"©2006 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."

Joint Frame Synchronization and Carrier Frequency
Offset Estimation in Multicarrier Systems

Zhongshan Zhang
University of Alberta
Edmonton, AB T6G 2V4, Canada
zszhang @ece.ualberta.ca

Abstract— A novel joint frame synchronization and car-
rier frequency offset estimation scheme for burst transmission
mode multi-carrier systems is proposed, which uses a Central-
Symmetric and Comb-Like training sequence (CSCL). This
time-domain Comb-Like shape eases its power detection at the
receiver without increasing the total training sequence power.
Fine frame synchronization as well as carrier frequency off-
set acquisition with a maximum acquisition range of i%
times the subcarrier spacing can also be performed based on
the proposed training sequence, where N denotes the Discrete
Fourier Transform (DFT) length and SF stands for an integer-
valued Spreading Factor that is used to generate the proposed
training sequence. The remaining carrier frequency offset after
acquisition can be further estimated and corrected by using a
Fine Adjustment algorithm. In order to reduce the performance
loss introduces by a higher Peak-to-Average Power Ratio (PAPR)
in the CSCL, a time-domain Constant-Envelop training sequence
(CE) is also proposed in this paper, which outperforms CSCL-
based algorithm. The comparison of the proposed algorithms
with the SS (Shi&Serpedin) algorithm by computer simulation
illustrates the superior performance of the proposed algorithm
with regard to estimation accuracy.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is an
effective technique to combat multipath fading [1], [2]. In
OFDM, the insertion of a guard interval between symbol
blocks called cyclic prefix (CP) mitigates Inter-Symbol In-
terference (ISI). OFDM has been adopted as the modulation
scheme for a DAB (Digital Audio Broadcasting) system [3],
ADSL (Asymmetry Digital Subscriber Loop) [4] and is also
adopted by the IEEE802.11a standard at the 5-GHz band with
data rate up to 54Mb/s [5]. OFDM can also be combined with
CDMA (code-division multiple-access), such as multicarrier-
CDMA (MC-CDMA) and multicarrier DS-CDMA [6]. In
a broadband channel with an approximate 50 to 100MHz
bandwidth, Variable Spreading Factor-Orthogonal Frequency
and Code Division Multiplexing (VSF-OFCDM) has been pro-
posed by NTT DoCoMo, which is based on MC-CDMA and
yet outperforms the conventional DS-CDMA in the forward
link [7].

A high-speed and high performance synchronization scheme
should be provided in burst transmission mode multicarrier
modulation systems in order to detect and demodulate the
transmitted signal correctly. Many frame synchronization algo-
rithms are available in [8], [9], [10], [11], [12], [13], [14], [15],
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[16]. The algorithm given in [9] performs synchronization
based on the cyclic-prefix in an OFDM symbol, which can
only be applied to symbol synchronization. Null symbols can
also be utilized to find the beginning of a frame [17]; however,
null-based techniques fail when applied to burst transmission
mode. Some estimators, either training symbol aided [11],
[12] or not [9], [10], utilize the correlation between two parts
of a received training sequence to perform synchronization.
However, the timing metric of this kind of algorithm appears
a large value at a position neighbored the training sequence
start (the correct synchronization position), which degrades
their synchronization performance.

Multicarrier systems are also sensitive to carrier frequency
offset. Many existing algorithms for carrier frequency offset
estimation transmit periodic patterns from the transmitter.
Based on the phase rotations between these patterns at the
receiver, carrier frequency offset can be estimated [11], [12],
[19], [20], [21], [22], [15], [23]. The estimator proposed in [9]
utilizes the cyclic prefix to estimate the carrier frequency off-
set, but the estimation range is limited within 0.5 subcarrier
spacing. By exploiting the utilization of virtual subcarriers,
high performance carrier frequency offset estimators can also
be designed [17], [24]. Some algorithms are proposed for
increasing the acquisition range [12], [19]. An improved
carrier frequency offset estimator is also proposed in [18],
which outperforms that proposed in [12].

