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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 likelihoodpproach.
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 flexibly adjusted. The performances of the proposed metlus 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 significantinformation theoretiacip gain
of MIMO systems, and the robustness and suitability of OFDM
for high data rate transmission highlight the significantepdial
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 impléimgn
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

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

taps. The authors use sub-space-based frequency offiged 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 insensitivgto-
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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training signal. We develop a common training signal ancctre
responding estimation methods which have low complexiy;, |
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,N,
transmit antennas andl, receive antennas. The training signals
from N, transmit-antennas are transmitted oge©@FDM symbols
where@ € {1,2,...}. The channel impulse response (CIR) for
each transmit-receive antenna pair (including filters2 &) is as-
sumed to havé taps, and is quasi-static over OFDM symbols.
LetCy g =[cn,¢[0], ... cnq[K —1]]7 be the pilot tones vector of
thern-th transmit-antenna at theth symbol interval ands., [%] :

k = —Ny,..., K—1} bethe corresponding time-domain complex
baseband training samples, includivg (> L — 1) cyclic prefix
samples. Defin& ,[q] as the training signal matrix of sizZ€ x L

for then-th transmit-antenna at theth symbol interval whose ele-
ments are given byS »[q]]m,i = sn,q[l—m],m € {0,..., K—1},
lefo,...,L -1}

Let s,,, represent thé-th column ofS,,[g]. Then the-th col-
umn of S,,[¢] is thel-sample cyclic-shifted version of,, 4 de-

noted bysﬁl(f(;). Assume tha#{ = M Ly whereM=1, 2, ..., and
Lo > L. Lethy,» denote the lengttl; CIR vector correspond-
ing to then-th transmit antenna and-th receive antenna. After
the cyclic prefix removal at the receiver, denote the recbiestor
of length i from them-th receive antenna at theth symbol in-
terval By . o=[rm,q(0), rm.q(1), ..., rm,o( K — 1)]7. Then the
received vector over th€ symbol-intervals at then-th receive
antenna s given by

Tm = W) Shym + 1, 1)
where
T
T = [r?n)u, rTn)l, ...,rTn)Q_l] 2)
So[0] 51[0] Sy, —1[0]
So[1] S1[1] Sy, —1[1]
s = ) ) (3)
Sol@ —1] S:[Q —1] Sn,-1[Q — 1]
ho = [ AT, % 0T @)
W) = diaglW(v), 2™ Weti)/Eyyryy
2T (Q@-1)(Ng +K)/KW(U)] (5)
W) = diagll, ej27rv/K7 ej27r2v/K7 H.’ej27r(K—1)v/K]7 ®)

andn., is a length/{' 2 vector of zero-mean, circularly symmet-
ric, uncorrelated complex Gaussian noise samples withl @gua



ance ofo;. The diagonal matrid¥ (v) 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 usgquency 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.

I1l. DESIGN OFA COMMON OFDM TRAINING SYMBOL FOR

ESTIMATION OF FREQUENCYOFFSET AND CHANNELS

Training signals consisting of several consecutive isahgub-
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 classified as frequency divisid-
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. éghs
on these optimal training signals for MIMO channel estim@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 severademn
tive identical sub-blocks for efficient implementation céduency
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 indexg will be omitted.

(C.1) For the training signal to hav® consecutive identical
sub-blocks within one OFDM symbol whe#€/ D is an integer
andD € {2, 3,...}, the non-zero pilot tones for each transmit
antenna must be located at the sub-carrier ind{é€3 : k=0, 1,

. (K/D)—1}

(C.2) Among several classes of optimal training signals pre

sented in [12], the above condition (C.1) is satisfied by tB&/cF

type pilot tone allocation it/ D > N, L.
(C.3) The CDM-F pilot tone allocation requires that genlgral
all non-zero pilot tones must have the same amplitude andghe

timal pilot tones fork-th transmit antenngcx[r]}, are given by
ex[n] = co[n]el2mRLon/K @
woln] = { gEmL n=mD,m=01 .., (K/D)=1 g
b[m]] = bo>0 ©

whereL, > L, K /Lo is an integer equal to the number of (active)
transmit antennas within one OFDM symbk%0, 1, ..., K/ Lo,
and{b[m]} are constant modulus symbols.

