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Abstract—This paper presents a common training signal design and
corresponding estimation methods for carrier frequency ofset and
frequency-selective channels in MIMO OFDM systems. In degning
the common training signal, a training signal structure which yields
low complexity estimation methods is developed while the aimality of
the training signal is maintained. Frequency offset estimton is based
on the best linear unbiased estimation principle while chanel estima-
tion is based on the least squares (also maximum likelihoo@pproach.
The proposed training signal and estimation methods can bepplied to
systems with pilot-only training signals as well as those h pilot-data
multiplexed signals. The estimation range of the frequencyffset can
be exibly adjusted. The performances of the proposed methds are
very close to the Cramer-Rao bounds or theoretical minimum nean
square error.

I. INTRODUCTION

The higher data rate requirement of future wireless communi
cations systems, the signi cant information theoreticazty gain
of MIMO systems, and the robustness and suitability of OFDM
for high data rate transmission highlight the signi canteatial
of MIMO OFDM systems. However, MIMO OFDM inherits a
high sensitivity to frequency offset error from OFDM. Hence
highly-accurate frequency synchronization is an impdriasue
in MIMO OFDM. The estimation of increased numbers of chan-
nels in MIMO systems presents another challenge in impldéimgn
MIMO OFDM systems.

Most previous approaches address frequency offset egiimat
and channel estimation separately using separate trasgmagls
(see [1]-[6] and references therein). There are only a fewks/o
which address synchronization and channel estimationguain
common training signal (e.g., [10] for SISO OFDM systems)eD
to the training overhead saving, the approaches using a comm
training signal merit further investigation. For MIMO OFD#¥/s-
tems, [11] has recently presented a combined frequenogtaifel
channel estimation method based on a common training signal
[11] considers a pilot-data multiplexed scheme where thabar
of OFDM symbols required for transmission of pilot tones tas
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training signal. We develop a common training signal ancctre
responding estimation methods which have low complexdy, |
processing delay, low training overhead, and high perfocea
Our proposed designs can be applied to systems with pilgt-on
training signal as well as those with pilot-data multipléxsgnal.
Extension of frequency offset estimation range by meansudfim
ple OFDM training symbols is also presented.

Il. SIGNAL MODEL

Consider a MIMO OFDM system with  sub-carriers,
transmit antennas and receive antennas. The training signals
from  transmit-antennas are transmitted oveDFDM symbols
where . The channel impulse response (CIR) for
each transmit-receive antenna pair (including Iters'eeffs) is as-
sumed to have taps, and is quasi-static over OFDM symbols.
Let e, be the pilot tones vector of
the -th transmit-antenna at theth symbol interval and

be the corresponding time-domain complex
baseband training samples, including cyclic pre x
samples. De ne as the training signal matrix of size
forthe -th transmit-antenna attheth symbol interval whose ele-
ments are given by , ,

Let represént the-th column of . Then the -th col-
umn of is the -sample cyclic-shifted version of de-
noted by . Assume that where =1,2,...,and

. Let denote the length- CIR vector correspond-
ing to the -th transmit antenna and-th receive antenna. After
the cyclic pre x removal at the receiver, denote the recevector
of length from the -th receive antenna at theth symbol in-
terval by . Then the
received vector over the symbol intervals at the -th receive
antenna s given by

(1)
where

@

be at least the same as the number of channel impulse response

taps. The authors use sub-space-based frequency offised tsh
and linear minimum mean square error channel estimationcéle
the method from [11] is more appropriate for systems whiah ca
accommodate relatively high complexity, are insensitivepto-
cessing delay, and have knowledge of the channel covariaaee
trix and the noise variance.

