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Abstract

4 ¥MWe consider the problem of joint carrier

frequency offset (CFO)/channel estimation
and data detection for Multiple Input Multiple
Output-orthogonal frequency-division
multiplexing (MIMO-OFDM) systems. An
iterative approach in this article is employed.
The iteration procedure gorjsifs of an inner
CFO/data estimation loop and an outer
CFO/data-channel estimation loop. First we
discuss the single-input single-output (SISO)

* 7\)3'?#’/3—"3“5 o fAm > * fp*tase and then extend to a multiple-input

mulliipl&-ditput (MIMO) scenario. Drawing
an analogy between the inter-carrier
interference corrupted frequency domain
waveform and the inter-symbol interference
limited time domain waveform, we apply
likelihood sequence estimation
scheme to detect the data sequence in the
presence of residual CFO. Related algorithms
either for reducing the implementation
complexity like the trellis state number or for
improving the overall performance such as
receiver time domain windowing and refined
channel estimates are presented. Computer

* & o 0 &% Esmulation results are given to predict the
5 pperfarmance of the proposed algorithms,
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1. Introduction

The main idea behind the orthogonal
frequency division multiplexing (OFDM)
waveform is to split a data block into multiple
parallel sub-blocks so that each of them is
transmitted by distinct orthogonal subcarriers.
The orthogonality between those transmitted
sub-streams is ensured by choosing a proper
subcarrier spacing. By inserting a cyclic prefix
in the (paralé-to-serid) combined
time-domain signal before it is transmitted via
the main carrier, inter-symbol interference (1Sl)
caused by a multipath channel can be
eliminated at the receiving end if the
corresponding cyclic prefix part in each
OFDM frame is removed.

The cyclic prefix (also known as the guard
interval) of an OFDM block is a copy of the
last portion of the origina block and if the
maximum channel path delay is smaller than
the guard interval duration, the received
time-domain waveform will be a weighted
sum of various delayed version of the
transmitted blocks. Deleting the cyclic prefix,
each data-bearing subcarrier experiences only
flat fading. Such an arrangement enables an
OFDM-based system to overcome frequency
selective fading in broadband wireless
transmission and is the major reason for its
current popularity.

With al its merits, OFDM, unfortunately, is
far more sensitive to synchronization errors,
especialy the carrier frequency offset (CFO),
than single carrier systems. CFO is primarily

caused by relative movement or
channel-induced  Doppler  shifts  and
instabilities of and mismatch between

transmitter and receiver oscillators [1]. In high
dynamic environment, the received waveform
is likely to encounter large Doppler shifts by
antipodal frequencies. Residual CFO resultsin

inter-carrier  interference  (ICI)  among
subcarriers due to the loss of orthogonality
and will bring about serious performance
degradation. Whence it is highly desirable to
reduce the sensitivity of OFDM systems to
CFO of any kind.

There have been a multitude of proposals for
CFO compensation. But most of them require
pilot symbols or training sequences [2], which
lowers the effective data rate. Blind
technigues that operate in the time domain [3]
often require observation over a number of
OFDM symbols, and are not suitable for
tracking time-varying CFO. Decision-directed
modifications of some pilot-assisted CFO
estimation are more

promising but require good initial estimate.
On the other hand, the ultimate goal of a
receiver is the detection of the transmitted
data stream and, as the detection of OFDM
signals takes place in the frequency domain,
channel estimation must be obtained before
data detection commences. Conventiona
OFDM channel estimators, however, are
derived under a zero or negligible CFO
assumption. We therefore face the dilemma of
channel estimation in the presence of CFO
and CFO estimation without pilots or reliable
decisions.

It is thus the goal of this investigation to
develop feasible solutions to the above joint
estimation and detection problem. We adopt
an iterative approach for joint CFO/channel
estimation, tracking and data detection. To
simply our problem, we shall assume that the
initial CFO isto be less than one half of the
subcarrier spacing. Drawing an analogy
between the ICl effect on a frequency domain
signal and the ISl effect on a time domain
signal, we can easily apply the maximum
likelihood sequence estimation (MLSE)



technique to detect the data stream in the
presence of ICl, assuming known CFO.
Finally We extends our investigation to a
MIMO environment.

