDM i3
aho sensitive to Boppler shift and carrier fre-
quensy offset that destroy orthiogonality of sub-
carriers and give rise to WL IO mitigation {e.e.,
A time-domain Gliering scheme (101 s necded
io increase the achievable data rates over the
wireless meidinm.

PAPR

The man hmitation of OFDM-based transmis-
sion systems is the hiph PAPR of the trassmitied
sigoals, and large peaks wilt occasionally teach
the amplifier saluration region and result in sig-
nal distortion. Several PAPR reduction schemes
have baen proposed and pvestigated; of them,
the partial transmit sequence {FTS) scheme is an
cificient approach sod a distordosiess scheme
for PAPR reduction by optimally combining sig-
nal subblocks, Selective mapping Mhiis also a
gud approach, in which some statistically inde-
pendent seguences are generated rom the saime
information and the sequence with the lowest
PAPR is iransmitied. Both technigues provide
improved PAPR statistios at the cost of addition-
al complexity.

SIMULATION RESULTS

In Fig. & we show the BER performance of a
MIMO-OFDM spatial pudtiplexing system with
bandwidih cfficiency of 4 b/s/Hz and B bis/Hz,

he simulation parameters are lsted in Table 2.
The results show that for BER of 10-5, band-
width efticiency of 4 bfs/Hz can be achieved at

SNR of 3.5 dB, and bandwidth efficiency up to 8
bis/Hz can aiso be achieved at a reasonable SNE
of lower than 16.2 dB. These encouraging results
shiow that MIMO-0OFDM creates a new way Lo
achieve high bandwidih efbcioncy withont saeri-
ficing additional power or bandwidih.

CONCLUSIONS

e this article MIMO-OFDM key techoiques are
introduced. Some of our considerations 1
MIMO-OFDM system desigo are also pgiven,
focusing on frame structurve, O, and compar-
wons of STC and spatiad multiplexing. The pro-
posed ltame strocture with sealiered pilots is
especially suited for high-data-rate transmission
at iigh mobilitv. Based on comparisons of 5TC
and spatial multiplexing, qualitative criteria in
torras of data yate, application environment, and
antenna configuration are proposed o choose
STC or spatial multiplexing. Link tevel simuda-
tion results for the designed MIMO-OFDM spa-
ftal multiplexing sysiem presenl encouraging
performance. The high bandwidth efliciency
ehtained shows that MIMG-OFDM & 2 poten-
fiad candidate for future broadband wirciess
HUCESS,

REFERENCES

f1] V. Tarokh, H. lafarkbani. and A, R Caldarbank, "Space-Time
Biotk Codes from Grthogorsl Designs,” (EEE Trans, info,
Theory, vol. 45, i S, Jul 1999, pp. 1456-67,

(21 V. Tarokh, M. Seshadri, and A R, Calderbank, “Space-tims
Codes for High Data Rate Wireless Tommunication: Perfor-
mance Criterion ant Code Construction,” IEEE Trans, hfe.
Theody, vol. 44, no. 2, Mar. 1998, pp. 744-55.

31 G. . Golden ot al.. "Detection Algorithmy and inrtal Labora-
tory Results Using W-BLAST Space-Time Communication
Architecture,” Hlect, tett, vol. 35, no Y, Jan. 1999,

f4] 1 Ha et af, "LOPC-coded OFDM with Alamouti/Svi
Diversity Technigue,” Wireless Pers, Commiun, vol, 23,
no. 1, Oct. 2002, pp. 183-84,

ESEA. N Mody and 6. L Stuber, “Synchronization for MIMG
GEG Systems,” Froc. GLOBECOM 2001, pp. 509-13.

