IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 50, NO. 10, OCTOBER 2002 2451

Intercarrier Interference in MIMO OFDM

Anastasios Stamoulis, Suhas N. Diggavi, and Naofal Al-Dh&enior Member, IEEE

Abstract—In this paper, we examine multicarrier transmission that the channel is time-invariant within a transmission block).
over time-varying channels. We first develop a model for such Fyrthermore, combined with multiple antennas [2], [3], OFDM
a transmission scheme and focus particularly on multiple-input modems are attractive for high data rate wireless networks
multiple output (MIMO) orthogonal frequency division multi- . .
plexing (OFDM). Using this method, we analyze the impact of (yvlre!ess _LANS and home networking). Hoyvever,_the blo‘?k
time variation within a transmission block (time variation could ~ time-invariance assumption may not be valid at high mobile
arise both from Doppler spread of the channel and from synchro- speeds or when there are impairments such as synchronization
nization errors). To mitigate the effects of such time variations, errors (e.g., frequency offsets). In such situations, the Fourier
we propose a time-domain approach. We design ICI-mitigating ;555 need not be the eigenbasis, and the loss of orthogonality

block linear filters, and we examine how they are modified in the - - L o
context of space-time block-coded transmissions. Our approach (of the carriers) at the receiver results in intercarrier interference

reduces to the familiar single-tap frequency-domain equalizer (ICl). Depending on the Doppler spread in the channel and
when the channel is block time invariant. Channel estimation in the block length chosen for transmission, ICI can potentially

rapidly time-varying scenarios becomes critical, and we propose cause a severe deterioration of quality of service (QoS) in
a scheme for estimating channel parameters varying within a OFDM systems. Essentially, ICI arises from “time-selectivity”

transmission block. Along with the channel estimation scheme, f th h | d. theref is the f d in dual
we also examine the issue of pilot tone placement and show that©! e channel and, therefore, IS the irequency-domain dua

in time-varying channels, it may be better to group pilot tones Of the intersymbol interference (ISI) seen in single-carrier
together into clumps that are equispaced onto the FFT grid; this transmission over frequency-selective channels.

placement technique is in contrast to the common wisdom for  Given the direct relationship between achievable data rate and

time-invariant channels. Finally, we provide numerical results yha gignal-to-inter-carrier-interference-plus-noise ratio (SINR)

illustrating the performance of these schemes, both for uncoded . L

and space-time block-coded systems. at every subcarrier (see, e.g., [1D, _ICI has a negative impact
on the data throughput as it effectively decreases the SINR.

Starting from an analysis of the ICI impact on system perfor-

mance, we develop herein an ICI mitigation scheme for both

single-input single-output (SISO) and multiple-input multiple-

output (MIMO) OFDM systems. Founded on optimum block

. INTRODUCTION linear filters and practically realizable channel estimation tech-

HE explosive growth of wireless communications is crglidues, our proposed scheme significantly improves the SINR

T ating the demand for high-speed, reliable, and spectraﬂ&’h'Ch serves as a figure of merit for the system performance)
efficient communication over the wireless medium. There af¥er & wide range of channel and system configurations.
several challenges in attempts to provide high-quality service in/" SISO OFDM, carrier frequency errors induce a structured
this dynamic environment. These pertain to channel time-valf! pattern that can be eliminated using either training-based
ation and the limited spectral bandwidth available for transmi8L blind techniques (see, e.g., [4] and references therein). The
sion. In this paper, we are concerned with the role of time vaffquency offset manifests itself as a multiplicative factor in
ation in transmission of multicarrier modulated signals and tft@e frequency channel response (at each subcarrier of the FFT
design of schemes to handle such variations. grid), and once the frequency offset has been estimated, it can

Multicarrier transmission for wireline channels has begpf removed rather easily. Without estimating the carrier offset,
well studied [1]. The main advantage of orthogonal frequend{gnsmit precoding can be employed to suppress its impact on
division multiplexing (OFDM) transmission stems from the!Cl (see, e.g., [5] and references therein). On the other hand,
fact that the Fourier basis forms an eigenbasis for time-invaridA@Ppler-induced ICI appears to be more challenging. In SISO
(DMT) channels. This simplifies the receiver and leads to i?FDM, previous studies have quantified the effects of ICl on the
expensive hardware implementations, as the equalizer is jusygtém performance. In [6], a central limit theorem argument is

single-tap filter in the frequency domain (under the assumptiéf§ed to model ICI 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
Manuscript received June 10, 2001; revised May 9, 2002. Parts of this pafa Wide-sense stationary uncorrelated scattering (WSSUS) [9]
appeared in WCNC'02 and ICC'02. The associate editor coordinating the ghannel to show that if the OFDM block duration is greater than

view of this paper and approving it for publication was Prof. Brian L. Hughesqq ;
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IFor wireline transmissions, OFDM is commonly referred to as discrete mul'-[20pp|er and qamer fre_quency errors that deStroy the subcar-

titone [1]. rierorthogonality and give rise to ICI. MIMO OFDM may be
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equipped with transmit and/or receive diversity (see, e.g., [ine-variation [15], then we get Nyquist sampling. A careful
and [11]) and may build on beamforming, space-time codingrgument about the sampling rate required for time-varying
and interference cancellation (to name just a few techniquesiannels can be found in [16]. In this paper, we assume that this
to increase the achievable data rates over the wireless mediariterion is met, and therefore we have the discrete-time model
Our ICI-mitigating designs encompass generic MIMO OFDM

systems. In particular, for space-time-coded transmissions, we y(k) = Z h(k; Dz (k = 1) + 2(k) (2)
illustrate through simulations the significant SINR gains by our
approach. whereh(k;!) represents the sampled time-varying channel im-