estimation in a frequency-selective fading channel if thie-Block
signal possessesa zero autocorrelation for any non-zenelation
lag (this type of signal is usually referred to as zero autedation
(ZAC) signal). In other words, the ZAC signals result in mirnim
fluctuation of the received training signal energy in a freogy-
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 outpinirtca
signals from all transmit antennas. For MIMO systems whiege t
channels are independent, the minimum fluctuation of tred tet
ceived training signal energy is achieved if each transnigm@na’s
channel output signal has minimum energy fluctuation. This i
readily obtained if each transmit antenna’s training slazlbsig-
nalis a ZAC signal. Our training sub-block signal foth transmit
antenna, denoted By, =[5,[0], sx[1], .. .,sx[(K/D)—1]]F, can
be generated bi/ D point IFFT of the correspondinfy/ D non-
zero pilot tones denoted WY,,=[c,,[0], ¢n[D], ... ,cn[K — D).
The periodic autocorrelation of,, with correlation lagl — m

is given by (s 5™, By usings" = Fr W()Cy
where Fi/p is the K/ D point FFT matrix and/V ({)=diag {1,
6—]27‘rlD/I\"’ 6—]27‘rl2D/I\"’ e 6—]27‘rl(I\"/D—1)D/I\"} is a diagonal
matrix, it can be easily shown thé&ﬁl(l)))Héﬁl(m))z 0forl # m.
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 contain® 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).biteth-
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 frommn-th receive antenna is given by

b = ng . (10)
where
b = [bm(1), $m(2), .oy dm(D— 1)]T (11)
$m(l) 2 [arg{Rm(1)} — arg{Rm(l = )}2n,  (12)
1<Ii<D-1
c:'1
_ P

w = 17 C;jﬂ e (13)

Here, 1 is an all ones column vector of length — 1. Cy4_is

By combining the above conditions, we have the desired OFDM the covariance matrix ap,, and its detailed expression is given in

training symbol given by (7)-(9) whet® = DN, L, andlq > L.
This training signal contain® consecutive identical sub-blocks
and satisfies the optimality condition for MIMO channel et
tion which is inherited from the CDM-F pilot tone allocation

[2]. R, (1) is a correlation term defined as

K—IK/D—1

>

k=0

Rm(l) ¥ (k) ron(k 4+ IK/D), 0< 1< D—1. (14)



The final frequency offset estimate is simply given by therage
of estimates from all receive antennas as

b= — V. (15)

The frequency offset estimation rangetid) /2 sub-carrier spac-
ing. Note that sincel = DN.L, andL, > L, the estimation
range depends aif /(N Lo ). For a system with a large number of
transmit antennas and a very large delay spread (very Igrgae
above estimation range may not be sufficient to accountémstr
mit and receive local oscillators mismatch and the chanogfier
shift. We will tackle this possible problem later in this gap

The final frequency offset estimate is used in frequencyebffs
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. $hiscilla-
tor frequency correction may be performed immediatelyrdfie
frequency offset estimation or on packet by packet basis. fiid:
guency offset compensated received training signal frefh re-
ceive antennais given by

T = WEH(2) r. (16)
After the frequency offset compensation is performed, &zest-
square-type channel estimation satth receive antenna is per-
formed as .
hm = (878)718" 7, an
Since the training signal is designed to be optimal for MIMO
OFDM channel estimation, it satisfies the following [12]:

(SES)™! = (1/Equ)I. (18)
Hence, the channel estimation is simplified to
hom = ! gn P (19)

Ea’u

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 choosé€) such that bothMt = N:/Q and
D = transmit anten-
nas |ntoQ groups each haMt transmlt antennas. lith OFDM
symbol, only one group of transmit antennas (with indiees=
[gM., ..., (q+ 1)M; — 1)) transmit training signals. In this case,
Snlq]in (3) is azero matrix for ath ¢ [gM,, ..., (g+1)M, —1].
Then, the single-symbol-based methods described in theéopie
section can be applied to estimate frequency offset andneisin

for M, transmit antennas in the current transmit antenna group.

The training signal design discussed in the previous se@iap-
plied to each symbol interval for th&/, active transmit antennas
andD is now replaced wittD. The estimation range now4sD /2
which is @ times that of single-symbol-based method. Note that
D = @D. The frequency offset estimation from-th receive
antenna ag-th OFDM symbol interval is

Umg = —wma” b (20)
where
g = [Sma(1), dmg(2), .-, dmg(D - 1)]"  (21)
bmal) 2 [arg{Rmg()} = arg{Rmq(l = )}ox .  (22)
1<I<D-1
Wing 1TCZ;+11' (23)

bmg

Here,1 is an all-ones column vector of lengfh— 1. C,,, is the
covariance matrix of,,, . Rmq(l) is a correlation term defined as