In this paper, we consider a combined frequency offset and
channel estimation in MIMO OFDM systems based on a common
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and is a length vector of zero-mean, circularly symmet-
ric, uncorrelated complex Gaussian noise samples withlequa



ance of . The diagonal matrix corresponds to the nor- The optimality of the sub-block signal for frequency offgsti-
malized frequency offset, normalized by the sub-carrier spacing. mation is investigated in the following. In [14], we show foe-
We consider a system where the RF branches of all antennas usquency offset estimation in SISO systems that the sub-dapgial
a common local oscillator and hence, there is only one commonis optimal in minimizing the average CRB of the frequencyeff

normalized carrier frequency offsetbetween the transmitter and
the receiver.

Ill. DESIGN OFA COMMON OFDM TRAINING SYMBOL FOR

ESTIMATION OF FREQUENCYOFFSET AND CHANNELS

Training signals consisting of several consecutive ishgub-
blocks are commonly used for frequency offset estimation in
SISO OFDM systems (e.g., IEEE 802.11a, HIPERLAN-2, [1]
[2]). On the other hand, optimal training signals for estioraof
frequency-selective channels in MIMO OFDM systems were pre
sented in [6] and [9]. In [12], we have recently derived gaher
classes of optimal training signals for estimation of frenecy-
selective channels in MIMO OFDM. The pilot tone allocation
among transmit antennas are classi ed as frequency divisiol-
tiplexing (FDM), time division multiplexing (TDM), code dision
multiplexing in time-domain (CDM-T), code division multgxing
in frequency domain (CDM-F), and combinations thereof. é2hs
on these optimal training signals for MIMO channel estimm@ati
a common training signal for estimation of both frequendgetf
and MIMO frequency-selective channels will be derived. gbel
is to obtain a training signal having two properties: (i) then-
ing signal for each transmit antenna consists of severaemn
tive identical sub-blocks for ef cient implementation aéfjuency
offset estimator and the sub-block signal is optimal fogérency
offset estimation, (ii) the training signal is optimal fostenation
of MIMO frequency-selective channels.

Let us consider the training signal design using one OFDM-sym
bol, i.e., =1, which contains pilot tones only. For simplicity, the
symbol index will be omitted.

(C.1) For the training signal to have consecutive identical
sub-blocks within one OFDM symbol where  is an integer
and , the non-zero pilot tones for each transmit
antenna must be located at the sub-carrier indices : =0, 1,

(C.2) Among several classes of optimal training signals pre
sented in [12], the above condition (C.1) is satis ed by tHeNGF

type pilot tone allocation if

(C.3) The CDM-F pilot tone allocation requires that gerigral
all non-zero pilot tones must have the same amplitude andghe
timal pilot tones for -th transmit antenna, , are given by

@)
®)
©)

where , is an integer equal to the number of (active)
transmit antennas within one OFDM symbo%0, 1, ..., ,
and are constant modulus symbols.

By combining the above conditions, we have the desired OFDM the covariance matrix of

training symbol given by (7)-(9) where and

This training signal contains consecutive identical sub-blocks
and satis es the optimality condition for MIMO channel es8-
tion which is inherited from the CDM-F pilot tone allocation

estimation in a frequency-selective fading channel if thie-block
sighal possessesa zero autocorrelation for any non-zenedation
lag (this type of signal is usually referred to as zero autedation
(ZAC) signal). In other words, the ZAC signals result in minim
uctuation of the received training signal energy in a fregay-
selective fading channel which in turn translates into mimin
average CRB. In MIMO systems, the received training sighal a
a receive antenna is the superposition of channel outpiairtca
signals from all transmit antennas. For MIMO systems whieee t
channels are independent, the minimum uctuation of thelte-
ceived training signal energy is achieved if each transni#@ana’s
channel output signal has minimum energy uctuation. TIis i
readily obtained if each transmit antenna's training sldzk sig-
nalis a ZAC signal. Our training sub-block signal foth transmit

antenna, denoted by = , ,can

be generated by point IFFT of the correspondlng non-

zero pilot tones denoted by = ,

The periodic autocorrelation of with correlatlon lag

is given by . By using

where is the point FFT matrix and =diag 1,
, S, is a diagonal

matrix, it can be easily shown that =0 for

This means that our training sub-block signal for each trans
antenna is a ZAC signal, hence an optimal sub-block sigmral fo
frequency offset estimation.