Compensation for Doppler-induced ICI hinges on the estimpulse response (which combines the transmit fijtey with the
tion of the time-varying channel. When the OFDM block durgphysical channeh.(¢; 7)). The approximation of having a fi-
tion is less than 10% of the channel coherence time, [12] argutie impulse response in (2) can be made as good as we need
that the channel can be assumed to vary in a linear fashion (@ycchoosing- [16]. In this paper, we focus on the discrete-time
as a result, it can be obtained by linear interpolation betwegibdel given in (2). For the case of multiple transmitter and re-
two channel estimates acquired from training blocks). Whesgiver diversity channel witdZ,. receive and/; transmit an-
the OFDM block duration is much smaller than the channginnas, we can easily generalize this model to
coherence time (relatively mild Doppler), the channel can be
assumed approximately constant (over an OFDM block), and y(k) = Z H(k; Dx(k — 1) + z(k) (3)
its estimation has been thoroughly studied (see [10] and refer-
ences therein). For rapidly time-varying environments and fWhereH(k 1) € CM-*M: s thelth tap of the matrix response
the cases where the channel obeys a parsimonious model, t%[h
niques in [13] and [14] can be used for channel estimation and, .y - ¢
tracking. In this work, we look asevereDoppler cases, where y(k) € CM-
the channel can no longer be assumed constant within a transz( k) € CM-
mission block: for such rapidly time-varying channels, we de-

input;
output;
complex additive temporally-white cir-
cularly-symmetric Gaussian noise with

velop a novel e§timeti0n_ method. _ 2(k) ~ CAN(O,R..), ie., a complex
Our contributions in this paper can be summarized as follows. Gaussian vector with mead and covari-
» We develop a model for intercarrier interference appli- anceR.....
cable to MIMO channels. The noise is assumed independent of the input. Throughout this
* We present an ICl analysis for MIMO OFDM. paper, we impose an average power constraint on the input that
* We propose a time-domain filtering scheme for mitigating; assumed to be zero mean, iE[|x(k)||?] < P. The spe-
ICI. cific structure of{H(k; )} could be constructed by assigning a

* We propose a channel estimation and tracking scheme &yecial structure t#1.(¢;7) (for example a discrete multipath
estimating the time-varying (within transmission blockthannel).

channel parameters. Over a time block ofV symbol durations, (3) can be ex-
* We propose a pilot tone placement scheme (which workgessed in matrix notation as
in conjunction with the channel estimation scheme).
y=Hx+z 4)
The following is an overview of the paper organization. In

Section I, we present the model and the notation used in th@erey,z € CN-* x € CN-M: andH € CN-M->N-Me e
paper. We present an ICI analysis for MIMO OFDM in Secassume that a cycl|c prefix of Iength equal to channel memory
tion 111, and in Section IV, we develop optimum block linear fil-iS inserted in each input block to eliminate interblock interfer-
ters that suppress ICl and yield significant SINR improvemernce (IBl). This prefix serves just as a guard interval between
In Section V, we address the problem of estimating a rapidfocks when we have channel time variation within a transmis-
time-varying channel, and in Section VI, we present illustrativ&on block. However, when the channel impulse response (CIR)

simulations. Finally, in Section VII, we conclude with some disiS time invariant over the block, the cyclic prefix serves the role
cussion. played in OFDM, i.e.H becomes &lock-circulantmatrix.

Now, let us consider OFDM transmission, where each of the
Il. DATA MODEL M, time-domainV-dimensional input vectors ix is generated

) i , by taking IDFT of an information-bearing vector, i.e.,
The input data{z(k)} is passed through the filtgr(¢) to

produce the transmitted signglt). The received signal can be x = QX (5)
written as wheré Q™ = Q @ I, (@ denotes the Kronecker product

_ ] _ [17]), Ly, is the identity matrix of dimensiof,, andQ(l, k) =

ve(t) = /hc(t’T)s(t T)dT + 2(1) @ 1/v/Ne=7@7/M% for 0 < 1, k < N — 1 is the standaraV-di-

where h.(t;7) is the impulse response of the time-varyingnensional DFT matrix. We will first develop more detailed no-
channel, anc:(¢) is the additive Gaussian noise. We colledi@tion for the casé/, = M, = 1, and then, the generalization
sufficient statistics through Nyquist sampling. The basic idea‘¢ould not be difficult.

_that if we sample atarate Iar_ger tha@v; + W), whereW; 2We denote complex matrix transpose with supersdiiptomplex conjuga-
is the input bandwidth an@; is the bandwidth of the channeltion by superscript, and matrix transpose by superscfipt
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We can write the output of the DFT at the receiver for a time- lll. ICI A NALYSIS
block[—(»—1),..., N—1] (whereN is the number of carriers) We start with the data model given in (9)
as
N-1 N1
Y(p) =Gp,p)X(p)+ > G, 9)X() +Z(p) (6) Y (m) = G(m,m)X(m)+ Y G(m,n)X(n)+Z(m). (12)
= o
n#m

forp = 0,...,N — 1, whereY(p), X(p), and Z(p) are the

DFTs of{y(k)}, {x(k)} and{z(k)}, respectively. We have also We are interested in finding the covariance matrix of
definedG(p, ¢) as the(p, ¢)th element ol = QHM)QH /N. the ICI (with noise)Z(m) = Zci(m) + Z(m), where
Here,Q is the DFT matrix defined aQ” = [qo,...qn—1] Zici(n) = Y22 G(m,n)X(n). In order to find the co-
andq, = 1/VN[L,... exp(j2rs(N — 1)/N)]*, andH™) is  variance ofZ;cr(n), we need to make a few simplifying
the equivalent channel matrix including the effects of the cycligssumptions.

prefix (used in OFDM) defined as (7), shown at the bottom of | Each channel {hG-)(k;1)} is modeled as a

the page. We caj:j elasili/ evalugtém, s) as WSSUS channel, i.e.E[h0-9)(k;))hGD*(kin)] =
L RSN j2er(emm)/N —j2msl/N E[|A%9 (k;1)|216;—. Moreover, the channel is modeled
G(m,s) = N 2) IZ h(r; e’ e’ - (8 as a complex Gaussian stochastic process.
r= =0

« The channel between thi¢h receiver and thgth trans-
mitter is uncorrelated with the channel between #itie
receiver and théth transmitter wheri # & or j # L.
That is, elements dH%) are uncorrelated with the ele-

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 matrixB, and for a given structure of the
guard interval (prefix), we can find the specific structureGof (kD)
[as in (8) for OFDM] for that case. ments ofH'**). Moreover, we assume that the channels

) (1. . . L ay
In the case when we have transmit and receive diversities, we {h (k_’ l?} are |dent|c.ally distributed ovel(7, j)} )
can modify (6) to These statistical assumptions on the channehaterucial,

N1 and the analysis can be accomplished without these assump-
Y(p) = Gp, p)X(p) + Z G(p, )X(q) +Z(p) (9) tions. Ht_)wever, they do simplify the_ algebra z_;md expose the im-
prs portant issues that we need to point out. Given these assump-
L tions, we can make the following observation.
where[G(p, 9)li; = [QHOIQH /N, 0,1 < i < M,,1 < Factlll.1: The elements of the matri&(m, n) are indepen-
<M, 0<p<N-10<q¢g<N-1andHC? isthe dent and identically distributed (i.i.d.) Gaussian random vari-
equivalent channel matrix [as in (7)] for the time-varying I1Shples.
channel between thih receiver and thgth transmitter, which Proof: As[G(m,n)];; = [QH®)QH/N],, ., the ele-
is denoted by{ 2> (k;1)}. In addition, the received vector for ments ofG (m, ») are i.i.d. complex Gaussian because the chan-
the pth frequency bin isY(p) = [Y®(p),...,. YA ()],  nelsH(+) are modeled as complex Gaussian and independent

