G. Auer: Channel Estimation for OFDM Systems with Multiple Transmit Antennas by
Filtering in Time and Frequency, in Proc. of IEEE Vehicular Technology Conference
2003-Fall (VTC'F03), Orlando, FL, USA, October 2003. © 2003 IEEE

© 2003 IEEE. Personal use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or for creating new
collective works for resale or redistribution to servers or lists, or to reuse any copyrighted
component of this work in other works must be obtained from the IEEE.


forstner
G. Auer: Channel Estimation for OFDM Systems with Multiple Transmit Antennas by Filtering in Time and Frequency, in Proc. of IEEE Vehicular Technology Conference 2003-Fall (VTC'F03), Orlando, FL, USA, October 2003. © 2003 IEEE


© 2003 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.


forstner

forstner

forstner


Channel Estimation for OFDM Systems with Multiple
Transmit Antennas by Filtering in Time and Frequency

Gunther Auer
DoCoMo Communications Laboratories Europe GmbH,
Landsberger Stral3e 312, 8068tiMhen, Germany.
Email: auer@docomolab-euro.com

Abstract—We address pilot-symbol aided channel estimation generate hannel
(PACE) for orthogonal frequency division multiplexing (OFDM) 2D-Pot

N
v ke

based systems, with multiple transmit antennas. An approach X, i V. 45

is presented which estimates and separated/r superimposed . ‘, L‘% .
signals, corresponding toNr transmit antennas, in two dimen- : . — _ : det X, @
sions. More specifically, we extend the concept of using two X, Xy &0 PN A : ) —
one dimensional (1D) estimators, instead of a truly two dimen- > }_

sional (2D) estimator to MIMO-OFDM systems, by dividing Mod

the estimation as well as the separation task into two stages. ) ) )
To this end, each estimator only separates a subset of th&'; Fig. 1. Block diagram of the OFDM system witN7 transmit antennas.

superimposed signals, together with smoothing and interpolation . . .
in the respective dimension. Design rules for the optimization of transmit antennas, even at high Doppler frequencies, can

of the proposed?2 x 1D estimator are established, dependent on P€ provided. The basic idea of our approach is to divide the

the performance, computational complexity, induced delay, and estimation and separation of th¥, superimposed signals

overhead due to pilot symbols. into two stages, in the way that we first separate a subset
. INTRODUCTION of the N signals together with channel estimation in the

Multi-carrier modulation, in particular OFDM [1], has beerfirst di_mension. !n the second stage we separate the .remaining
successfully applied to a wide variety of digital communicasUPerimposed signals for each of the outputs of the first stage,
tions systems over the past several years. For the transmisdRgigther with channel estimation in the second dimension, to
of large data rates its superior performance in transmissiyigld the desired estimate of the frequency response. With this
through dispersive channels is a major advantage. framewprk known one dimensional MIMO-OFDM channel

Transmitting a radio signal over a multipath fading channestimation schemes can be used.
the received signal will have unknown amplitude and phaseBY adopting the subset dimension to a given scenario, such
variations. In order to coherently detect the received signdf the channel characteristics, the OFDM system parameters,
accurate channel estimation is essential. For multi-carridpd selection of the pilot grid, this approach offers an addi-
systems the received signal after multi-carrier demodulationtignal degree of freedom to optimize the channel estimator. We
typically correlated in two dimensions, in time and frequencghow that the performance of the propoged D estimator is
By periodically inserting pilots in the time-frequency gridinvariant on whether estimation in frequency or time direction
such that the 2D sampling theorem is satisfied, the channel iiePerformed first. The computational complexity, on the other
sponse can be reconstructed by exploiting the correlation of f#&Nnd, is not independent on the ordering.
received signal in time and frequency. For the single transmitThe remainder of this paper is structured as follows: after a
antenna case, 2D filtering algorithms have been proposed Béief discription of the system model in section Il, the concept
PACE, based on 2D Wiener filter interpolation. Unfortunatel@f 2x1D PACE will be applied to a MIMO-OFDM system in
such a 2D estimator structure may be too complex for practi&gction lll, and some results for a OFDM system with multiple
implementation. To reduce the complexity, two cascaded A®nsmit antennas are presented in section IV.
estimators in time and frequency may be used instead, termed
two times one-dimensional & 1D) PACE [2].