IV. ESTIMATION OF FREQUENCYOFFSET ANDCHANNELS
USING ONE OFDM TRAINING SYMBOL

At each receive antenna, after the CP removal, the received
training signal contains sub-blocks which are identical in the
absence of frequency offset and noise. For this type of vedei
training signal, the best linear unbiased estimation (B).bteth-
ods (e.g., [1] [2]) show excellent performance (very clas€RB)
and they have low implementation complexity. Hence, we &dop
the BLUE method from [2] in this paper. The frequency offset
estimate from -th receive antenna is given by

— (10)
where
(11
12
(13)
Here, is an all ones column vector of length is

and its detailed expression is given in
[2]. is a correlation term de ned as

(14)



The nal frequency offset estimate is simply given by the rage
of estimates from all receive antennas as

(15)

The frequency offset estimation range is  sub-carrier spac-
ing. Note that since and , the estimation
range depends on . For a system with a large number of
transmit antennas and a very large delay spread (very laxgae
above estimation range may not be suf cient to account fangr
mit and receive local oscillators mismatch and the chanoejier

shift. We will tackle thls#)ossmle problem later in this pap
The nal frequency offset estimate is used in frequency etffs

compensation on the training signal and the data signaldyree-
ceived (i.e., those in buffer). It is also used to correctréeeiver
local oscillator's frequency for next incoming signal. Shiscilla-
tor frequency correction may be performed immediatelyréfie
frequency offset estimation or on packet by packet basis. fiidx
guency offset compensated received training signal frofth re-
ceive antennais given by

(16)

After the frequency offset compensation is performed, &sest-
square-type channel estimation atth receive antenna is per-
formed as

@an

Since the training signal is designed to be optimal for MIMO
OFDM channel estimation, it satis es the following [12]:

(18)
Hence, the channel estimation is simpli ed to

(19)

V. ESTIMATION OF FREQUENCYOFFSET ANDCHANNELS
USING OFDM TRAINING SYMBOLS

To extend the frequency offset estimation range, we can use

OFDM training symbols instead of only one OFDM train-
ing symbol. We choose such that both and
—— are integers. Then, we partition transmit anten-
nasinto groups;eachhas transmit antennas. Inth OFDM
symbol, only one group of transmit antennas (with indices
) transmit training signals. In this case,
in (3) is a zero matrix for all
Then, the single-symbol-based methods described in thnaoplsa
section can be applied to estimate frequency offset andneisin
for
The training signal design discussed in the previous se@iap-
plied to each symbol interval for the active transmit antennas
and isnow replacedwith . The estimation range now is
which is  times that of single-symbol-based method. Note that
. The frequency offset estimation from-th receive
antenna at-th OFDM symbol interval is

(20)

where
(21)

(22)

(23)

transmit antennas in the current transmit antenna group.

is an all-ones column vector of length is the
is a correlation term de ned as

Here,
covariance matrix of

(24)
The nal frequency offset estimate is simply given by the rage
of estimates from all receive antennas ovesymbols as

(25)

If a smaller complexity is preferred, can be calculated as the
average of only. For a given set of channel gains, the snap-
shot CRB of , after skipping details, is given by

(26)

In the above equation, we have used the following propertii®f
training signal [12]:

@7
(28)

(29)
De ne the training signal to noise ratio as
(30)

Then the snap-shot CRB of (26) is simpli ed to

(1))

(32

(33)

The numerator of is the sum of central chi-square random vari-

ables
. can be well approximated by a Gamma random
variable (see [13], [14]). , Then, the average CRB df given by

(34)

We assume that the channels are independent and have the same

power delay pro les, i.e.,
. For the SNR de ned in (30) to be the average received

SNR at a receive antenna, we must have . Thenthe
CRB of becomes

(35)

After the frequency offset compensation is performed, the
least-square type channel estimation for a transmit aatenn
(which is active at -th OFDM symbol)

and -th receive antennais performed as

(36)



At perfect frequency recovery, the channel estimation MSE f
each channeltap is given by

@7

Note that we can also partition transmit antennasinto groups

with unequal number of transmit antennas. For example, #6,

, , and , then we can assign 2

transmit antennas in the rst symbol and the remaining 4gnain

antennas in the second symbol. The frequency offset esimat

can be based on the rst symbol only and the estimation rasge i
sub-carrier spacing.