X(p) = [XD(p),..., X (p)]" is the transmitted vector for across the transmit and receive antennas. O
thepth frequency bin, anl(p) = [ZM)(p),..., ZM)(p)]"is  Given these statistical assumptions, we can now proceed to
the noise vector. We can rewrite (9) in compact form as evaluate the covariance &fcr(n)
Y=GX+7Z (10) .
where the(p, ¢)th block of G is given by G(p,q), Y = E[Zrci(n)Zici(n)]
[Y(0),....,Y(N - DT € CV¥ X = [X(0),...,X(N — N—1N-1
DT e VM andZ = [Z(0),...,Z(N — 1)]T € VM, =E [ > ) G(m,p)X(p)X"(n)GH (m,n)
We can also write the matriés in more compact notation as PZ0 20
G = Q(RX)HQ(TX)H (12) N—1N-1
WhereQ(RX) = Q@I/\/[T, Q(TX) = Q@I/\/[f s andH is obtained = Z Z E[G(mvp)RXX (p7 n)GH(mv 71)] (13)
from (4). e
[ h(0;0) 0 h(0;2) h(0;1) T
h(1;1) h(1;0) h(1;3) h(1;2)
HY = [hy—1;0—1) h(y—1r-2) 0 0 . (7)
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where we have defineR.xx (p,n) = E[X(p)X*(n)]. Equa- Consequently, as the channels are spatially independent, we
tion (13) indicates that the basic component of the calculatiean write the covariance matrix of the ICI as
is E[G(m, p)Rxx (p,n)GH(m,n)]; this is what we focus on

next. [E[ZICI( )Zf&( )]

We start from the observation that we can do an eigende- tr(A =1
composition of the signal covariance matrixRs x (p,n) = = Z Z X p’ <Z e—ﬂﬂ(f’—")/f\’>
U(p,n)Ax(p,n)U (p,n), whereU(p, n) is a unitary matrix. pr i P
From Fact lll.1), the matrixG(m,p) has i.i.d. Gaussian ele- e ”TN
ments (i.e.G(m, p) is isotropically distributed), which implies Z Z (T — 72)
that the matrixG(m, p)U(p,n) is distributionally equivalent =5

to G(m, p) (note that if we apply a unitary transformation on
an i.i.d. Gaussian matrix, the resultant matrix is also an i.i.d. w eI27ri(p=m/N) ;—j2rrz(n—m/N) | 1
Gaussian matrix with the same distribution). Hence, we can
rewriteE[G(m, p)Rx x (p, n) G (m,n)] in the following way:

where t(.) denotes the trace of a matrix.
E[G(m,p)Rx x(p,n)G ( n)] This analysis points to a few issues worth noting.

E[G(m, p)Ax(p,n)GH (m,n)] (14) * The IQI is accentu_ated with the presence of multiple
transmit antennas (i.eM; > 1).

» The covariance of the ICl is spatially white in (17) due to
the assumption that the channel matri¥é7) were as-
sumed to be so. We can analyze spatial correlation with
similar techniques, but the expressions turn out to be a
little more complicated without adding much more in-

whereAx (p,n) = diag A1 (p,n),. .., A, (p,n)) is a diagonal
matrix of the eigenvalues ®& x x (p,n).

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

sight.
{[E[G(m,p)AX(p,n)GH(m,n)]}m » Multiple-receive antennas could be used to mitigate the
M, ICI. For example, the ICI term in (12) can be seen as
= Z Ar(p,n)E [{G(m,p)}nk {GH(m,n)}kﬁ} interference, and hence, using multiple receive-antennas,
we can do either zero-forcing or MMSE interference sup-
@ Mt pression purely in the spatial domain [18]. However, this
ZM p,n might require many receive antennas, depending on the
amount of dominant ICI. In order to also utilize the ad-
% [{G(m,p }T?k {GH(m’n)}k,r:| o (15) ditional available degrees of freedom (dimensions) in the

time domain, we examine next a combined time and spa-

where (a) is due to the assumption that the channels on dif- tial domain approach.

ferent links are uncorrelatédHence, the component matrices

E[G(m, p)Rx x (p,n)GH (m,n)] are diagonal (a direct result V. TIME-DOMAIN ICI MITIGATION TECHNIQUE
of the fact that the channels are modeled as being spatiallyHenceforth, we focus on the cadf = A, = M asit brings
white). out the essential ideas without unduly complicating the algebra.
Using the WSSUS modeling assumption and using titending the analysis to the general case is straightforward.
Fourier basis, we can write Therefore, a3/, = M, = M, for notational convenience using
(11), we writeQ = QF*) = Q(Tx),
E [{G(m7p)}r,k {GH(m,n)}k T} To combat ICI, the lengthiy A/ received vectoy is multi-
ol ’ plied by anN M x N M matrix (corresponding to aiv M -tap
_ 1 <Z e—j27rl(p—n)/]\’> time-varying filter) W resulting in
N2
e = Wy=W(Hx+z) = WHx+7  (17)
X Z Z a1y — )T ETI/N gmEra (nmm) /N . . .
1m0 150 where the colored noise vectarhas auto-correlation matrix
(16) R:: = o*WWH, Taking the DFT of both sides of (17), we
get
where we have definedy,(r;, — ) = E[R®I(r;1) et "

“_"fGX + 7. (18)

SThis can be seen from the fact tek(m. p)], s = [QH"Q /N, Note her_e thalG captures the effect of filtering WltFW_. In_
and[G 7 (m, )]s, = [QH-S7Q /N],, .. which shows that if- # s, CONtrast, in (10)G captures the effects of ICI before the filtering
then[G (m., p)],., and[G # (m,n)],.. are uncorrelated. operation. Next, we show how to design linear ICI-cancellation
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filters for OFDM. We start with the SISO cag@/ = 1) and This is a standardeneralized eigenvalue problemhose solu-
then extend the design to the MIMO case. tion is determined as follows.