Systems employing multiple transmit and receive antennasJor the considered MIMO-OFDM system wifki; transmit
known as multiple input multiple output (MIMO) systems, camand N receive antennas, one OFDM modulator is employed
be used with OFDM to improve the communication capacityn each transmit antenna, as illustrated in Fig. 1. For OFDM
and quality of mobile radio systems. If different signals arthe signal stream is divided inf§¥, parallel substreams, typical
transmitted form different transmit antennas simultaneousfpr any multi-carrier modulation scheme. Th8 substream,
e.g. for space-time coded OFDM, the received signal is thermed subcarrier, of théthsymbol block, named OFDM
superposition of these signals, which implies new challengsgmbol, transmitted from antenng is denoted bej;,‘;. An
for channel estimation. inverse DFT with Neer > N, points is performed on each

The majority of the publications about MIMO-OFDM chan-block, and subsequently a guard interval (Gl) haviNg,
nel estimation were limited to 1D channel estimation havinrgamples is inserted, in the form of a cyclic prefix. Subsequently
2 transmit antennas [3-5]. We aim to extend the concept tbe signal is transmitted over a multipath fading channel. At
2x1D PACE to OFDM systems witfV;- > 2 transmit antennas. the receiver of the/t"antenna branch, the guard interval is
By doing so reliable channel estimation for a larger numbeemoved and an DFT on the received block of signal samples

II. SYSTEM AND CHANNEL MODEL
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is performed, to obtain the output of the OFDM demodulation ¢, e _
Y. The received signal consists of superimposed signals "™ ] =
from Np transmit antennas. We assume the cyclic prefix —
to yield perfect orthogonality. Furthermore, the channel is est_mat_on_n—

assumed to be constant over one OFDM symbol. Then, thesme direction ﬁﬁ
received signal after OFDM demodulation is given by

@ pilot symbol
O tentative estimate
X desired symbol

h

T
@]

NENONRTNNNNSN
NENONRTNNNNAN

L

—
— W
=

Nt I time
Y;l;) == Z Xé”i) Hé“i’ v + Né’/: (1) estimation in frequency direction
n=1 Fig. 2. Principle of2 x 1D pilot aided channel estimation (PACE).

(1) (1, v) (v) i -
where Xy, Hy; ", andN;;, denote the transmitted symboly, frequency direction), at OFDM symbols= /D, yields
the channel state informaion (CSIl), and additive white Gaus-_, .. : .

. ) ) : tentative estimates for all subcarriers of that OFDM symbol.
sian noise (AWGN) with zero mean and varianyg.

We consider a time-variant, frequency selective, Rayleiq-ﬂ’le second step is to use these tentative estimates as new pi-

fading channel, modeled by a tapped delay line Winon- ots, in order to estimate the channel for the entire frame [2]. It
zero taps [6]. The CSI of (1), is the Fourier transform opas demonstrated in [2], thak 1D-PACE is significantly less

" . complex to implement with respect to optimum 2D channel
the channel impulse response, transmitted from antentea L : - o
: ; estimation, while there is little degradation in performance.
receive antenna, described by

0o Generally, it is of great computational complexity to use all
HYs = Zh;/) e—i2m T )i/ T ) avaﬂqble pilots. Instead azb yvmdow of sizd x M; can
’ ol be slid over the whole grid, witd/; and M, being smaller
than the number of available pilots. We assume a broadcasting
scenario, that is the signal is transmitted continously.

qg=1
wherel/T is the subcarrier spacing The channel of 4Heap,
hY:¥, impinging with time delayr{~*), is a wide sense
(. q i NG ; ieaati
stationary (WSS), complex Gaussian random variable with E'”E)er chfannelde?tmt]atl(;n r']” frliaguenc]iy ordtltm; dllr;cuon
zero mean. All channel taps and all antennas are assu € periormed nrst, which will be referred 10 as 1D-
to be mutually uncorrelated. Due to the motion of the vehicfACE type I and type II, respecively.