In this paper, a new joint frame synchronization and carrier
frequency offset estimation scheme for multicarrier system is
proposed, which is based on a Central-Symmetric and Comb-
Like (CSCL) training sequence. The boundary of the training
sequence/frame can be found with high reliability based on the
proposed training sequence. The maximum carrier frequency
offset acquisition range in the proposed scheme is up to
ﬁ times the subcarrier spacing. A Maximum-Likelihood
(ML) carrier frequency offset fine adjustment algorithm is also
proposed based on CSCL to estimate and correct the residual
carrier frequency offset after acquisition. In order to reduce
the performance loss in the CSCL sequence due to PAPR, a
time-domain Constant-Envelop training sequence (CE) is also
proposed.

The remainder of this paper is organized as follows. Section
II briefly introduces the system fundamentals. Section III pro-
poses a new power detection and coarse frame synchronization
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Fig. 1. Joint frame synchronization and carrier frequency offset estimation
in burst transmission mode multicarrier systems.

algorithm based on the proposed Comb-like training symbol
and analyzes its performance. A new CSCL-based joint fine
frame synchronization and carrier frequency offset acquisition
algorithm is given by Section IV, and a ML carrier frequency
offset fine adjustment algorithm based on the same training
sequence is proposed in Section V. A time-domain Constant-
Envelop training sequence (CE) is proposed in Section VI
for the purpose of PAPR reduction. Section VII provides the
simulation results. Finally, Section VIII concludes the paper.

II. SYSTEM FUNDAMENTALS

In conventional OFDM systems, the input symbols are
complex numbers from a signal constellation (e.g., PSK,
QAM). Let X}, denote the complex symbol modulated onto
the k-th subcarrier. The output signal samples, y(n), can be
related to the input symbols by an Inverse Discrete Fourier
Transform (IDFT), as given by

j2mnk

¥ +w(n)

| N-1
y(n):NZXk'e

k=0 M
=v(n)+wmn), n=0,1,---,N—-1

where v(n) denotes the IDFT output (signal part) and w(n)
denotes an additive white Gaussian noise (AWGN) term. The
average Signal-to-Noise Ratio (SNR) in y(n) is

"l
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The proposed scheme is performed based on a Central-
Symmetric and Comb-Like (CSCL) training sequence,
which is composed of two training symbols with the

j2nnk 2
N

second training symbol being the reverse replica of
the first one. The first training symbol can be gener-
ated by modulating a frequency-domain training symbol
{Xo, X1, Xnygpo1---Xo, X1, , Xnysp—1)s
subblockq subblocksp
where SF is a pre-determined Spreading Factor, as illustrated
in Fig.1. The IDFT output of x is a time-domain Comb-Like
training symbol, as given by
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for n = 0,1,---,N — 1. When % is large enough,
from the Central Limit Theorem (CLT) we know that v(n)

can be approximated as a stationary Gaussian ?rocess of

zero mean, and its variance o2 = E{\v(n)|2

tim E{jo(n)*} = SF 02 :md nig%FE{w(n)ﬁ} =

n=mxSF

0 where m =0,1,---  N/SF — 1.
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III. POWER DETECTION AND COARSE FRAME
SYNCHRONIZATION

In order to perform power detection at the receiver, we
should first specify a False Alarm probability-Pr 4, which
is defined as the probability that noise is falsely seen as
signal. By comparing the total power of L(1 < L < N/SF)
continuously received samples, i.e., Q(n, L) = Zﬁ;lo ly(n +
m x SF)|?, with a decision threshold L x T' (I" being a pre-
specified threshold), a new coming training sequence can be
detected. It is reasonable to formulate Q(n, L) as a central chi-
square random variable with 2L degrees of freedom [25]. The
probability that Q(n, L) is smaller than L x " (Miss Detection
probability) can be derived as

L—1 1 i
PL _—1_(P SFA+T . — | ——FA" ) 4
M D (Pra) ;i!<SF.7+1 “4)
As compared to it, the Miss Detection probability in conven-
tional OFDM systems (equivalent to the proposed scheme with

SF =1) is found to be

PCl‘Ion:]‘*(PFA)%'Zf

where 1 < L < N.