K—IK/D—1

> rig(k) rmg(k + 1K/ D),
k=0

Rmg(l) = 0<I1<D-

(24)
The final frequency offset estimate is simply given by therage
of estimates from all receive antennas ogesymbols as

Q—1 Np—1

Z Z“mq

g=0 m=0

(25)

o=

Nr

If a smaller complexity is preferred; can be calculated as the
average of{ 6,0 } only. For a given set of channel gains, the snap-
shot CRB oft, after skipping details, is given by

302
CRBjp = — — ey vt
272(1 = 1/ D) Eqy > 00

m=0

(26)

(hanhm)

In the above equation, we have used the following propertiief
training signal [12]:

sHs, = FEuI, n=0,1,...,N;—1 27)
where S, = [ST[ 0], $T1],...,8T[@ — 117 (28)
Ny—1Q—-1K-1
FEav = -— Z Z Z |5n,q (29)
n=0 ¢g=0 k=0
Define the training signal to noise ratio as
NtEa'u
SNR = . 30
Ko2Q (30)
Then the snap-shot CRB of (26) is simplified to
x
CRBz = - (1)
-1
where o ySSNR — (32)
22 KQN, (1 — 1/D?)
Np—1 Nt 1
hn m
, . Il sl U G
NTNt

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

ables{|hnm[]|2 :1=0,...,L—-1,n=0,...,Ny—1,m =
1}. Z canbe well approxmated by a Gamma random

variable (see [13], [14]). , Then, the average CRB dd given by

O

E[Z]- o2 /BElZ]

v

CRB:/ CRB|zp(2)dZ (34)
0

We assume that the channels are independent and have the same

power delay profiles, i.e E[|hn w[l]]*] = 07,1 =0,...,L -1,
Vn,m. For the SNR defined in (30) to be the average received
SNR at a receive antenna, we musthiwg~' o7 = 1. Then the
CRB of ¢ becomes

3SNR™!

2m2KQ(1 — 1/D2)(Ny —

CRB = (35)

ot /N
After the frequency offset compensation is performed, the
least-square type channel estimation for a transmit aateng
[qMy, ..., (¢+1)M, —1] (which is active a-th OFDM symbol)
andm-th receive antennais performed as

hnm

, SH[]rmq,0<q<Q—10<m<Nr—1
Eav

(36)



At perfect frequency recovery, the channel estimation MGE f  conventional and modified schemésin the simulation, the ratio

each channeltap is given by of total pilot energy to data energy is 5dB. Due to data sigrtal-
) ference, MSE performance is degraddulit the modified scheme

MSE}, = Tn tr{(sts) 1} = L (37) gives an appreciable improvement. The channel estimagisults

LN KQSNR for pilot-data multiplexed schemes are shown in Fig.5. Fame

nel estimation, the effect of data signal interference agligible

Note that we can also partitial; transmit antennasin roups . . .
P !  group since residual frequency offset is small.

with unequal number of transmit antennas. For exampl¥; #6,
K =64, L = Ly = 16, and@Q = 2, then we can assign 2
transmit antennas in the first symbol and the remaining 4irétn VII. CONCLUSIONS
antennas in the second symbol. The frequency offset esimat
can be based on the first symbol only and the estimation range i
=+1 sub-carrier spacing.

For pilot-data multiplexed scheme, frequency offset estiom
would be affected by the datatones’ interference on thegsioce
the received pilots and data are no longer orthogonal in tes-p
ence of a frequency offset. A modified scheme to alleviateltiia
interference is described below. Data tones closer to & foitee
cause larger interference on the pilot. For every pilot toitle sub-
carrier indexp, the data tones at sub-carrier indi¢es- 1]~ and
[p + 1]~ are setto be the same whésey denotes modulgv op-
eration. Since data tone interferences to the left and toighein
the sub-carrier domain are almost anti-symmetric [15],&beve
modified scheme almost cancels the largest interferencedem-
ing from the two data sub-carriers adjacent to the pilot.

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 arémagt
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. Théope
mances of the proposed methods using the proposed traigima s
are very close to the CRB or the minimum MSE of the estima-
tion for pilot-only schemes. Due to data interference, tstinea-
tion performances in pilot-data multiplexed schemes sisitene
degradation. This paper also presents a modified pilotsuiats-
plexed scheme which appreciably alleviates the data erente
VI. SIMULATION RESULTS ANDDISCUSSIONS effect on the estimation performance.

We have evaluated the estimation methods presented inahis p
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