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Abstract —In this paper, a fine frequency synchronization
method with low complexity is proposed for Multi-Band
Orthogonal Frequency Division Multiplexing (MB-OFDM)
based Ultra-Wideband (UWB) systems. Low complexity is still
one of the major difficulties in the design of fine frequency
synchronizer for MB-OFDM UWB systems due to arctangent
operations and Numerically Controlled Oscillator (NCO), both
of which have high computational complexity, are usually
needed in fine frequency synchronizer. In this paper, the
proposed fine frequency synchronization scheme directly
estimates the sine/cosine values of the residual phases of all
sub-carriers by simplifying them as values of a linear function.
Then, the estimated sine/cosine values are directly used for
frequency offset compensation. In this way, the highly complex
arctangent operation and NCO are not needed any more in the
proposed scheme. Simulation results show the proposed scheme
has high performance.

Index Terms—MB-OFDM,
synchronization

UwB, fine frequency

I. INTRODUCTION

Due to advantages of wide bandwidth and low
Radiation Spectral Density (RSD), Ultra-Wideband
(UWB) technology is an ideal approach for the high-
speed Wireless Personal Area Network (WPAN), which
requires both high data rate and low power. Among
approaches for UWB, Multi-Band Orthogonal Frequency
Division Multiplexing (MB-OFDM) technique [1]-[2]
can offer high spectrum efficiency and robustness in
multipath diversity, is most promising for high speed
transmission.

However, as normal OFDM techniques, MB-OFDM is
also sensitive to frequency offset. Both Carrier Frequency
Offset (CFO) and Sampling Frequency Offset (SFO) can
destroy the orthogonality among sub-carriers, which will
introduce Inter-Carrier Interference (ICI) and greatly
degrade the system performance. Though, CFO in MB-
OFDM systems have been compensated based on
preamble symbols in time domain, the accumulated phase
offset based on Residual Carrier Frequency Offset
(RCFO) and SFO still can greatly degrade the system
performance if they are not corrected.
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Based on pilots inside OFDM symbols, many fine
frequency synchronization methods have been proposed
for OFDM based systems [3]-[20]. Most of these
algorithms [3], [4], [6]-[8], [10], [11], [13]-[16], [18]-[20]
need the assistance of arctangent operation and
Numerically Controlled Oscillator (NCO) to calculate
phase offset and compensate the signal with distorted
phase, respectively. Both the arctangent operation and the
NCO have very high computational complexity. To
reduce the computational complexity of the fine
frequency synchronization in OFDM based systems,
some simplified methods [5], [9] are proposed by
transforming phase calculation into a series of
trigonometric computation. Of them, scheme in [9] is
specially designed for MB-OFDM UWB systems.
However, these methods sacrifice certain accuracy
performance because getting approximation operations
are introduced during trigonometric computation.

In this paper, a highly simplified fine frequency
synchronizer is proposed for MB-OFDM UWB systems.
Instead of computing phase with arctangent operations
and mapping phase to sine/cosine through NCO, the
sin/cosine values of the residual phases of all subcarriers
are directly computed in the proposed scheme by
simplifying the sin/cosine values as results of a linear
function. The simulation results show the proposed fine
frequency synchronizer has high accuracy.

The rest of the paper is organized as follows. Section 11
gives a brief description of the system model. The
proposed fine frequency synchronizer is proposed in
Section 1. Evaluation results are shown in Section V.
Finally, conclusions are given in Section V.

Il. SYSTEM MODEL DESCRIPTION

In MB-OFDM UWB systems, a transmitted OFDM
symbol is constructed with N =128 Inverse Fast Fourier
Transform (IFFT) outputs followed by 32 null samples,
called zero-padding, and 5 null guard samples. Therefore,
a transmitted OFDM symbol in MB-OFDM UWB
systems is composed of N, =N+ N, =165 samples. The

transmitted baseband signal of symbol | can be described
as [21]

N-1 .
st)=2 Xl,keﬂ”(k”d Myt -IT;) 1)
k=0
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where X, is the data on subcarrier k of symbol I, T,

defines the total length of an OFDM symbol, T, is the
duration of the data part of a symbol.

The equivalent frequency fading selective channel,
which is compose of the actual UWB channel impulse
response (CIR) and the effect of filters in transceiver, can
be simplified as [22]

h(r):Zhié‘(z'—ri) 3

where h, denotes the path gain of path i and z; is the
path delay of path i .