The proposed time-domain Comb-Like training symbol can
improve the power detection performance, especially in a burst
transmission mode system. Some conventional algorithms,
e.g., [12], perform frame detection by exploiting the corre-
lation in the training sequence. Frame detection as well as
fine frame synchronization will be performed once a local
peak of the timing metric is found, and the performance of
this algorithm was analyzed in [12]. Fig.2 compares the frame
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Fig. 2. Frame Miss Detection Probability comparison between the proposed
scheme and Schmidl method [12] in the multipath channel given by Table.l.

TABLE 1
MULTIPATH WIRELESS CHANNEL
Carrier 5-GHz
Bandwidth 10MHz
DFT Length 256
Modulation QPSK
Carrier Frequency Offset 3.906kHz
Number of Multipath Taps 4
Taps Delay (Samples) 0 2 3 6
Channel Attenuation (dB) 0 -3 -6 -9
Initial Phase Distribution [0,27) | [0,27) | [0,27) | [0,27)

Miss Detection probability between the proposed method and
Schmidl’s algorithm. Here we define FRAME Miss Detection
probability: a new coming frame is assumed to be Miss-
Detected if and only if all samples in the training symbol are
not detected. Fig. 2 shows that at low SNR, Schmidl’s algo-
rithm performs better, and the proposed algorithm outperforms
it in high SNR.

IV. JOINT FINE FRAME SYNCHRONIZATION AND CARRIER
FREQUENCY OFFSET ACQUISITION

Section III indicates that the proposed Comb-Like training
symbol can be detected reliably at the receiver, and achieves
coarse timing synchronization. However, power detection can
only inform us of the arrival of a new symbol, without indi-
cating the exact start of that symbol. In order to demodulate
the transmit signal without introducing ISI, an accurate fine
frame synchronization algorithm is needed.

In this section, a new joint fine frame synchronization
and carrier frequency offset acquisition is proposed, which
is based on a Central-Symmetric and Comb-Like (CSCL)

x10° N=32; SF=4; SNR=10dB

False Positioning:k=1

alse Positioning:k=2

Expectation of Metrics

N ERVAV NSNSV VAV
4 -3 2 -1 0 1 2 3 4
Fig. 3. Expectation of ®¢y(€) and ®Pg_jxsF(€).

training sequence (the second training symbol of the training
sequence is the reverse replica of the first one). Given a
normalized carrier frequency offset ¢, the relationship between
a transmitted sample and its received counterpart is

jom

y(n) =v(n—0)-e" ¥ 4+wn) n>0 (6)

where 6 indicates the integer-valued timing offset. Joint fine
frame synchronization and carrier frequency offset acquisition
can be performed as

{é; €} = argmax{®;(¢)} @)
{6:¢}

jamn-SF.& |2 .

nto N with ¥, (n) =

where ®;(¢) = ‘ZN/SF* Uy(n)-e
y(i+2N—-1—n-SF)-y*(i+n-SF)and n € [0, N/SF —1].

When ¢ = 6 (correct timing synchronization is assumed),
Uy(n) can be represented as Wy(n) = |v(n x SF)|* -
j2me(2N—1—2n-SF) 0 0 .

e N + n,,, where 7, denotes the noise related

items of Wy(n). When N/SF is large enough, ®y(¢) can be
approximated as a noncentral chi-square random variable with
2 degrees of freedom [25]. The mean of ®y(é) is

sin? 27 (& — €) 9

E{®y(é)} = 0, - 2 21(E=2)-SF oo ®)
N

S

where 02 = E{|nf|?}. E{®y(¢)} is a periodic function of

e = £—e¢ (carrier frequency offset estimation error) with period

%. Within each period, since there is one mainlobe, we can

uniquely determine € from € within one period. Consequently,
the maximum carrier frequency offset acquisition range is as

N . . . A .
large as im times sub.carrler spacings. E{®y(¢)} will
achieve its maximum value if £ = ¢.
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Fig. 4. Performance comparison between the proposed algorithm and the
Moose’s algorithm with respect to carrier frequency offset acquisition error
probability.

When ¢ = 6 — k x SF, if N/SF is large enough,
Dy_rxsr(€) (0 < k < N/SF) can be approximated as a cen-
tral chi-square random variable with 2 degrees of freedom. The
mean and variance of @y 57 (€) are E{®y_pxsr(8)} = 02
and Var{®o_ixsr(é)} = o* respectively, with 0% = (& —
1—k)(ok+20202 +02) + (k+ 1) (0202 + o).