P61 Y. L, M. Ses i, and 5. Ariyavisitaku!, "Channel Esti-
mation for OFGM Systern with Transmitter Diversity in
fMohile Wiraless Channels,” ICEE JSAC, vol 7, no. 3,
Mar. 1999, pp. 46170,

7Y L, simplified Channel Sstimation for OFDM Sysiems
with Muitiple Transmit Antenrias,” I1EEE Trans. Wireless
Cammun., vel. 1, no. 1, Jan, 2002, gp. 6775,

[&] 3GPP TR 25.996 ¥6.1.9, "Spatiai Channel Model for
fultipie thput Multiple Output (MINO) Simulations ©
i1 5. M. Aamouti, “A Simple Transmit Diversity technigue
for Wireless Communications,” IEEF JSAC, val, 16, no

8, Oct. 1998, pp. 1451-58,

P10} A, Stamoulis, 5. N, Diggavi, and N, Al-Dhahir, "inter-
carrier Interference in MIMD GFDM," (EEF Trans, Sig.
Froc., vol. 50, no. 10, Oct. 2002, pp. 245164

BIOGRAPHIES

Homewr Yane [M] (hongwei yang@alcatel-sbeil com.en} is
an engineer in the Research and Innovation Center, Alcatel
Shanghai Bell ., Ltd..China. He received & Ph.0. degree in
communication and information systems from Shanghai
tian Tong University in 2003 His 8.5 and M5 degrees in
eleciromagnetic measurement and instruments were
recetved from Harben institute of Tachnology, China, in
1986 and 1998, respectively, From 2001 to 20904 he was
engaged in 36 and 4G mobile communication R&D pro-
jects in Alcatel Shanghai Beil Co., Lid. His research interasts
are in the ares of wireless and mobile communicstons

80

IEEE Communicatnons Maganne * Janusry 2005

Petitioner Samsung Ex-1004, 0186



Electronic Acknowledgement Receipt

EFSID: 12763296
Application Number: 12999029
International Application Number:
Confirmation Number: 1213

Title of Invention:

INSERTING AND DECODING REPLICATED DATA SYMBOLS IN WIRELESS

COMMUMICATIONS

First Named Inventor/Applicant Name:

Ali Yazdan Panah

Customer Number:

27076

Filer:

Jennifer Lane Spaith/randi rowe

Filer Authorized By:

Jennifer Lane Spaith

Attorney Docket Number: P215801.W0-US.01
Receipt Date: 11-MAY-2012
Filing Date: 14-DEC-2010
Time Stamp: 19:37:53

Application Type:

U.S, National Stage under 35 USC 371

Payment information:

Submitted with Payment no
File Listing:
Document i s ; File Size{Bytes)/ Multi Pages
Number Hogument Bescription Fa iamn Message Digest | Part /.zip| (ifappl.)
177319
UsS-800279-02-US-
1 yes 3

REG_20120511_SIDS.pdf

b4

ScdhBafd Haabih? e 74ecfRDAT TR 35R5

Petitioner Samsung Ex-1004, 0187




Multipart Description/PDF files in .zip description
Document Description Start End
Transmittal Letter 1 1
Information Disclosure Statement (IDS) Form (SBO8) 2 3
Warnings:
Information:
1655339

5 Us-800279-02-US-
2 Non Patent Literature NAT_NPL1_Cheon1.pdf no 4

aedi0iHadhdaed(#4 Tao2 Toed3 557143
2398

Warnings:

Information:

US-800279-02-US 20 2
3 Non Patent Literature NAT_NPL2_Cirpan1 pdf no 9

deci4006adabAEIT 144 et SadelBl S ddey
)

Warnings:

Information:

US-800279-02-US 3028653
4 Non Patent Literature NAT_NPL3_Leel.pdf no 5

<5ci0a 1bBISEG6ET A7 dd8a 1422066 305
ditd

Warnings:

Information:

Us-800279-02-US SO0
5 Non Patent Literature NAT_NPL4_Li1.pdf no 10

albfectd 2] 5ehad B | debdashitd 2]
7460

Warnings:

Information:

US-800279-02-US AN
6 Non Patent Literature NAT_NPL5_Lupdfl.pdf no 5

005 1907793 fdacaiald 325 e daddia3
2efd

Warnings:

Information:

US-800279-02-US 2721179
7 Non Patent Literature NAT_NPLE_Kleider1.pdf no 4

630da8%cBbdTbTasdbef0ld Jebch0b 1 bey
188da

Warnings:

Information:

Us-800279-02-US £339601
2 Non Patent Literature NAT_NPL7_Stamoulis1.pdf no 14

af 5 chEERO2E 1 d 3 3F BT 0a04 3550 1970

Warnings:

Information:

Petitioner Samsung Ex-1004, 0188



3476244
US-800279-02-US-

NAT_NPL8_Sun1.pdf ne 6

9 Non Patent Literature

Shbd il S 1 06 dfd e deffd i I8 30
M2

Warnings:

information:

Us-800279-02-US 2000373
10 Mon Patent Literature NAT_NPLO_Ma1.pdf no 4

Heaal 166762 M4 O 3cdecd ali9 ) aad 147G
bl

Warnings:

Information:

Us-800279-02-US 13047833
11 Non Patent Literature NAT NPL10_Yang1.pdf no 8

1555 bRaed 0BT 2al 2 0RGARR 0 Ted T3
Bl

Warnings:

Information:

Total Files Size (in bytes}:l 49318242

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-{d) and MPEP 506}, a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35

U.5.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the applicationas a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course,

New International Application Filed with the USPTO as a Receiving Office

if a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.

Petitioner Samsung Ex-1004, 0189



PATENT
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Appl. No. : 12/999,029 Confirmation No. : 2611

Applicants : Ali Yazdan Panah et al.

Filed : December 14, 2010 Attorney Docket No.; P215801.WO-US.01

ArtUnit : 2611 Customer No. 1 27,076

Examiner : Shuwang Liu

Title : INSERTING AND DECODING REPLICATED DATA SYMBOLS IN WIRELESS
COMMUNICATION

SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT

Mail Stop Amendment
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450
Sir:

In accordance with 37 C.F.R. §§ 1.56 and 1.97 through 1.98, applicants wish to
make known to the Patent and Trademark Office the references set forth on the attached form
PTO/SB/08. Copies of the cited non-patent literature references, as required under 37 C.F.R.
§ 1.98(a)(2), are attached. Copies of the cited U.S. patents will not be submitted herewith in
accordance with the waiver by the Office of the requirement under 37 C.F.R. § 1.98(a)(2)(i) for
U.S. national patent applications filed after June 30, 2003.

Please acknowledge receipt of this Information Disclosure Statement and kindly

make the cited references of record in the above-identified application.

Respectfylly submitted,

i
/ Jenpifer L.\Spaith
Registration No. 51,916

Mag L, 2003

Date

701 Fifth Avenue, Suite 6100
Seattle, WA 98104-7043
Telephone: (206) 903-8800
Facsimile: (206) 299-9288

lofl

Petitioner Samsung Ex-1004, 0190



P215801WO0O1

1/4
PCT REQUEST
Original (for SUBMISSION )
[+] For receiving Office use only
01 International Application No. PCT/US10/46106
0-2 International Filing Date
20 AUG 2010(20.08.2010)
0-3 MName of receiving Office and "PCT
International Application”
RO/MUS
0-4 Form PCT/RO/101 PCT Request
0-4-1  |Prepared Using PCT-SAFE [EASY/EFS-Web mode]
Version 3.51.045.221 MT/FOP
20100401/0.20.5.18
0-5 Petition

The undersigned requests that the
present international application be
processed according to the Patent
Cooperation Treaty

0-6 :""ﬁl‘gzg Office (specified by the United States Patent and Trademark
W Office (USPTO) (RO/US)
0-7 Applicant's or agent's file reference  [p215801W0O01

! Title of Invention INSERTING AND DECODING REPLICATED DATA
SYMBOLS IN WIRELESS COMMUNICATIONS

1] Applicant
11-1 This person is Applic:a.nt only
He Applicant for All designated States except US
-4 Name THE BOARD OF REGENTS OF THE UNIVERSITY
OF TEXAS SYSTEM
i-5 Address 201 W. 7th Street
Austin, Texas 78701
United States of America
-8 State of nationality us
-7 State of residence us
11-1 Applicant and/or inventor
f-1-1 |This person is Applicant and inventor
Ik1-2  |Applicant for US only
1i-1-4 Name (LAST, Firs1) ALI : Yazdan Panah
l-1-5  jAddress 502 Elmwood Place
#101
Austin, Texas 78705
United States of America
I-=1-6 State of naticnality IR
1-1-7 | State of residence us

Petitioner Samsung Ex-1004, 0191



P215801W0O01

PCT REQUEST

2/a

Original (for SUBMISSION )