In MB-OFDM UWB systems, it can be assumed that
the length of ZP is longer than the maximum path delay.
And according to specification [1], h(z) can be seen as
time-invariant within the duration of one frame. By
assuming that sampling signals at t, =nT,, the discrete
baseband signal at receiver is given by

r(t,) = X hs(nT, —7,) +W(nT,) )

where w(nT,) is a zero-mean Gaussian noise with

variance of ¢°.

Fine frequency synchronization in MB-OFDM UWB
systems is carried out after the fast Fourier transform
(FFT), before which both coarse CFO and timing offset
have been compensated. By only taking RCFO and SFO
into consideration, the received frequency-domain data
on subcarrier k of symbol | can be simplified as

= i
Yik = kZ XicHpe ™ +W (%)
=0

where H, , is the channel transfer function on subcarrier
k of symbol I, g, is the phase distortion and W, , is a
Gaussian noise with the same characteristic as w(nT,) .

In specification [1], twelve of the N =128 subcarriers
in each data symbol are allocated as pilots for channel
estimation, which also can be used for fine frequency
synchronization. The pilots in a data symbol are shown in
Fig. 1. The twelve pilots are allocated at subcarriers {1, 5,
15, 25, 35, 45, 55, 73, 83, 93, 103, 113, 123} and are
marked with pilot indexes {5, 15, 25, 35, 45, 55, -55, -45,
-35, -25, -15, -5}.

I11. PROPOSED FINE FREQUENCY SYNCHRONIZER

In traditional fine frequency synchronizers [3], [4],
[15], [16], they simplify the phase distortion of the
kth subcarrier of symbol | as

6, =a+ks (6)

where a is the initial phase offset, which is caused by
RCFO, and ¢ is caused by SFO. Then, the estimator in
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[3] estimate a and ¢ as

+
a- 1 Pt P

_ 1 é,_i(ﬂu*'?’l,z
27p 2 ,

2mp K/2 ()

P wp) =arg{ )Y YI,kYI*l,k:| (8)
keC(uz)

where K is the number of subcarriers in the system, and

C,=[LK/2] and C,=[K/2+1,K] are the first and

second half of the subcarriers, respectively. From (7) and

(8), it can be seen that two arctangent operations are

consumed to achieve 6, .Furthermore, ¢, cannot be

directly used for frequency offset compensation. In these
methods, they need to take an additional function, in
which at least one highly complex NCO is included, to
achieve sin(4,)/cos(g,) from the ¢, for

compensating the signal with phase offset.

Different to coarse CFO synchronization, which only
be activated to detect several preamble symbols, fine
frequency synchronization need to be executed when
every data symbol received. Furthermore, most MB-
OFDM devices is very sensitive to power consumption.
Therefore, these traditional methods are not ideal solution
for fine frequency synchronization in MB-OFDM UWB
systems. In this section, we propose a highly simplified
fine frequency synchronizer.

In MB-OFDM UWB systems, fine frequency
synchronization is executed in frequency domain after
channel equalization. By assuming that the CIR is
correctly compensated, the received signal of subcarrier
k is given by

Yik = Hl,kxl,kejgl‘k Hy +W 9
:l Xl,k +Vl,k |el-(a|‘k+'9l‘k+ll‘k> ( )
where V,, and I, can be seen as the effect of noise on

the amplitude and phase of the received complex signal,
respectively, and ¢, is the initial phase of the signal.

Therefore, ¢, can be estimated correctly based on Y, , if
the influence of V,, and 1,, can be eliminated.

Firstly, we reduce the effect of V,, . In MB-OFDM
UWB systems, pilot subcarriers can be used for fine
frequency synchronization. The pilot signals in MB-
OFDM UWB systems is given by

1+
P, =
2
where m are pilot indexes.
To distinguish definitions ¢, , I, ,Y,, and V,,,

(M = £5,+15, 425, +35, +45,+55)  (10)

which are indexed by the subcarrier indexes, from their
corresponding presentation on pilot subcarriers, which are
indexed by pilot indexes, their corresponding presentation
under pilot indexes are defined as 6, I,,.,Y, ,and V.