E{®y(é)} and E{Py_rxsr(é)} as functions of e =& — ¢
(or € for a given ¢) are illustrated in Fig.3, where we assume
that SNR = 10dB and N = 32. Within each period, there
exists a small vicinity that stands in the center of the main
lobe to satisfy E{®g(¢)} > E{Py_rxsr(£)}. In each main
lobe, E{®y(¢)} increases as e approaches to the main lobe
center. By exploiting this property, a fast joint fine frame
synchronization and carrier frequency offset acquisition can
be performed.

Correct synchronization can be achieved in the proposed
CSCL-based algorithm if and only if timing synchronization
and carrier frequency offset acquisition are performed simul-
taneously. The remaining carrier frequency offset after acqui-
sition should be well within this Fine Adjustment range (i.e.,

22N—1)’ 2(2N—1)
Fig. 4 shows a performance comparison between the pro-
posed carrier frequency offset acquisition algorithm and the
Moose algorithm, for a wireless system defined in Table I. We
also assume that the normalized carrier frequency offset is 1.6
subcarrier bandwidth. In order to perform acquisition correctly,
a shortened DFT length of 16 is applied in the Moose’s
algorithm, with a length-16 CP being padded in front of this
shortened training sequence to combat multipath fading. The

), which will be discussed in Section V).

Training Sequence Length = 512; SF = 4; PAPR Limitation = 6dB
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Fig. 5. Performance comparison of the proposed carrier frequency offset fine
adjustment algorithm with SF' = 4 and the K.Shi&E.Serpedin algorithm in
the multipath channel.

proposed acquisition scheme outperforms the Moose algorithm
when the SNR is larger than 6 dB. Based on its low acquisition
error rate, we will assume that the remaining carrier frequency
offset after acquisition is well within the Fine Adjustment
range of the proposed algorithm.

V. CARRIER FREQUENCY OFFSET FINE ADJUSTMENT

After the most of carrier frequency offset being estimated
and compensated in Acquisition, the remaining fractional
carrier frequency offset can be estimated/corrected with higher
accuracy by estimating the phase rotations between correlated
blocks in a received training sequence/symbols.

A. Carrier Frequency Offset Fine Adjustment in the AWGN
Channels

Define a received CSCL training sequence as Y7 =
(YT YT] where YT = [y(0) y(1 x SF)---y(N — SF)] and
YI = [y(N +SF —1) y2N —1 - SF)---y(2N — 1)].
The log-likelihood function A(e) is the logarithm of the
probability density function f(Y|e). Using the correlativity
between corresponding samples in Y, A(e) can be represented
as A(e) = log f(Yle). By taking partial derivative to A(e)
with respect to € and setting the result to zero, we can derive
a maximum-likelihood (ML) estimate of ¢ as

N/SF—1
N Y |E (2N —1-2k-SF) - arg{Sy}
g=—+1=0 )
N/SF—1
o1 Y |Ek|- (2N —1 -2k SF)?
k=0
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Fig. 6. Performance comparison of the proposed carrier frequency offset fine
adjustment algorithm with SF' = 8 and the K.Shi&E.Serpedin algorithm in
the multipath channel.

where B = y*(0 + k- SF) - y(@+2N —-1—k-SF). In
order to make Eq.(9) work correctly, | arg{Z}| < 7 for each
k € [0, &% — 1] should be satisfied (|e| < 5 2N sEN—T))- When
SF =1, the proposed algorithm reduces to that proposed in
[23].

Using the method proposed in [20], the variance error of
the proposed algorithm can be derived as

X 3:SF N [&—(1+4) e ™
Var{é} =
872[2- SF2 § (6N —6)- SF + 4N? — 6N + 3]
(10)
__SF?-(3)?
Wheren—m.