2. Joint CFO Estimation and Data
Detection for SISO-OFDM

In areal-world scenario, received OFDM
signals often suffer from residua frequency
offsets, caused by oscillator instabilities and
relative movement-induced Doppler spread,
resulting in inter-carrier interference (ICl)
among subcarriers. It is desirable to reduce the
sengitivity of OFDM to carrier freguency
offsets.

Shown in Fig. 1. is a block diagram of an
OFDM transmitter. The mapper converts input
data stream into complex valued constellation
points, according to the selected constellation,
e.g., BPSK, QAM. The complex valued data
sequence is parallel-to-seria converted before
being used to modulate multiple carriers via
an inverse discrete Fourier transformation
(usualy through the inverse fast Fourier
transform, IFFT). Each OFDM symbol has a
“useful interval” of length T, and a cyclic
prefix (CP)(or “guard interval”) with duration
Tg; seeFig. 2. The CPisaperiodical repetition
of the useful interval so that precise timing
recovery is not needed as long as the discrete
Fourier transform frame of the receiver starts
within the guard interval. In order to protect
the OFDM signal against inter-symbol
interference (1S1), the CPis set longer than the
maximum channel memory, Ty / T, <0.25%
being a practical value. The baseband signal is
modulated by a Nyquist signaling pulse,
up-converted to the radio frequency (RF) and
then transmitted through the channel.

At the receiver, the signal is down-converted
to the intermediate frequency (IF) and then
demodulated (Fig. 3). After removing the

cyclic prefix, the signal part of the received
time-domain baseband waveform can be
expressed as

N-1

It ZakeIka/NejZﬂfen/N (1)
k=0

where a, represents the symbol carried by the
kth subcarrier. Thei.i.d data sequence {a, | is

gn]=

such that E[a ]=0 and E[la|"]=1, N=the

number of subcarriers, and f. is CFO

normalized by the intercarrier spacing
f,=1/T, and T, is an OFDM symbol
period (without cyclic prefix).

This time domain signa is then passed
through a serial-to-parallel converter and then
an FFT demodulator. Assuming an AWGN
channel, the signal at the FFT output becomes

N-1
= Sk e @
n=0

where w{n] represents the receiver pulse
shaping function and n[k] is additive white
Gaussian noise (AWGN). The received signal
can be written as

- Safa

- Zakafem +n =aWe + > a W, +n,

mz=k

e

zwe j2m(k- m)/Nej27z‘f n/N}_'_nk
n=0

= yk(fe'a)+ My
©)

1 . ,
where W' :N nleri2me/ Ngi2en/ N
n=0

As shown in (3), the signal portion of r,, can
be viewed as the output of an ISl channel
driven by the input a with the channel

response W, , dependent upon the given

CFO, f,. The choice of the window function
w[n| affectsthe extent of ISl (actually the ICI
in this case). To control the complexity of the



estimator, the length of W, must be kept

reasonably short.

(i) Data detection:

With a proper window shaping, we can
rewrite (3) as

m=k+L

PIE:RIARER: (4)

m=k-L,mzk

ro~aW,"® +
where L is usually less or equal than 2 for

|f|<05.

Given fe, the data detection is equivalent to

estimating the state of a discrete-time
finite-state machine. The finite-state machine

in this case is the equivalent discrete-time
channel with coefficients Mkf;} and its state

at any instant in time is given by the 2L most
recent inputs. Even though we have noncausal
termin (4), we can add

a delay function so that the resulting model is
causal.

fe fe f
e r Wy +a Wy +-+a oW +n

©)
The state at timekis
S = (ak—l’ ak—Z""’ak—ZL) (6)
If the information symbols are M-ary, the
channel filter has M? states. Consequently, the
channel is described by an M*-state trellis
and the Viterbi agorithm may be used to
determine the most probable path through the
trellis.
(if) CFO estimation:
Given a aswell asr, we can get aCFO
estimate by finding f, that minimizes the
cost function