] ] ] . 1) Define the Cholesky factorizatioﬁmdéf(1/SNR)I +
A. Optimum Linear ICI-Cancellation Filter for SISO OFDM

R, “LLY.
Using (18), we can express the SINR at théh frequency  2) Compute thelominanteigenvector (call itv;) of the ma-
bin (1 < m < N) as follows [19]: trix L~th,,hZL=#. Now, since the matrixh,,h’ is
_ ) rank-1, it can be shown that; = «L~1h,,, wherea
SINR,, — By m|G(m, m)[ (19) is a constant that makes a unit-norm vector.
+tr(Rzz) + Y. Ern|G(m,n)|? 3) Computew,, opi = L~#v; = AR;;'h,,, where the

nAm constani3 is chosen to maker,,, ., & unit-norm vector.

whereE, , is the input energy allocated to theh frequency ~ 4) The corresponding optimum SINR for theth frequency
bin. We assume that the channel is unknown at the transmitter. PN 1S
Therefore, the total input enerdy, (o is dxifded equally across SINR,, ¢ = h HR L, 22)
allfrequencybins, i.e £, ,, = (E; 1ot/NV) = E,. Underthis as-
sumption and defining; to be theith unit vector, (19) becomes

B. Alternative Form

SINR, o, We can avoid the need to compiRg;! for eachn as follows.
B E, |eflGe,,| Using the matrix inversion lemma, we can write
=— ——
Ztr(WWH) 4+ E, ellGe, - 1 1
Ol ) %;J | R, =——I+R,, = —I+HH? —h,h!
H H, HoHwWHOH SNR SNR
S QWHQ eme,, QH w Q €m def H
= ’ ’ =R,, — h,h;,
1 H H —1
SNR + egQWHQ <n§n e,,,e#) QH WHQHe'rn N R;ll _ <ﬁ1 + an)
_ qr’iWhnlhngqnl h hHR,:L
= -1 mitm S Vyy
svr T AR WH Iy — qmaqfl) HIWHq, =Ry, <I * (1-DbAR;}h,,) ) '
WHh_ hHW m= Yy m
_ mTTMmM T m T (20)

Therefore, only one inverse, namely, that of the output auto-
correlation matrixR,,,,, needs to be computed. In summary, the
def

where we have defined SNR= E,/0?, qm2Qe,n, optimum filtersw,, ...« are computed as follows.

_Wg (ﬁ:[]\f + an) Wim

h,, = Hq,, w,, = Wiq,, andR,, = HQ"(Iy — 1) ComputeR;, (using channel estimates obtained with
eneYQHY = HHY — h,,hZ. Furthermore, we assumed pilot tones and interpolation or using an ensemble average
that ww,, = 1for1 < m < N, which implies that from several received vectoys.
tr(WWH) =3 wHw, =N. 2) For each frequency bih < m < N, compute the fol-
The achievable bit rate in an OFDM system is (approxi-  lowing.

mately) given by [19] a) W = R, Mhy,.

N b) Wm,opt = V~Vrn/|v~Vrn|-

: ) SINR,, ¢) The corresponding optimum SINR fenth fre-

Rate = [211032 <1 +—F )] (21) quency bin is

1 5 h/’R,'h,,
wherel = (7y,,,/3v.)(Q~*(F./N.))? istheSNR gagassumed SINR, opt = P ) (23)
the same for all frequency bins), tligfunction is defined by (1 — hjiRyy hm)

Qlz) = [T e~ /2dz, and~,, and~, denote the desired per- Finall te that tational lexi be furth
formance margin and overall coding gain, respectively. Further- inafly, we note that computationa’ comp eX'tY can be further
educed using a low-rank approximationif, (this technique

more, P. and N, are the target probability of error and the’r? b 4in 120 t of the ch | estimati
number of nearest neighbors in the used signal constellation, gs beenuse in [20] as part of the channel estimation process).

spectively. It is clear from (21) that optimizing,,, (and hence C

; - - ) - C. ICI Cancellation Filter for MIMO OFDM
W) in (20) to maximize SINR, also maximizes the bit rate in

(21). We can express the SINR for th¢h transmit antenna and
We have the following optimization problem: the kth frequency bin, which is denoted by SIfRn MIMO
OFDM as in (24), shown at the bottom of the next page.
maxw?h,,hZw,, Assuming thatwfw; = 1for1 < I < MN, we have

M wil, L Winir = M, and hence, (WWH) = N M.

1
. H _
subject tow,, <SNRI + Rm) Wi = 1 4Note that in the MIMO case, we define intercarrier interference to include
= interference from all other frequency bins for the same antenna and interference
andwmwm =1. from all frequency bins (includingth) for other antennas.
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Therefore, (24) becomes [using (18)] the second equahere « is a normalizing constant, and
tion at the bottom of the page, where we have defindgl,, = (1/M.SNR)Ixy + HHY. Finally, the optimum
q; = Qfe;, h;, = Hq;, andw; = WHgq,. If we further filter W, is given by

defineRe; = (1/M.SNRIyy +HH” —hyy by, and

H Wilopt
Ryj = huargjhyy ;. we get W;}OP
,opt
M Wopt = QH
2 Wi Ry Wit o
SlNR’i IT:I W]\"]\Lopt
d M - . .. .
D WkHJ\4+rRkjwk It is worth emphasizing that the filtéW,; calculated above
r=1 performs joint intercarrier and interantenna interference sup-
W Ry Wi pression. With zero Doppler, the mat will be block cir-
T culant hence, the matri@HQ will be block diagonal(i.e.,

where we have :made the definitionsR =

diaquj, Ce ,Rkj), R
N—— ——
M

: H
Wy = [WkM+1 WM +2

-

interantenna interference is still present). However, the matrix

QW,,. HQ will be (approximatelypiagonal indicating that

_ diag(f{kj, . Rkj)a and the m:atnx filter W, In this casg acts also a; a linear “mul-
~—_ tiuser” detector that suppresses interantenna interference.

M
W{11 - Itcan be shown p. Space-Time-Coded OFDM

-~

. M In this section, we will explore a special case of coded MIMO
that SINR; is maximized by the filters OFDM, namely, a space-time block-coded OFDM with two
. transmit and one receive antennas, iM;, = 2 andM, = 1
Wi 4ropt =OR i fOr0<E< N -1 (the analysis can be extended to the cise> 2 andM,. > 1).
1<r<M (25) We study a space-time block-coded OFDM system based on

M
E. S |G(EM + r kM + 5)|?
r=1

SlNR’I“ - L M MN ~ .
~yartr(Rzz) + Ex 3 S |G(EM +r,0))?
r=1i=1,iZkM+j
M y B )
Z_:l |ek1\l+r GekM+j|
- L L I M MN H S (24)
(m) (W) tr(WW ) + Z ] Z ) |ek]\4+7,Gei
r=1li=1i#kM+j
M " Y
. Z ef}\l—H‘QWHQ ekﬂl+jekHA4+jQH WHQHek]w_H,
SINR;’C = r=1
1 M I I MN . . -
sir T 2 - QWHQ > ee’ | QH"WHQ epnry,
r=1 i=1,iZkM~+j