h,” will be time-variant caused by the Doppler effect, being  Extension of x 1D-PACE to MIMO-OFDM systems

band-limited by the maximum Doppler frequengyay. .
Note that the channel estimation blocks of All; receive Irt1 the fLoliowwég y(\j/e teﬁten(‘f;;Dt- PACE.IO atMIMO—_OtZDM
antennas are independent, provided that all receive anten gom. Letus divide the set ol transmit antennas Inthr s
setsA,,, C A, each subset containinyr; signals, such

are mutually uncorrelated. Thus, the index denoting the rece%é >
antennay, will be dropped in the following. that Nr = Nr¢Nr¢. In order to extend the pilot sequence

design for an MIMO-OFDM system, we choose a set of pilot

I1l. PRINCIPLE OFPILOT SYyMBOL AIDED CHANNEL sequences which can be expressed in the product form
ESTIMATION FOR OFDM-BASED MIMO SYSTEMS Xéul) - X}m ) Xigt>7 = pit + Ny - (g — 1) (3)
Pilot aided channel estimation (PACE), based on periodi- 1<pr <Npy, 1< < Npy

cally inserting known symbols, termqalot symbols in the ) = ) .
transmitted data sequence, was first introduced for singif'eréX .’ and.X;7" are the pilot symbols for the frequency

carrier systems and required a flat-fading channel [7]. If tfnd time direction respectively. It is important to note that the

: . (1 f) .
spacing of the pilots is sufficiently close to satisfy the sampliry/0t Symbols in frequency'; " only depend on the subcarrier

theorem, channel estimation and interpolation for the entitedex:, while the pilot symbols in timeX;**’ only depend on
data sequence is possible. Extending PACE to multi-carri@FDM symbol 7. The pilot sequences are generally chosen
systems the fading fluctuations are in two dimensions, in tinfieem orthogonal designs. We use Walsh sequences in both
and frequency. In order to satisfy the 2D sampling theoretrirequency and time direction.

the pilot symbols are scattered throughout the time-frequencySubstituting the proposed 2D pilot sequence of (3) into the
grid, yielding a 2D pilot grid. We employ a pilot grid with sequence of received pilots; ; = 33", X2 H+ N ;, the
equidistant pilot spacing abr and Iy in frequency and time. following is obtained o

To describe PACE it is useful to define a subset of the Nry o R 3 Nre ~
received signal sequence c?ntaining only the pﬂo{té{%}: V= Z X}’;f)Z;‘;E) +Nj; = Z Xig‘“Z@;‘f; +Ng; 4
{X{)}, with ¢=¢D, andi=14Djy-. with ~ #r=! pe=1

’ Nty Nry
L. ) Slnp) A () TT(1) Sug) D () (i)
A. Principle of2x 1D-PACE Zp0 2 Y XprHY) and Zp0 = N XpUHY (5)

For 2 x 1D-PACE the correlation function of the channel ne=1 py=1

can be factored into a time and frequency correlation functiowhere p = g + Np¢ - (g —1). SinceXﬁ‘g” in (3) is constant
which enables a cascaded channel estimator, consisting of twith respect to the subcarrier indé,xZ(jf ”is a superposition

. . . 4,1
1D estimators. The basic idea Bf< 1D-PACE s illustrated of N, waveforms each multiplied with a constant phase
in Fig. 2. Channel estimation in thé'tlimenstion (in Fig. 2 term. So,Z;‘ff_) in (5) may be viewed as the resulting channel
response o?lsubsetf in frequency direction. Accordingly,

1As a general convention, variables describing pilot symbols will be marke (e) . .
with a ~ in the following. Z¢: may be viewed as the resulting channel response of



(@) @ | pace 'f—> H,® in (6) and (7) can be reversed. Hence, the performance of
t-direction ‘ — AH| o 2x 1D-PACE type | and type Il are identical as long as they

PACE

——>| fgirestion Nﬂ employ the same estimators. The computational complexity,

however, is in general not identiacal, a fact which will be

ﬁﬂ:’