B. Carrier Frequency Offset Fine Adjustment in the Multipath
Channels

Note that Eq.(9) was originally derived for AWGN channel,
and one expects a performance loss for multipath channels.
This performance loss is proportional to the total power of
undetected low-power taps. The time-variant baseband multi-
path channel impulse response is modelled as [25]

pr

where N, denotes the number of multipath taps, p,(t) and
Tp(t) are the complex amplitude and delay of the p-th path,
respectively. In this paper, we assume the channel impulse
response does not change during one training sequence period,
i.e., pp(t) = pp and 7,(t) = 7,. Without loss of generality,

0 (1 — (1)) an

: Tralnlng Sequence Length = 512; SF = 16

10 T T T T
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Fig. 7. Performance comparison of the proposed carrier frequency offset fine
adjustment algorithm with SF' = 16 and the K.Shi&E.Serpedin algorithm in
the multipath channel.

lpp|? =1 is assumed

. N,
we assume 71 = 0. Condition of _ *,
-7

here. For the p-th tap, its average SNR is |p,
For a given multipath channel, we assume that total m taps
each with delay of Di,Ds,---,D,, samples, respectively,
are detected. Based on Eq.(9), the optimized fine adjustment
algorithm in the multipath channel can be derived as

m 2 ~
e - €
s— Zp,1 |Pp| D, (12)

Ypet lopl?

NS 8y b, |-(2N—1—2k-SF)-arg{Ex; 0, }

where ep, = 203 NS i, | (2N —1-2k-5F)? ’
Zi.p, = y*(Dp + k- SF) - y(Dp + 2N — 1 — k - SF) and
‘ZN/SF 1= ‘
lpp|? = -
P |EN/SF =N Dp|'

VI. PAPR REDUCTION

The essential advantages of the proposed scheme over
conventional algorithms are brought on by the Comb-like
shape in the proposed training sequence (CSCL). However,
a risk of high PAPR increases simultaneously at these non-
zero (power concentrated) samples. In order to reduce the
performance loss introduced by PAPR, we alternatively design
a time-domain Constant-Envelop (CE) training symbol v as

v = [/SELegic0 0. 0, /SEPcien ... ),
SF—1

SF—-1
SF-Ps ja _ T
Tej N/SF 1’0’... 70}

F—-1

]

13)
where ¢y, is a random variable uniformly distributed within
[—7, 7).
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VII. SIMULATION RESULTS

In this paper, a wireless system operating at 5-GHz and
with bandwidth of 10 MHz being assumed. A multipath fading
environment defined in Table.I is used.

In this section, we performe a comparison between the
proposed algorithm (either CSCL-based or CE-based) and
the K.Shi&E.Serpedin algorithm [18] with respect to carrier
frequency offset estimation accuracy. Simulation results are
illustrated in Fig.5 to 7. When SF' = 4, the performance gain
contributed by SF' in the proposed algorithm is small, and by
utilizing Tap 1, the advantages of the CSCL-based algorithm
over the K.Shi&E.Serpedin algorithm becomes significant only
at high SNRs. Increasing SF' is also an effective route to
further improve the performance of the proposed algorithm.
For example, even at low SNRs condition, a performance
advantage of about 0.3dB over the K.Shi&E.Serpedin algo-
rithm can be achieved in the CSCL-based algorithm with
SF = 8 and a PAPR limit of 12dB. This advantage can
be further increased to about 0.5dB by increasing SF' to 16
and adjusting the PAPR limit to 15dB. As a good tradeoff
between high PAPR and high performance gain, the CE-based
algorithm improves performance more than the CSCL-based
algorithm under the same PAPR limit. For example, in order
to provide a performance improvement of about 1dB over
the K.Shi&E.Serpedin algorithm, in the CE-based algorithm
at low SNRs condition, we set SF' to 8 with a PAPR limit of
10dB, or to 16 with a PAPR limit of 12 dB.

VIII. CONCLUSION

In this paper, a new joint frame synchronization and carrier
frequency offset estimation scheme has been proposed for
burst transmission mode multi-carrier systems. The training
sequence has a Comb-like shape with a Central Symmetric
structure. The Comb-like shape in the proposed training sym-
bol eases the detection of frames, especially at low SNR.
Based on the Central-Symmetric structure of the proposed
training sequence, fine frame synchronization as well as carrier
frequency offset acquisition can be performed jointly, and
the maximum carrier frequency offset acquisition range is up
to i% times the subcarrier spacing. The comparisons of
the proposed algorithm with the K.Shi&E.Serpedin algorithm
illustrates the superior performance of the proposed algorithm
with regard to estimation accuracy.
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