M
H W hH  WH

21 Qropsr Whenr by kM +r

r=

M
s+ Z_:l A, WH (IN - qkA/I+jqu]\4+j) HIWHqpps 40

M
H hWH
> Winr 4Dk + by Wi

r=

M
1 H H hH
svE T 21 WiMtr (HH —hunyg hkM+j) WrM+r
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M
H H
> Wionr e+ 0 W4
r=
M ?
" 1 H LH
> Wil (mINJ\l +HH" — hiprgy hkMH) WrM4r
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the the Alamouti code [21] (as first proposed in [22]); although Computational complexity can be reduced by defining
details can be found in [22], the basic mechanism is as followss. per-tone X 2 filter W,,, that suboptimally attempts to
We consider two source symbalg(m) andcz(m), which, in - minimize ICI by processing onliY (1y(m) and'Y 3 (m). With
a conventional OFDM system, would be transmitted over twiome-invariant channels, and in the absence of noise, it can be
consecutive OFDM blocks on the same subcarrierSimilar  seen thaW ,, reduces to
to the Alamouti code, the two source symbols are mapped as
w = [[Golmm)i  [Gay(m,m) .
X1)(m) =[ei(m), ca(m)]¥ "G mm)]i s —[Gey(m,m)

X (2)(m) = [—e5(m), i (m)]" (26)  which coincides with the Alamouti-decoding matrix. Note
that with time-invariant channels, in (28), all “off-diagonal”
whereX ;) represents the information-bearing vector for thgsrms become zer§G 1y (m, m)]11 = [Gz)(m,m)]s,1, and
first OFDM block, andX (,) corresponds to the second OFDI\/{G(I)(m’m)]L2 =[Gz (m, m)]y 5.
blocks.
Our goal is to understand the effect of channel time-variation V. CHANNEL ESTIMATION AND TRACKING

over such atransmission scheme and the performance of optimal ) ]
MMSE receiver structures. Using (12), we can write the output In this section, we address the challenging problem of channel

of two consecutive OFDM blocks as estimation in an OFDM system with severe Doppler and we
propose a promising technique based on channel interpolation
Y (1) (m) = Gy (m, m)X 1 (m) and judiciously-placed pilot tones. Throughout this section, we

No1 assumeV,. = M, = 1.

In a time-varying environment, estimation Hf amounts to
G X Z 27a o
+ Z m(m )X (n) + Za)(m) (278) estimatingV channeldy,, := [h(n;0), ..., h(n;v — 1)]",0 <

n=0

n#Em n < N —1that comprise the rows @ ; in other words, we need
Y 2)(m) = Gz (m, m)X(2)(m) to estimateVy parameters. This number of parameters can be
N-1 significantly reduced ifa priori knowledge about the channel
+ Y Gy(m,n)Xz)(n) + Zzy(m) (27b)  dynamics is available (see, e.g., [23]), or ifitis assumed that the
Mo channel is quasistatic (i.e., constant within an OFDM block, but
varying from block to block). Although it has been shown that
and, with the aid of (26), obtain the aforementioned methods have provided promising results,
both of them rely on assumptions that do not necessarily hold
{ Y 1)(m) } _ {[G(l)(m,m)h,l (G (m,m)]12 } true in the OFDM environment considered in this work. On the
Yo" (m) | ~ [ [Gy(m,m)]i, —[Gy(m,m)]; one hand, we have made no assumptions about the underlying
c1(m) channel structure; on the other hand, our work addresses sce-
LQ(m) } narios where there is significant ICI, and as a result, the channel

N_1 cannot be assumed quasistatic.
+ Z {[G(l)(mv ”)1171 [Gy(m, ”)]1;2 } Given the minimal set of assumptions on the structure of the
[Gy(mn)li s —[Gy(m.n)li, underlying channel, the estimation Hf appears, at first sight,
to be a daunting task. Even when a full training block is used
% [Cl(”)} + [Z(l)(m)} (28) (in other words, all OFDM subcarriers are pilot tones), we have
available onlyN values for the estimation df» parameters. To
reduce the number of parameters needed for channel estimation

which can be written as from Ny to less thanV, we make the reasonable assumption

No1 that some of the channdis, can be obtained by linear interpo-
Y(m)défg(m, m)c(m) + Z G(m,n)c(n) + Z(m).  lation. Such an assumption holds true if there is not significant
R0 variation between channels, andh,, 1,0 < n < (N — 2),

and as we illustrate later on, channel interpolation does not have

Now, it can be seen that the mathematical structure of the Alamsignificant negative impact on the achievable performance of
outi-coded OFDM is identical to that of the MIMO OFDM (with our methods. Furthermore, channel interpolation transforms a
ICI) structure defined in (12), and therefore, the MMSE anaseemingly very difficult problem to a tractable one, as we will
ysis done in Section IV-C carries through with the appropriathortly see.
interpretations of notation. Furthermore, the derivation of the The basic idea of using interpolation to reduce the number of
optimum linear MIMO ICI cancellation filteM is straightfor- parametersis as follows. We parameterize the miftdy using
ward (by applying the results of Section IV-C). In this ca®é, a small number of its rows. We then express the entire matrix
isa2N x 2N matrix as it processexsV tones ovel N symbol as a function of these rows, therefore reducing the number of
durations. parameters to be estimated. Physically, this puts “markers” in

- ) ) time where the channel is estimated, and the estimates at other

Intuitively, each OFDM subcarrier can be thought of as a flat-fading chann

| . . .
and the Alamouti code is applied to each of the OFDM subcarriers. As a resi\tﬂes are 'nterpOIated using these estimates. Let us conefder
the Alamouti code yields diversity gains at every subcarrier. channels,, (1), . . ., hy(ar), which formM rows of the channel
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Suppose N = 3, v = 2, M = {0,2},a, = (0.3,0.7)7. Then. H is given by

h(0;0) 0 R(0;1) 1 00 h(0:0) 0  h(0:1)
3R(0;1) + .Th(2:1) .3h(0;0)+ .Th(2;0) 0 =10 30 h(0:1) h(0:0) 0
0 h(2;1) h(2;0) 0 0 0 0 h(0;1) h(0:0)

0 0 0 h(2;0) 0 h(2:1)

0 0 1 0 h(2:1) h(2;0)

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

Fig. 1. Example of interpolated matrix.

matrix H; let us denote byM := {m(1),...,m(M)} the set whereA,, isanN x N diagonal matrix with entries

of these rows. Our method is based on the assumption that each 1, n = m(i)

channeh,,, n ¢ M can be expresse_d as a linear combination [Am(i)]n,n —{o, neMandn £m(i) (32)
of the M channelsh,, ), ..., b, 1€, an(m(i)), otherwise.