PACE \ : > ellaborated further in section I1I-C.2.
Z'r (Nt t-direction > AH.<NT)
| " C. Derivation of the cascaded 1D estimators

(b.) A0 bo According to (6) and (7) there are two separate 1D estima-
N e 1L tors for type | and II. Instead of deriving the four estimators

Y, PACE > Hy separately, we define an auxilary signal for which the Wiener
t-direction ‘NT interpolation filter is determined. Let an auxilary signal be

> defined by N

PACE . ( ) ( )
ACE S ) xn Mx1
Zt (Nm f-direction b ,(NT) £ g T , €C (8)

Fig. 3. Principle of2x 1D PACE type I (a.) and type Il (b.), for OFDM whereé, T —dlag( ™), &"™ andij denote the received and
systems with multiple transmit antennas. transmitted pilot sequence, the CSI, and the AWGN term, re-

subset, in time direction, smce’(“ 7’ is constant with respect spectlvely, all of dimension/. The estimator for then™ entry
to the time index’. of ¢ is in the form C") = w(")é' To determine a Wiener

1) Comparison betweenx 1D-PACE type | and type II: interpolation filter forw(")—R‘"’ e ! the mean squard error
For 2x1D-PACE type | the task of theSistage is to separate (MSE) between the filtered recelved pilots sequekjge and
the Ny subsets, as well as to estimate and interpolate ttiee desired responsg;”, is minimized. In this case knowledge
channel in frequency direction. The outputs of tifesiage are about the channel statistics are required. The auto-correlation
subsequently used as inputs for tH¥&@age. In the Wstage matrix of the received pilots is described by
we estimate the channel in time direction to separate the () ~(n) WH o H
remainingNr; signals per subset to yield in total estimates Rge = Z Y E ] +ayNol
of the frequency responsH;‘_fi’. Fig. 3.a illustrates the basic )
idea of2x 1D-PACE type I.

. The auto-correlation matrix of AWGN is described B I,
The estimator fo2x 1D-PACE type | can be expressed 3Swhere I denotes the identity matrix. The cross-correlation

M; My . . .
e — W (AP WSO A -V yec’;or between the received pilots and the desired response
4,3 Zl n ( ) Z:l m ( ) {—n,i—m ( ) is given by
n= m= ~H n) H n) H
where the FIR interpolatlon filter in frequency direction R<”~)=E[C("’)§ ] =E[¢e" -2 (10)

(1y) 7 (g)
WP (A) = W] (Ad), -, WhT'(Ai)] depends on the  considering2x 1D-PACE type I, channel estimation in fre-
location of the de(swed symbol relative to the pilot posﬂmnauency direction is performed in thé%tage and utilizes the
Ai=Dysi—i. If Z; "/"is in the center of the sliding window, pilots of OFDM symbol?D;, Y~~ =1Y; Y

o - 7.
X i—Mg+1
Ai = DpMy/2— (Z mod Dy). Only if & < Dy My/2] O " e stsrage estimator is in the forrﬂ“‘f) W”“f’(A'f)YL.
i>N.—Dy|My/2], i.e. for subcarriers near the band edges, ) S _ *(;Lf)
then Ai=Dy|M;/2| —(i mod [D;Mj]). Thus, by substltutlngY~~_§ Z, =", with Npy =N,
The FIR interpolation filter in time directioW”"(A¢)= and M; = M, the esnmatorW’(“f’(Az) = w™ can be
(W (AL), -+, Wi (AL)), with filter delay A¢=D,{—¢.  determined by using (8).
We employasmoothlng type filter which estimates the symbol For the Z‘dstage in order to estlmatél;“), we use the
in tgi)c)en'lt'ir' of the Slllldlng r\:ylndOWhSAé Dy U\f/ft/ﬂ (¢ [t]entatwe estimates at subcarrierand subsety, Z”“‘r) =
mod D,). This generally achieves the best performance (“f) (,Lf) o
However, buffering ofA, = | D;(M;/2—1) | OFDM symbols is 8[ ,d... vl By(s)ubsntumgz ¢ = £in @)
required, and a corresponding time delay is induced. Thus, ta@ 2 stage estimatoW" ' (Al) = w'* of subsetA,,, is
a design rule the number of filter coefficients in time dwecnoﬁbtamed
should be as small as possible. Accordingly, the estimator®’“’(Ai) and V"*“*)(A¢) for
2% 1D-PACE type Il is illustrated in Fig. 3.b. Now, channel2 X 1D-PACE type Il can be obtained by adjusting (8).
estimation in the first dimension corresponds to the time !t can be shown that, if the channels per transmit antenna
direction. In the $stageN; tentative estimates are producedhave the same statistics, i.e. the same power delay profile and
which are further processed in th@¥2tage to yield the desired Doppler power spectrum, the estimators of type | and Il are