C( fe): Z|rk - Yk(fe’é-)r (7)

The minimization of (7) is carried out base on

a gradient descent search method as

following:

vilel) =5
(8
S A —AT, +BA +AB'}

where ()" denotes the complex conjugate and

) = Sanbu)

A:Zam(\lv
k+

B:Zam(vkaf) Zk: ( ) (©)

o OW e
s, =
o,
A learning rate u is introduced to control the
rate of change in each iteration

fle to-uxv, (c(f2)

e

£2 fi-uxv, (c(f2)

e

e

£ £ —uxv, (C(£m)

When f." reaches a stable value with very

little jitter, which indicates that we have
arrived at a minimum, the algorithm

stops; see Fig. 4.

The joint frequency-data sequence (FD)
estimation algorithm consists of the following
steps:

A.1 (Frequency Estimate Initialization) Set the

initial estimate f, to zero.
A.2 (Starting the FD iteration loop) Using the

CFO estimate fe, generate the corresponding

frequency domain “channel response” W, ":

W, fe = ifw[n]e_jzﬂn(k—m)ejZﬂfen/ K
“ K n=0

A.3 (Compute the tentative data estimate)
Based on the observation baseband samples r,



we run the Viterbi algorithm using the branch
metric

Ay = ‘rk - Yk(fe’alz

to obtain an estimate a of the transmitted
data sequence.
A.4 (Update the frequency estimate) Given a

from Step 3 as well as r, we obtain a new
CFO estimate by searching for f, that

e

minimizes the cost function
C= Z|rk - Yk(fe’élz
k

A.5 (Convergence check and end of the FD
loop) If the new CFO estimate is close enough
to the previous estimate, i.e. absolute
difference is less than 10°, then stop the
iteration and release the most recent estimate;
otherwise, go to Step 2.
Simulation results show that this algorithm
usually converges within just two or three
iterations.
3. Joint Estimation for Frequency-Selective
Channels
(i) System model for frequency-selective
channels
For frequency-selective fading channels, we
assume that the CP is longer than the channel
impulse response whence there is no
frequency domain self interference between
successive OFDM symbols. With such an
assumption we can concentrate on a single
OFDM symbol scenario. Let the signal part
of the received signal be given by
S[n]=iNzlakaejZﬂnk/NejZﬂfen/N (10)
Pq k=0
where Hy is the channel response at k/T. After
taking FFT, the received signal becomes

N-1
= %z snwnle #™/N 4 n, (11)
n=0

like the AWGN case, we have

N-1

r = H. W, +n
k r;)am m" Yk—-m k (12)

=y (f.aH)+n,
(i) Joint frequency-data sequence-channel
(FDC) estimation algorithm

The estimator proposed in the previous section
cannot be applied directly to (12) because the
channel response is unknown. However,
assuming the data sequence and the CFO are
known, the channel impulse response can be
easily estimated.

For every subcarrier n, the channel can be
estimated as (using LS):

H, :i[(F”F)lFHrL,n:O,L...,N -1 (13)

where
W, e W e
0 ~N+1
F=| : = .
W, e W, e
N-1 7T 0
r0
r
r=| !
rN—l

Based on this channel estimator and the joint
CFO-data sequence estimator proposed in the
previous section, we arrive at the following
iterative joint CFO-data sequence-channel
estimation algorithm.

B.1 (Channel estimate initialization) Let

H,to be the channel estimate from the

previous OFDM symbol interval.

B.2 (FD iteration loop) Using this channel
estimate, the CFO f, and the symbol
sequence a are estimated by the joint FD
estimation algorithm described in the previous
section.

B.3 (Channel estimate update) Compute a new

e

channel estimate H, using (13) based on



A

the current estimates f. and a.

e

B.4 (Convergence check for the channel
estimate) If the new channel estimate H,, is

close enough to the previous estimate, more
specificaly, if
2

Hy -

~

[o]

<1072

N

then stop iteration and release the most recent
estimates. If not, go to Step 2.