h(n; 1) =ay; [A(m(1);0), ..., h(m(M); D] An example of this formulation is given in Fig. 1.
0<i<vr—1. (29) Given the structured form ofl, its estimation amounts to

For example, when the channel procéhs } is Gaussian, then estimating)/» parameters grouped in thid:- x 1 vector
such a linear interpolation is optimal in the MMSE sense. Note L= [hT W? }T (33)
that in (29), we have used the safi#ex 1 weight vectom,, for TP m@ e Tm(M) |
all of thev-channel taps dh,,. Using the same weight vectorisa To perform channel estimation using pilot tones, we need to
direct consequence of the assumption tat 0), ..., h(n;v—  expressi(m, s) = [QHQ™],, . as afunction oh. From (31),
1) are i.i.d. processes for every(but there is correlation be- we can expresé&(m, s) as
tweenh(n; 1) andh(m;l) for n # m). -

In Se(cti0|)1 V-C ,(we |)oresent guidelines on the choice of the G(m, s) = Z [QAm@)HC(hm(i))QH} ms (34)

weight vectorsa,,s. In Section V-A , we study how channel | lsisM
estimation can be accomplished using pilot tones. We can easily evaluate
o . Ao He () Qs
A. Channel Estimation Using Pilot Tones [Q ’"(Z)N Cl( ":“))Q Jrm.
Let us denote by (h,,,) the N x N circulant matrix that we _ 1 Z Z[Am(i)]r Sh(m(i); )
would have in the OFDM system if the underlying channel was N b=
fixed and equal td,,, i.e., we have (30), shown at the bottom of % @i (@mr(s=m)/N) —j(2msl/N) (35)

the page. Using (29), we can see that the channel niéitiob-

tained by the interpolation of the channklg (1), ..., h,, (A7) Which implies thati(m(:); 1) is scaled by
is N—1

: 1 : .
R bz:,f (l) = 6—1(27751/]\)_ Z [Anl(i)]urc](27”(8_7”)/1\)-
H= Z Arn(i)HC(hrn(i)) (31) @ N r=0
1<i<M (36)
[ h(m;0) 0 h(m;2) h(m;1)T
h(m;1) h(m;0) h(m;3)  h(m;2)
He(hy) = | h(m;v —1) h(m;v—2) 0 0 : (30)
h(m;0) 0
L 0 0 h(m;1) h(m;0)
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Hence, by defining thé x v row vector which yields

B o= [V (0, by (v = 1) 37) Y(p)=bh+ > G(m,n)X(n)+ noise
m(2) mii) m() n not pilot
we can write .
b7 = Y X(gb"? | . (42)
[QAm(i)HC(hm(i))QH]m,s = bZizz)hnz(i)- (38) q pilot

By defining the 1 x My row vector b™* Equation (42) is the basis of the following channel estimation

(bZi’(Sl), . ,bzzgw)), it follows from (34) and (38) that method. .
1) Assume that for every pilot tone
G(m,s) =b™°h. (39) Y (p) =bPh + e(p)
If the channel matrix wa¥l (instead ofH), then the received o(p) = Z X(g)b* | b+ Z(p) (43)

toneY (m) would be
q not pilot

Y(m) = G(m,m)X(m)+ Z G(m,n)X(n)+ noise (40) 2) Form theP x Mwv system of linear equations

Sl Y(p(1)) pr()p(1) e(p(1))
Iet : = : h+ :
Inspired by how pilot-based channel estimation is done in Y (p(P)) pP(P):p(P) e(p(P))

OFDM systems, one could proceed as follows.

1) Ignore the ICI term, and assume thaf(p)
G(p,p)X(p) + noise(?ﬁ)X(p)bP7Pﬁ+ noise.

2) Assuming that there arB pilot tones, which are placed
at subcarriers(1),...,p(P), form the P x Mv system
of linear equations

or Y(p)~: B(p)ﬁ =+ ey

3) Obtainh as the least squares solution of the aforemen-
tioned system of linear equatiots = B, Y(p). Ex-
tension of this technique to MIMO OFDM is straightfor-
ward.

Y (p(1)) X (p(1))br(D:p(1) B. Placement of Pilot Tones

Unlike time-invariant 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
orY(py = B(p)fl 1 noise. grouped tpgether (butin more than one group).. In this section,
3) With P chosen such thaP > My, obtainh as the we quantify this observa_tlon and propose a pilot tone place-

least-squares solution of the aforementioned system 'OF nt sch(_ame. For analytical tractability, we sta_rt from th_e case
) i ey P v = 1, which corresponds to channels that are time-varying but

linear equations, i.eh = By, Y (p), whereB ) isthe o frequency-selective. Work on pilot symbol assisted modu-
pseudoinverse dB ). _lation (PSAM) [26] has suggested that for Rayleigh flat-fading

Unfortunately, this approach does not produce reliablg,annels pilot symbols should be placed periodically in the time
channel estimates becauBg is not full column rank. As  y,main to produce channel estimates; the coherent detection of
we prove in the Appendid3 ) has rankv, irrespective of the yhe yransmitted symbols is based on the interpolation of these
choice of interpolation coefficientga, }..g.:. Consequently. cpannel estimates. The periodic transmission of pilot symbols
channel estimation is not possible if we look only at “isolatedy, the time domain suggests a grouping of pilot tones in the fre-
pilot tones. Intuitively, this is not a surprising result as we swdé(uency domain, which is an intuitive idea explored by the en-
a system where ICl is not negligible; hence, we should acco%ﬁng discussion.
for the ICI in the channel estimation process. The important,yq adopt as figure of merit the approximation erep) in
practical implicationof this fact is that in OFDM systems with 43), and we seek the pilot tone placement scheme that mini-
severe ICI, pilot tones should not be placed far apart fromizesE[He(p)H?] for a specific pilot toney. Assuming that the
each other, but rather, they should be grouped together. BefQte smitted symbols are i.i.d. wilB[|| X (¢)||?] = 1, we obtain
we explore the reasons for this grouping of pilot tones, let
us note the contrast with OFDM in time-invariant or slowly (

: = : h + noise
Y(p(P)) X (p(P))rD)p(I)

time-varying environments, where it has been shown that the E{le()II*} =

> bR (b ’q)H> +o?  (44)
pilot tones should be equispaced [24], [25].