For pilot-data multiplexed scheme, frequency offset estiom
would be affected by the datatones'interference on thegdimce
the received pilots and data are no longer orthogonal in tes-p
ence of a frequency offset. A modi ed scheme to alleviatedhta
interference is described below. Data tones closer to & foitee
cause larger interference on the pilot. For every pilot twitle sub-
carrier index , the data tones at sub-carrier indices and

are setto be the same where denotes modulo- op-
eration. Since data tone interferences to the left and toighein
the sub-carrier domain are almost anti-symmetric [15],aheve
modi ed scheme almost cancels the largest interference t@m-
ing from the two data sub-carriers adjacent to the pilot.

VI. SIMULATION RESULTS ANDDISCUSSIONS

We have evaluated the estimation methods presented inahis p
per for MIMO OFDM systems in frequency selective fading chan

nels. The simulation parameters are as follows: the number o [1]

sub-carriers , channel length , , and the
number of transmit antennas . We simulated one-symbol

scheme with , and two-symbol scheme

with (to illustrate a larger estimation range) for the number
of receive antennas and . The two-symbol scheme
partitions transmitt antennas into two groups

and . During the rst OFDM training symbol interval,
only transmit training signals while during the second
interval only transmit. The frequency offset estima-

tion is based on all received signal over two symbols.

The MSEs of frequency offset estimation using the BLUE
method are shown in Fig.1. The corresponding CRBs are iedlud
as references. Fig.1 shows that two-symbol-scheme givedBa 3
SNR advantage in frequency offset estimation performance f
both and This is simply due to the use of
twice the total training signal energy. We also observe ffagl
that has a 3dB SNR advantage over which is
simply due to the diversity provided by two receive antenflde
frequency offset estimation range extension usingaining sym-
bols is also con rmed in the simulation results.

The channel estimation MSEs obtained from simulation aad th
ideal MSE (the minimum MSE in the absence of frequency dffset

are shown in Fig.2. The 3 dB SNR advantage of the two-symbol-

based channel estimation is simply due to the use of twictotaé
training signal energy for each transmit antenna.

The frequency offset estimation results for pilot-data tmul
plexed schemes are presented in Figs. 3 and 4, respecfiely,

conventional and modi ed schemés.In the simulation, the ratio
of total pilot energy to data energy is 5dB. Due to data sigrtat-
ference, MSE performance is degraddulit the modi ed scheme
gives an appreciable improvement. The channel estimagisults
for pilot-data multiplexed schemes are shown in Fig.5. Fame
nel estimation, the effect of data signal interference agligible
since residual frequency offset is small.

VIl. CONCLUSIONS

We have presented a common training signal design and estima
tion methods for carrier frequency offset and frequendgetive
channels in MIMO OFDM systems. The proposed training signal
are optimal for MIMO channel estimation. They contain sealer
identical sub-blocks to yield low complexity, high perfaante
frequency offset estimation. The sub-block signals areémagt
for frequency offset estimation in frequency-selectidirig chan-
nels. In the proposed methods, the best linear unbiasedatitn
method is applied in frequency offset estimation while maxin
likelihod approach is adopted in channel estimation. Th#ope
mances of the proposed methods using the proposed traigimaj s
are very close to the CRB or the minimum MSE of the estima-
tion for pilot-only schemes. Due to data interference, tsiinea-
tion performances in pilot-data multiplexed schemes ssitene
degradation. This paper also presents a modi ed pilot-dauidi-
plexed scheme which appreciably alleviates the data eremte
effect on the estimation performance.
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