We plot the overall receiver structurein Fig. 5.
(iif) Numerical Experiments

The computer simulation results reported in
this section are obtained by using a pilot and
data format which are the same as the Tgn
Sync 802.11n proposal (52 data tones and 4
pilot tones). It is a dight modification of the
|EEE 802.11a data format (48 data tones and 4
pilot tones).

From Fig. 6 we can see that the proposed

joint FD estimator gives good BER
performance in AWGN channels.

The mean squared estimation error (MSEE)
performance of the frequency estimate for
different f, is plotted in Fig. 7, where SNR
is defined as the ratio of the total transmit
signal energy per bit to noise power density.
The frequency-selective fading channel is
modeled as an linear

FIR filter with impul se response given by

(k)= ae *o(k—n) (14)

where @ is uniformly distributed in (0,27]
and ¢, is Rayleigh distributed with an
exponential power profile

2= ( e/ T )e—nTS/Tms
n

with C. =10, T;ns=30ns and T=50ns. We use
Jakes channel model with maximum Doppler

shift of 500 Hz to simulate time-correlated
Rayleigh fading ¢, .

Fig. 8 and Fig. 9 present respectively the BER
and M SEE performance of the CFO estimator
in frequency-selective fading channels. And
we show the MSEE of the channel estimator
in Fig. 10. These performance curves indicate
that the BER performance is dominated by the
channel estimation error since the MSEE of
the CFO estimator is relatively small,
especialy at high SNRs where the MSEE of
our frequency estimate reaches an amost
constant floor while the channel estimate's
M SEE continues to decrease.
4. Joint Estimation for
Systems

(i) System Model

Consider a MIMO system with Mt transmit
antennas and Mg receive antennas. Assuming a
flat block-fading channel model, we can
express the equivalent signal part of the
received time-domain samples at qth receive
antenna as

b‘*[n]=%'s‘p"*[n],qﬂz,---,MR (15)

p=1

MIMO-OFDM

where

4 1$& |E - j 2780/ N
p.q _ p q,paj2mk/ N ) e7men
S [n]——NZ MS aPHMPe e
k=0

T

(16)
corresponds to the OFDM signal sent from the
pth transmit antenna to the gth receive antenna.
where

. @ represents the symbol carried by the kth
subcarrier at the pth transmit antenna,
. H? isthe kth subcarrier's channel transfer

function between the gth receive antenna and
the pth transmit antenna,



. Es is the average energy allocated to the kth
subcarrier across the transmit antennas,

f, is the CFO normalized by the
inter-carrier spacing, and

N is the total number of sub-carriers for
each transmit antenna.
After establishing proper frame (symbol)
timing, removing the cyclic prefix and taking
FFT on the time-domain samples, the received
baseband frequency domain signal at the gth

RX antennareads

=> > aPHIW/' +n (17)
p=.

where b?[n] is the “folding window signal”

from all transmit antennas.

Fig. 11 plots the transmission channel model
for the gth receive antenna with respect to Mt
transmit antennas. Comparing the above
equation with (12), we find that to apply the
joint FDC method to solve (17), we will have
atrellis with the number of trellis states equals
o MM} since we now have to consider all
transmitted data streams from all transmit
antennas.

(i) MIMO-OFDM Channel Estimation
Rewriting (17) in matrix form (for gth RX
antenna)

My
qpLP
> Ho'ag
ry f ., 7 PP N
q Woe e WG || My q
T [_] " : z H*Pap + My
: 'f ’ 'f p=1 :
q W, W, : a
r -| My n
N-1 H PP N-1
Z N-19N_1
L p=1 _
(18)

and invoking the substitutions,

re= [roq ro rl\?—l]T (19)
n=[g ng o il (20)
HqA :[(H/‘i)o (H?\)l (HE)N—I]T
My My My T
=| YAy YoHiap - Y Hi%ak,
p=1 p=1 p=1
Wy e Wiy,
F=| & .
WNfil \Nofe
We obtain
Y=FH} +n (21)

Assuming the data sequence and the CFO are
known, we first compensate for the CFO
through the LS estimate

Hq = [(Hq) (I:lg)l (HAX)N—l]T (22)
=(F"F)'F"re

The kth subcarrier over Mg receive antennas
reads

Aok =B5) (3) - ()]