-2 Applicant and/or inventor
l-2-1  {This person is Applicant and inventor
l-2-2  |Applicant for us only
l-2-4  |Name (LAST, First) HEATH, JR., Robert W.
I-2-5  |Address 2143 Barton Hills Drive
Austin, Texas 78704
United States of America
I-2-6  |State of nationality us
I-2-7  |State of residence us
V-1 Agent or common representative; or
address for correspondence
The person identified below is hereby/ |Acgan
has been appointed to act on behalf of i
the applicant(s) before the competent
International Authorities as:
A= Name DORSEY AND WHITNEY LLP
IV-1-2 |Address IP Docket - SE
701 Fifth Avenue, Suite 6100
Seattle, Washington 98104-7043
United States of America
IV-1-3  |Telephone No. 206-903-8800
1V-1-4 Facsimile No. 206-299-9288
NS (el ipdocket-se@dorsey.com
1V-1-5(a {E-mail authorization 3 3 F£4 —
) The receiving Office, the International - t?dvance copaasd followed by notifi
Searching Authority, the International cations
Bureau and the International Preliminary
Examining Autherity are authorized to
use this e-mail address, if the Office or
Authority so wishes, to send notifications
issued in respect of this international
application:
-2 Additional agent(s) additional agent (s) with same address as
first named agent
IV-2-1  |Name(s) BULCHIS, Edward W. (26847);
METIKLEJOHN, Paul T. (26569); PARK,Brian
C.(45519); ENG,Kimton N. (43605) ;
STEWART, Douglas (51060) ; BROWN, James
Fearon (60837); MEYER,Ryan (61435);
LANE, Jennifer M. (51916)
v DESIGNATIONS
V-1 The filing of this request constitutes
under Rule 4.9(a). the designation of
all Contracting States bound by the
PCT on the international filing date,
for the grant of every Kind of
proteclion available and, where
applicable, for the grant of both
regional and national patents.
Vi-1 Priority Claim NONE
Vil-1 International Searching Authority

Chosen

Australian Patent Office (ISA/AU)

Petitioner Samsung Ex-1004, 0192



P215801W0O01

3/4
PCT REQUEST
Criginal (for SUBMISSION )
Vil Declarations Number of declarations

V-1 Declaration as to the identity of the _

inventor
Viil-2 Declaration as to the applicant's s

entitlernent, as at the international filing

date, to apply for and be granted a

patent
VII-3  |Declaration as to the applicant's o

entittement, as at the international filing

date, to claim the priority of the earlier

application
Vill-4 Declaration of inventorship (only for the |

purposes of the designation of the

United States of America)
Vill-5 Declaration as to non-prejudicial -

disclosures or exceptions to lack of

novelty
IX Check list Number of sheels Electronic file(s) attached
1%-1 Request (including declaration sheets) 4 v
1X-2 Description 21 —
1X-3 Claims 4 =
1%-4 Abstract i o
I1X-5 Drawings 7 A
IX-7 TOTAL 37

Accompanying tems Paper document(s) attached Electronic file(s) attached
I%-8 Fee calculation sheet g "
IX-20 Figure of the drawings which should |1

accompany the abstract
IX-21 Language of filing of the international Engl ish

application
X1 Signature of applicant, agent or /Jennifer M. Lane 51916/

common represeniative
X-1-1  |Name (LAST, First) LANE, Jennifer M.
X1-2 MName of signatory
X1-3 Capagcity

Petitioner Samsung Ex-1004, 0193



P215801WO0O1

4/4
PCT REQUEST
Original (for SUBMISSION )
FOR RECEIVING OFFICE USE ONLY
20-08-2010
10-1 Date of actual receipt of the

purported international application

20 AUG 2010

10-2 Drawings:
10-2-1  |Received
10-2-2  |Not received
10-3 Corrected date of actual receipt due

to later but timely received papers or

drawings completing the purported

international application
10-4 Date of timely receipt of the required

corrections under PCT Article 11(2)
10-5 International Searching Authority ISA / AU
10-6 Transmittal of search copy delayed

until search fee is paid

FOR INTERNATIONAL BUREAU USE ONLY

11-1 Date of receipt of the record copy by

the International Bureau

Petitioner Samsung Ex-1004, 0194