Nr ouputs. Equation (6) can be rewritten to equivalent. Note that the signal to noise ratio (SNR) of the
My M, noise process seen by the9gtage estimator is improved due
ﬁéf‘; - Z V! (A )Z V/UA(Al) Yy, (7) tothe Plstage filtering. This SNR improvement,, from (9),
m=1 n=1 should be taken into account by generating the Wiener filters.

which is the estimator fo2 x 1D-PACE type Il. It is seen that However, it is seen from (6) and (7) that the channel estimate
if W/ (A) =V (Ai) and W™ (AL) =V"*"(Al), (6) itself is independent on the ordering of filtering (frequency
and (7) are equivalent. In any case, the ordering of the filteriog time first). Hence, due to symmetry reasons the SNR



enhancement should be applied to the time and frequency AP: decay between taps Channel A Channel B
. . . = — 4

estimator. The quantity of the SNR improvement depends on "361120'01 Tsy "36222 107 Toym
the channel characteristics and the system parameters. Trials ] ime T = 177 Tl T =23 T

. L. . . AT=16T, AT=2Tg
with variying values for the SNR enhancement suggested that " .5 spacing ' m?:rrootfaps wpoide” || ap o1
Qw =/ _(Mf""]wt)/z . ) . L Fig. 4. The power delay profile of the used channel model.

1) Mismatched estimatorFor the Wiener filter in time

: : TABLE |
and frequency described above, the auto and cross-correlation
. . . . OFDM SYSTEM PARAMETERS
matrices at the receiver need to be estimated. Alternatively, a ,
robust estimator with a model mismatch may be chosen [2]. Eas’:ﬁ)"g';tr?ers ]f %23'5'\’”*2
. . . . . c

That is to assume a uniform power delay profile with maxi- FFT length Neer 1024
mum delay,mmax, , and a rectangular Doppler power spectrum Guard interval (GI) length  Ng; 226

; ; ; Sample duration Tsp 7.4ns
with the maximum Doppler frequencyimax, , Which are to be
expected in a certain transmission scenario, i.e. worst case TABLE I
propagation delays and maximum expected velocity of the CHANNEL ESTIMATION PARAMETERS
mobile user. In order to determine the channel estimator only Parametersel D; D; M; M; A, 7
Tmax, » Vmax, » and the highest expected SNR are required. @) 1 16 48 4 16 1/15

2) Complexity analysisThe computational complexity of EE; g g 3421 g ig i;}i
the channel estimator is roughly approximated by the number | () 4 4 16 10 16 115

of multiplication per estimated CSI per transmit anterﬁg‘;.
For 2 x 1D-PACE type |, the number of real multiplications
required for tand 2Ystage channel estimation is given bypilot symbol overhead and performance. For MIMO-OFDM
C?]=4Mf/(DtNTt) and C =2, respectively. Note, that channel estimation, however, the ovgrsampllng factor should
for the Btstage filter in frequency direction the filter coeffi-P€ larger than two, to allow separation of the- antennas’
cients are complex valued, resulting in 4 real multiplication¥gnals. The overhead due to pilot symbolgis1/(D,D 1),

per coefficient, while the 'stage coefficients are real valuegvhich should be kept as small as possible.