1 2 M
Ak,t = [ak,t A ak,tT]T

where the index 1<t<M denotes the tth
OFDM symbol of an M-symbol block that
suffer from the same flat (block-)fading.
Stacking up the M received frequency domain
symbols we have

(ﬁA)k = |:IkA_k (23)

where
Fad =R B~ (k]
k_[Akl Ak2 Ak,M]

(24)
and I:|k is the MgrxMt complex channel

matrix for the kth subcarrier. Finally, the



channel matrix can be estimated by

I:lk H Ax (Kkﬂk ) (25

on the premise that the rank of A, , the “over

symbols data matrix at subcarrier K’ is greater
than Mr. In other words, one has to sent at
least M1 OFDM symbols over the same flat
fading block (a coherent time) in order to
obtain a proper channel estimate [4].

(i) An lterative Joint FDC Estimation
Algorithm

Based on the above discussion, we suggest an
iterative joint FDC estimation agorithm as
follows.

C.1 (Channel estimate initialization) Set H,

to be the channel estimate from the previous
OFDM symbols.
C.2 (Frequency Estimate Initialization) Set the

initial estimate f, = 0.

C.3 (Sarting the FD iteration loop) Use
channel estimate  for  the
frequency-data sequence iteration loop.
Caculate the channel frequency response

current

compensation matrix F =Mkfe] and current

frequency estimate fe :

C.4 (Compute the tentative data estimate)
Given the observed sample vector r defined
by (4.5), perform the Viterbi algorithm with
the branch metric

2

ﬂq:rq_gy(f aP H P
k = | k\Ter @
p=1

to find a conditional optimal data sequence
estimate a.
C.5 (Update the frequency estimate) Update

the CFO estimate by minimizing the cost
function :

C= ZZrk

C.6 (Convergence check and end of the FD

A

loop) If the new CFO estimate f, iscloseto

e

the previous estimate, i.e. absolute difference
is less than 10°, then stop the current FD
iteration and release the new estimates a and

fe ; otherwise go back to Step 3.
C.7 (Channel estimate update) Compute a new

channel estimate I—A|N using (25) based on

A

the current estimates aand f

e

C.8 (Convergence check for the channel

estimate) If the new channel estimate H N IS
close enough to the previous estimate, more
specificaly, if

<1072

then stop iteration and rel ease the most recent
estimates. Otherwise, go to Step 3.

(iv) Numerical Experiments

The simulation parameters and environments
used in the following paragraphs are identical
to those used in the SISO-OFDM system
simulations, except that we now have Mt x
Mgr independent channels. The BER
performance of the iterative joint FDC
estimation algorithm for the 2x2 configuration
is given in Fig. 12. For comparison purpose
the SISO performance curve is shown in the
same figure. Clearly, the spatial diversity does
pay off--with a gain of more than 4 dB for
BER<10? The MSEE performance of the



corresponding frequency estimate is plotted in
Fig. 13. Similarly, we find that more receive
antennas leads to better performance due to
the MIMO diversity gain.

Fig. 14 shows the effect of the channel
estimate on the BER performance. These
curves indicate that, as expected, the
model-based  channel  estimation  still
outperform the LS channel estimate for
MIMO-OFDM systems.

5. Conclusion

We have presented iterative joint estimation
and detection algorithms for OFDM systems
in various scenarios. An iterative joint
frequency estimation and data sequence
detection algorithm is first given for AWGN
channels. By incorporating a proper channel
estimation method, we then provide an
iterative joint FDC estimation algorithm for
SISO-OFDM systems. Some refinements for
enhanced performance and complexity
reduction are suggested. Finally, we extend
the our joint FDC estimation agorithm to
MIMO-OFDM  environments.  Simulation
based on a candidate IEEE 802.11n
standard--the Tgn Sync (Task Group n) [10]
proposal--is provided to validate various joint
estimation and detection agorithms. The
corresponding numerical results do prove

that the proposed solutions are both practical
under the assumed channel conditions. Our
solution can operate in the blind mode if the
initial CFO is less than half of a subcarrier
spacing. Otherwise, we can use the preamble
(like the 802.11n case) to reduce the CFO to
within the desired range. Our proposal can
then be used for subsequent data detection and
CFO/channel  tracking in time-varying
channels.