q not pilot

Revisiting (40) for a pilot tone, we obtain whereR;; = E[flfl”], ando? = E[||Z(p)|?] is the vari-
A X ance of the AWGN (which is the same across all subcarriers).
Yip) = Glp,p)X(p) + q;t Glm. a)(9) In the Appendix, we show tha? 7R ;; (b?9)# is a decreasing
atp function of((p—¢) mod N). Consequently|||e(p)]|?] is min-

+ Z G(m,n)X(n)+ noise (41) imized if we place all pilot toneg # p as close tg as possible.
It is implied that for time-selective channels, pilot tones should

n not pilot
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be grouped together. On the other hand, in frequency-select S 24GHz | | ‘
time-invariant channels, placing the pilot tones equispaced ¢ 5GHz
25H 'e' B60GHz N

the FFT grid is the optimal scheme [24], [25]. Intuitively, for fre-
guency-selective time-varying channels, the pilot tones shot
be grouped togethdautin more than one group. As we discuss
in the simulations section, we have found that our channel e<_.
mation method indeed produces the best results whepiltite ]
tones are partitioned into equispaced groups on the FFT.grid'§15

20 b

C. Selection of the Interpolation Weight Vectars

SINR

Without imposing any assumptions on the underlyin
channel variations, linear interpolation appears to be the sii
plest method for choosing the weight vectars On the other 5
hand, ifa priori knowledge about the underlying channel mode
is available, more sophisticated channel interpolation schen gd ;
can be devised. Let us suppose that the channels follow the Jz
model [271:E[(h(m; )R (n;1))] = J,(27 f4(m — n)T), with
fa denoting the Doppler frequency, afitidenoting the symbol Fig. 2. Gains with known channel.
period. Then, the calculation of the interpolation weights is
straightforward. For example, if we fix ros, hy /21, hy 1,
the set of weightsy, = [a,(1),a,(N/2 — 1), a,(N —1)]"
that minimizes the errorE[|h(n;l) — afh(l)|*] with
h(l) := [h(1;1),h(N/2 — 1;1),h(N — 1;1)]* can be ob-
tained using the the orthogonality principle

15 20 25 30
SNR (dB)

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

VI. NUMERICAL RESULTS

all = RhﬂﬁRZ;% In this section, we present numerical examples that illustrate
the SINR improvement due to tH filter in both SISO and
whereR,, ; = E[h(n; DR ()], and R;; = E[h())h ()] MIMO OFDM systems. As the design 8 depends on channel
With .J, [n]l := J,(27 f4nT), it can be seen that knowledge, we also study the accuracy of our channel estima-

tion method and the penalty it incurs on the SINR. Throughout

N our simulation experiments, we investigate an OFDM system
Ry, i = ['JO 2], Jo H 5 ~l-n } yJo[ N — 1~ ”]} with N = 64 subcarriers, a total bandwidth of 200 KHz, carrier
1 J, [1\7 _ 1] T[N —1] frequen_cyfc = 2.4 GHz, and the velocity of the mobile is set
Ri-—|J [ﬂ B ] 1 J [A] . (45) to 60 mi/h (the corresponding Doppler frequency is 214 Hz). In
I ; []37 1] 7 [A] ¢ 12 all simulations, we have chosen as figure of merit the average
bl o 2

SINRgain, which is defined as

As we demonstrate in the simulations section, for Doppler ) LN
values of practical importance (i.e., less than 200 Hz), there Hﬁ;;é SINRE;
is little to be gained by adopting the Jakes-based estimator in SINR= H/\—lTNRn
place of the linear interpolator. Hence, from an implementation m=0 '

point_ of view, th_e linear est_imator appears to be an attractiye, SINRY (SINR,,) being the SINR at subcarrien with
solution as .'t d|spensg§ .W'th the estimation of the DOppI%rwithout) the filterw. The SINRmetric expresses the SINR
frequency without sacrificing performance. improvement over all subcarriers, and since it depends on the
channel realization, in all figures, we depict the average SINR
over 1000 random channel matricHs The entries oH were
Under relatively mild Doppler, the quality of the channebenerated using the Jakes model, witk 4, and each channel
estimates (and, consequently, the SINR gains of our I&p modeled as a complex Gaussian random variakle 1).
mitigating methods) can be improved by channel tracking. A SINR Improvements With Known Channélirst, we look at
simple tracking scheme is the following: An initial channethe SINR improvement due to th¥ filter in SISO OFDM with
estimateﬂ(o) can be obtained by transmitting a full trainingperfect channel knowledge. Fig. 2 depicts, for various values
block; subsequent blocks contain pilot tones that are usedafoSNR, the SINR gain achieved with perfect channel knowl-
acquire new estimateH’n). The channel estimate for thgh edge for the carrier frequencies §f = 2.4 GHz andf. =
OFDM block is obtained using a forgetting factems follows: 60 GHz. For smaller values of the SNR, the SINR improve-
Hey = a1y + (1 - a)H’n) (see, e.g., [24] for a similar ment is smaller, a3¥ attempts to suppress both ICI and ad-
method in SISO OFDM). Iérequent retraining can furthatitive noise. As the SNR increases, the SINR improvement in-
improve the quality of the channel estimates at the expensecoéases becaud® attempts to suppress (essentially) only the
the overhead of the training symbols. As we illustrate in th€l. Itis also evident that af. = 60 GHz, the ICl is much more

D. Channel Tracking
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Fig. 3. Gains with estimated channel. Fig. 5. Pilot tone placement.

ol :8: ideal ' ' T ‘ O total of 4/ pilot tones are placed on the FFT grid according to a

tracking number of different schemes.
=& one shot .
9r - ~ B * In scheme “A”, the pilot tone$1, 5,9, 13,17, 21, 25, 29,

33,37,41,45,49,53,57,61} are placed equispaced on

the FFT grid.

7k 1 + In scheme “B”, the pilot tone$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 “C”, the pilot tone§l3, 14, 15,16, 17, 18,19,
20,45, 46,47, 48,49, 50, 51, 52} are placed intay/ = 2
groups of2v tones.