which cuts the number of real multiplications per coeffient to

2. The total number of multiplications is simply the sum of IV. RESULTS
ngl andC}", that is The MSE performance of the propos2ed 1D estimator is
C%" =2 (2M;/(DyNr¢) + M) (11) evaluted by using (13). The system parameters of the OFDM
Accordingly, the number of multiplication farx1D-PACE System were taken from [9], and are shown in Table I. The
type Il are found to be QFDM symbol duration with and without the guard interval
P —=9. (2Mf + Mt/(DfNTf)) (12) is denoted byz—éym = (NFFT+ NGI)T%p[ andT = NFFTTsph re-

spectively; T, accounts for the sample duration. Two channel
models were considered, one with large and one with small
delay spread and Doppler frequency. The channel is modeled
by a tap delay line model wit), =12 taps, a tap spacing of

which is, in general, different t¢'™ from (11). To conclude,
the choice betweefl x 1D-PACE type | and type Il is only
based on the complexity not the performance.

D. MSE analysis AT =16-Tgp for channel A andAr = 2-Tg, for channel B,
The MSE of an arbitrary 2D estimatdV of dimension With an exponential decaying power delay profile, illustrated
1x My M, can be expressed in the general form in Fig. 4. The independent fading taps are generated using

~ 9 9 Jakes model having a U-shape Doppler power spectrum [10].
EHH(N‘) — H ] — EHH(“) ] (13) .
i 0 0 The maximum Doppler frequency of each tap was set to

-2 Re{W(“)R‘I%{(AZ, Ai)} + WHRgg W™ H Vmax = 0.01-T3ym for channel A andvpmax = 210" 4T3y,
N - ) ) for channel B, with7s,, defined in (2), corresponding to
with Hy) =W*Y;;. The M;M, dimension vector a mobile velocity of abou30km/h and5km/h at 5 GHz
Y=V Yaiaan o Viomoniom 1) carrier frequency, respectively. For the parameters of the robust
accounts for the received pilot sequence in frequency and tinsbannel estimator we assume knowledge about the maximum
and is used to determine the 2D correlation functifbsy Doppler frequency and the maximum delay of the channel, so
and R%)_(A¢, Ai). For2x 1D PACE the two 1D estimators Vmax, = Vmax @Nd Tmax, = Tmax The maximum expected SNR

are used, so was set toy,, =30dB.
W — W”(‘”(AE) ® W’(“f)(AZ')’ pe A, (14) In Fig. 5 the MSE performance is plotted fof =4 trans-
where the® operator denotes the Kronecker product. mit antennas, and different subset siZ€s;, by evaluating
) ] ) (13), and averaging over all andi. For the results plotted
E. Selection of the pilot grid in Fig. 5, different parameter sets are compared, shown in

The pilot spacing in frequency and time must satisfy théable Il. Four different configurations of the pilot grid),
2D sampling theorem, which requires thgtr,a/T <1 and and D,, are compared all having a similar overhead due to
VmaxTsymDy < 1/2 [2]. With the system parameters frompilot symbols. The dimension of the Wiener filter in time
Table | we obtainD; < 5 and D, < 38. In [2] two times direction, M, was selected such that the channel estimation
oversampling was suggested for a good compromise betwekstay and overhead due to pilots, andn, were comparable.
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Fig. 7. MSE vs SNR for various antenna siZés = N7y N, for channel B
and parameter set (b.) from Table II.

Furthermore M is chosen that the computational complexity[z]

of different parameter sets are comparable. For, =4, all 4

transmit antennas’ signals are separated in frequency direction.
It is seen in Fig. 5 that the performance of a certain subsg)
size Nry and N is closely related to a certain pilot spacing

Dy and Dy, in the way that for increasingVzy and/or N

the pilot spacing in that dimension must become denser, i.gy

the oversampling rate is to be increased.

In Fig. 6 the MSE performance for various numbers of[5
transmit antennad/r is plotted against the SNR for parameter

set (b.). It it not surprising to find that by increasifg- the

performance degrades. If the oversampling factor in frequené?/]

and time becomes smaller thawr; or Nr., the MSE is
flatting out for high SNR.

Fig. 7 shows the MSE performance for the same paramet
as the previous graph with channel B. For channel B the delay
spread and the maximum Doppler frequency are smaller (s&€8
Fig. 4). This effectively increases the oversampling rate in
frequency and time, and as a result the MSE performance

improves and more transmit antennsis can be supported.