6. Reference

[1] T. Pollet, M. Van Bladel, and M. Moeneclaey, " BER sensitivity
of OFDM systems to carrier frequency offset and Wiener phase
noise,” |EEE Trans. Commun., vol. 43, pp. 191 - 193, Feb./Mar./Apr.
1995.

[2] P-H.Moose, *“A techniquefor orthogona frequency-division
multiplexing frequency offset correction,”  |EEE. Trans. Commun.,
vol. 42, pp. 2908-2914, Oct. 1994.

[3] H.Bolcskei, “Blind estimation of symbol timing and carrier
frequency offset in wireless OFDM systems” |EEE Trans.
Commun., vol. 49, pp. 988-999, June 2001.

[4] M. Biguesh and A. B. Gershman,”MIMO channel estimation:
optimal training and tradeoffs between estimation techniques,”
2004 |EEE Intern. Conf. on Commun. vol. 5, pp. 2658-2662, June
2004.

[5] G J. Foschini and M. J. Gans, “On limits of wireless
communicationsin afading environment when using multiple
antennas,” Wreless Personal Communications, pp. 311-335,

1998.

[6] E. Telatar, “Capacity of multi-antenna Gaussian channels,”
European Trans. on Telecommunications, vol. 10, pp. 585-596,

1999.

[7] G D. Golden, C. J. Foschini, and P. W. Wolniansky, “ Detection
algorithm and initial laboratory results using V-BLAST space-time
communication architecture,”  Electronics Letters, vol. 35,

pp. 14-16, 1999.

[8] M. X.ChangandY.T. Su, “Model-based channel estimation for
OFDM signalsin Rayleigh fading,” |EEE Trans. Commun., vol.

50, pp. 540-544, Apr. 2002.

[9] Y. Zhao and A. Huang, “A novel channel estimation method for
OFDM communization systems based on pilot signals and
transform-domain processing,” in Proc. |EEE 47th Veech. Tech. Conf.,
Phoenix, USA, pp. 2089-2093, May 1997.

[20] “TGn Sync proposal technical specification,”” TGn Sync, Aug.

2004.



-

i Usipemiling
] OFEM sgaal

Impal duln - .
= Mappri — &F | = |IFFT —m F5% - :'r' #=

"

-y,

-

Figurel Block diagram of an OFDM modulator.

s| WG] == Js[ o0 ] s[0]]2]2] ssssssEEEEa x| MN-1]
" el -
Tl'h:““ samphes Ty Bas N sangles

- Complete OFDM signal —

Figure2 Sructureof complete OFDM signal with thethe guard

period
§ %
Beczined T T
[ 1] - S
iy [ L] - L] ]
e G0 = "l_'r" = or || |eeT |l | = D= mip= ~
E o
L b

Figure4 An example of cost value for CFO=0.2 without noise

LAY g
Heoird | Ed_
[Eidal ] 171
# 40l I
— T "":fr'" — | 1| P8
— S | | LI —
! !
CFI s i
(LR LT T I
| (g™ [ 1]
i 1 rmsrm b s mtedy r_ Wik sigerii

Crmmi o riew

4 .I Rl
b La i
) S

Fig. 5: lllustrating the proposed iterative joint Frequency-Data

| pvvami —_——

Sequence-Channel (FDC) estimation algorithm™. Initially, the
switch isin position 1; and for the tracking mode it is moved to
position 2; It stops when the new channel estimation is close

enough to the previous estimate .

i L
Fig. 6: BER performance of SISO-OFDM systemsusing

iterativejoint FD estimatein AWGN channelswith different

= T e P
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Fig. 8 BER performance of SISO-OFDM systemsusing iterative

joint FDC estimatein Rayleigh fading channelswith different

f

e
F

Fig. 9: M SEE performance of CFO estimatesfor thejoint FDC

estimatein Rayleigh fading channels.
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