* In scheme “D”, the pilot tone$6, 7,8, 9, 22,23, 24, 25,
38,39,40,41, 54, 55, 56,57} are placed intos groups of
2M tones.

i » . i \ ; j x Itis clear from Fig. 5 that the placement of pilot tones has a sig-
7% B8 RRae 2% ¥ % ificant impact on the quality of the channel estimates and the
resulting SINR gains. It is worth noting that placing the pilot
Fig. 4. Channel tracking. tones equispaced on the FFT grid results in very poor perfor-
mance, unlike the time-invariant case [24], [25].
severe and, consequent8¥ results in higher SINR improve- Interpolation Technique:Although pilot placement does
ments over a wider range of SNR. In both cases, the substantiale a significant impact on the achievable SINR gains, this
SINR gains illustrate the merits of our ICI mitigation techniquedoes not seem to be necessarily the case with the choice of
SINR Improvements With Estimated Channelg. 3 illus- interpolation weights. To illustrate this observation, let us look
trates the performance penalty due to channel estimgfios  at the caseM = {0, N/2, N — 1} (i.e., the top, middle, and
2.4 GHz). The channel estimates are obtained using the methmattom rows are to be estimated, and the rest of the rows are
described in Section V with/ = 2 (the top and the bottom row obtained using interpolation). We compare the SINR gains
of H are estimated, and the rest of the rows are obtained wihtained with linear interpolation weights and the performance
linear interpolation). We have usdg pilot tones grouped into obtained using the weights of Section V-C. To isolate the effects
v groups that are equispaced onto the FFT grid (i.e., subcarriefshe choice of the interpolation weights, we let all subcarriers
{6,7,8,9,22,23,24,25,38,39,40,41, 54, 55,56, 57} are pilot be pilot tones (which amounts to having a full training OFDM
tones). From Fig. 3, we observe that even with imperfect chantébck utilized for channel estimation), and Fig. 6 depicts the
estimation, significant SINR gains can be achieved; this obsgerformance of the two interpolation methods. We observe
vation serves as testament to the effectiveness of our channetleat linear interpolation achieves the same performance as
timation technique. Additionally, under relatively mild Dopplethe “Jakes-based” interpolation, which, intuitively, is a not a
(90 Hz), 2-3 dB of SNR can be gained by using frequent reurprising result: For Doppler frequency values of practical
training and channel tracking, as Fig. 4 illustrates. interest, the variation of the rows & is not very large, and
Pilot Tone Placement Schemé&ig. 5 depicts the averageas a result, linear interpolation performs adequately. On the
SINR gains whenW is based on channel estimation, and ather hand, for significant variation, the Jakes-based estimator

SINR gain (dB)
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Section IV-C operates on two consecutive transmission blocks,
and we define th&INRas the geometric average of the gains
achieved over the tones of the two blocks, i.e.,

SINR = {/SINR(1)SINR(2).

Similar to Fig. 2, we can clearly see the SNR improvements that
the MIMO filter W vyields.

VII. 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
channel and synchronization errors. We proposed time-domain
filtering-based ICI 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
estimation scheme was proposed. Coupled to the proposed
channel estimation scheme is the issue of pilot tone placement.
Examination of this issue showed that nonuniform placement
of pilot tones and in particular grouping of tones into clumps
equispaced on the FFT grid is effective for these situations.
Numerical results illustrating these techniques were also
presented.

APPENDIX A

B(p) HAS RANK v
From (36), we obtain

1 N—-1
—j2mpl/N) ~ A1
e N TZO[ rn(z)]7,7

bfnr()z) (l) =

N-1

Fig. 7. SINR gains in space-time-coded OFDM.

outperforms the linear interpolator. For illustration purposes
only, we look at the case of 858-Hz Doppler. Fig. 6 depicts the
achieved performance at this extremely high Doppler, and it is
evident that the Jakes based-estimator outperforms the linear
interpolator. In addition, it can be deduced from Fig. 6 that
even at high SNRs, where high quality of the channel estimate
is expected (with a full training block), there is significant

difference between the performance achieved with perfgg¢ence, with the aid of (37), we obtalusifn(Z

% Z [Arn(i)]r,r
% ZO [Arn(l)]r,r

=Cm(i) U1y (D)5

=0

P
N—1 bfn(l)

- L N-1
N ;0 [Am,(i)]r,r

Cm(s) = N_1

% E [Arn,(l)]r,r

r=0

channel knowledge and channel estimates. This is due to ifgich readily yields that

large variation across the channel matrix rows that invalidates
the assumption that some channel rows can be expressed as a
function of as few as three channel rows.

SINR Improvements in MIMO OFDMFinally, Fig. 7
illustrates the SINR gains achieved in space-time block-coded
OFDM transmissions where the channel is perfectly known
at the receiver. As described in Section IV-D, the fill&f of has rank.

Con () (1)
p(1),p(1) p(1),p(1) p(1),p(1)
brn(l) brn(z) brn(]\l)
By = :
(P)7 (r) (P)7 (r) (P)7 (r)
bfn(l g bfn(z) g bfn(]\l§7
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APPENDIX B

b? 4R (b??)* AS A FUNCTION OF (p — ¢)

For analytical tractability, let us focus on the case- 1 and
M = {0, N—1}.From (33), we havh := (ho(0), hx—1(0))7,

andR;; can be evaluated as

v 1
Then, the ternB?? := bR ;; (b7)* is written as (cf. (37))

1
R;L;L:|: ’Y:|7 0<y <1

P, (Prd a4 1 ~ (b *(0))°
AP = (b1(0) bﬁr_1<0>>{fy 1} [(bﬁgq_l(()))*}
= 1O + |5, O
+y ((B54(0))" B2, (0)

+ ((0) (R ,0)") (46)

(1]

(2]

(3]

(4]

(3]

(6]

(7]

Without any assumptions on the underlying physical channels/®]
we adopt the linear interpolation scheme for the selection of the

weightsa,, of (29); hence, we set

Nolon 30 ] <p < N =2,

YT NI (47)

ap = (

With the aid of (32) and (36), we can writg'?(0), ¥;% ,(0) in
closed-form as
1 N—-1
, _ j(2nr(p—q)/N)
bg q(O) N ;) [AO]T,TCJ pa

(32),47) 1 = <

N =

1_ " )ijr(p_q)/m
=0

N-1

N—-1

(=D i@rr(p—a)/N)
= eI\ because
NN 1) ; e » becad

N-1
« Z & e=D/N) — g forp £ ¢

r=0
N—-1

_ (_1) . T i . J@r(p—q)/N
—m;nu,wnhw.—c( P=a)/N)
_ (-1) wV(Nw-1)—w)+w
N(N -1) (w—1)2
(-1

= 7 g N _1q
NV -Dw=1) sincew

which finally yields

(=1

P} —
by (0) = (N —1)(eiCr=a)/N

Ty forp #£q. (48)

Similarly, we can verify thaty;? , (0) = —b5(0) for p # q.
Hence, we obtairs?? = 2(1 — ~)|b5%(0)|, which, with the
aid of (48), finally yields

2(1-7)

(N —1)2 (1 — cos (m))

prt = Jforp#q. (49)

(9]
(10]

(11]

(12]

(13]

[14]

(15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

Equation (49) constitutes an intuitive result: The further a tonézs]

q is fromp, the less its interference on topés.
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