TABLE Il

NUMBER OF MULTIPLICATIONS PER ESTIMATEDCSl,Hé”i)

Nr | Nry_ _Nr. Dy D¢ M; M; [ CW [ OV
1 1 1 2 8 32 6| 28] 134
g 1 I 16 48 4| 20| 194

2 2 1 16 48 4| 14| 19

4 2 2 2 8 32 6| 20131
2 2 3 5 24 8| 26| 99

1 4 3 5 24 8| 21| 102

1 4 4 4 16 10| 24| 69

6 3 2 2 8 32 6| 20| 130
2 3 2 8 32 6| 17| 131

The computational complexity of different parameter sets is
shown in Table Ill. It is seen that for the chosen OFDM sys-
tem parameters, performing channel estimation in frequency
direction first is significantly less complex;™ < C®, for
all considered parameters. The number of filter dimension
in frequency is typically larger than in time, i.84y > M,.
Moreover, provided thaD; < D,, which is likely to be the
case for the system parameters of Table |, th&h< C®2.

V. CONCLUSIONS

In this paper we proposed a novel approach for MIMO-
OFDM channel estimation in two dimensions. The channel
estimation and separation task of tNe superimposed signals
were split using two cascaded one dimensional filters. The sep-
aration of superimposed signals ultimately requires a denser
pilot spacing. By splitting the separation task into two stages,
the 2 x 1D estimator can be adjusted to match a certain pilot
grid, constraints on the filter dimensions in time and frequency,
and other system parameters such as acceptable delay due to
channel estimation in time direction. It was demonstrated that
for the chosen OFDM system parameters performing channel
estimation in frequency first is of advantage, due to the lower
computational cost.

REFERENCES

[1] S. Weinstein and P. Ebert, “Data Transmission by Frequency Division
Multiplexing Using the Discrete Fourier Transforni2EE Transactions

on Communication Technologyol. COM-19, pp. 628-634, Oct. 1971.
P. Hoeher, S. Kaiser, and P. Robertson, “Pilot-Symbol-Aided Channel
Estimation in Time and Frequency,” iRroc. Communication Theory
Mini-Conference (CTMC) within IEEE Global Telecommunications Con-
ference (GLOBECOM'97), Phoenix, USgp. 90-96, 1997.

Y. Li, N. Seshadri, and S. Ariyavisitakul, “Channel Estimation for
OFDM Systems with Transmitter Diversity in Mobile Wireless Chan-
nels,” IEEE Journal of Selected Areas on Communicatjovsl. 17,

pp. 461-470, Mar. 1999.

Y. Li, “Simplified Channel Estimation for OFDM Systems with Multiple
Transmit Antennas,|EEE Transactions on Wireless Communications
vol. 1, pp. 67-75, Jan. 2002.

] Y. Gong and K. Letaief, “Low Rank Channel Estimation for Space-Time
Coded Wideband OFDM Systems,” Rroc. IEEE Vehicular Technology
Conference (VTC’2001-Fall), Atlantic City, USpp. 722—-776, 2001.

J. G. ProakisDigital Communications New York: McGraw-Hill, NY,
USA, 3rd ed., 1995.

[7] J. K. Cavers, “An Analysis of Pilot Symbol Assisted Modulation for
Rayleigh Fading Channels|EEE Transactions on Vehicular Technol-
ogy, vol. VT-40, pp. 686—-693, Nov. 1991.

S. M. Kay, Fundamentals of Statistical Signal Processing: Estimation
Theory Englewood Cliffs, NJ: Prentice Hall International, 1993.

H. Atarashi, N. Maeda, S. Abeta, and M. Sawahashi, “Broadband Packet
Wireless Access Based on VSF-OFCDM and MC/DS-CDMA Pioc.
IEEE Intern. Symp. on Personal, Indoor and Mobile Radio Commun.
(PIMRC 2003), Beijing, Chinapp. 992-996, Sep. 2002.

[10] W. C. JakesMicrowave Mobile Communication&Viley, NY, 1974.