I,m
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Fig. 1. The subcarrier indexes and pilots in a data symbol

To make reading easier, some important notations
defined in this section are listed in appendix A.
From (10), it can be seen that

|P,| =1, (m=45,+15,+25, +35,+45,455). Therefore, the

effect of V, , can be reduced by normalizing Y, ,, as

Vi =Viw/Vim | (11)

Without considering the effect of noise, /% can be
estimated based on\f,'vm. LetT, e/l | (m=45+15
+ 25,+35,+45,455) . It can be estimated as

Tom =Yy wPs (M=15,+15,+25 435 +45 +55) (12)

As TA,Vm is achieved by ignoring the effect of I, , T,

Im?* "I,m

is only a coarse estimation.
In MB-OFDM UWB systems, channel noise follows a
complex Gaussian distribution with zero-mean. Therefore

approximately follows a uniform distribution with a

II,m

probability distribution function (PDF) of P(f,vm) =1/2r,

—w<l <z, and P(I,,)=0 otherwise. Therefore,
phase noise on other pilot subcarriers can be used to
smooth the effect of I, ..

As RCFO and SFO is very small in MB-OFDM
systems, the maximum phase distortion difference
61, —6,  between two subcarriers meets

0,157 =6, <7/16 . Therefore, cos(g,)/sin(g ) of all
subcarriers can been simplified with the linear form of
cos(4 ) /sin(g ) =a+kp.

In the MB-OFDM UWB system, the pilots in a symbol
are symmetrical to subcarrier 64. Therefore, the phase
distortion at the 64th subcarrier of symbol | can be
defined as the initial phase distortion ¢, for symbol | .

1 .
cos(5,)= RE(EE‘CT"”‘}

(C = 455, +45, +35, +25, +15, +5)

(13)

. 1 A
sin(6,)= Im(E S T,ij,

meC

(14)
(C = 455,445,435, 25, +15, 45)
Based on cos(5,)/sin(¢;) , the cos(q ) /sin(g,) of
all subcarriers can be simplified as

cos(6] ) =cos(5,) +(k—64)3, (k=0,1..,N—1) (15)
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Sin(@,.) =sin(5) + (k—64) 3, (k=0,1..,N—-1) (16)

where Kk is the subcarrier index and g, and g, are slops

of the two linear functions, respectively.

By dividing the pilots into two parts,
C, ={m=-5,-15,-25,-35,-45,-55} and C,={m=5,
15,25,35,45,55}, g, and g, are given by

1 . .
f= Re{@(gznm —ZTH an
pemg(Zhe st o

The achieved cos(4 ) /sin(4 ) (k=0,1...,N-1) can

be directly used to compensate the distorted signal. In this
way, the fine frequency synchronization can be
implemented with low computational complexity.

IVV. EVALUATION

In this section, we evaluate the proposed fine
frequency synchronizer. The complexity of it is evaluated
firstly. Then, the MSE performance is analyzed, and the
BER performance is simulated. Simulations are carried
out by assuming that signals are transmitted under UWB
channel model CM1 with a data rate of 200Mbps.The
parameters of the MB-OFDM system in simulations
follow the ones in specification [1]: N =128, N, =165,

carrier frequencies are {3432, 3960, 4488}MHZ, and the
sub-carrier spacing is 4.125MHZ. According to
specification [1], the maximum absolute CFO between
the receiver and transmitter is 40 ppm .

The complexity, which includes hardware complexity
and computational complexity, of the proposed fine
frequency synchronization method is shown in Table I.
The complexity of the traditional method in [3] and the
trigonometric function based method in [9], which has
low complexity, are also shown in the table for
comparison. As the circuit level designs are not shown in
the three algorithms, the hardware complexity of these
algorithms can be defined as the hardware cost on one
pilot and one data subcarrier (because operations on other
pilots and sub-carriers can reuse the hardware resources
used on the first pilot and the first data subcarrier,

respectively). From (11), it can be seen that Y,'vm can be

achieved through 2 real divisions and 1 operation of
getting amplitude of a complex value. As

P, =(£1+ j)/«/f, the computation of T, =~ also can be
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simplified, which can be implemented with 2 real
multiplications and 2 real additions based on Y, . The

remainder operations for the first pilot and the first data
subcarrier in the fine synchronization process can be
implemented with about 6 real multiplications and 6 real
additions. To simplify comparison, the hardware
complexity of one real division is shown as 4/3 real

multiplication in Table I. Therefore, the proposed fine
synchronization algorithm has a hardware cost of about
10+2/3 real multipliers, 8 real adders and 1 calculator for
getting the amplitude of a complex value, as shown in
Table I.

In Table I, ARC is the operation of getting phase from
a complex value, ABS represents the operation of getting
the amplitude of a complex value. To simplify
comparison, one complex divider is transformed into 4/3

complex multiplier, and one complex multiplier and one
complex adder are presented in the form of real multiplier
and real adder, respectively, according to that one
complex multiplier can be implemented with 3 real
multipliers and 5 real adders, and that one complex adder
can be implemented by using 2 real additions. In the table,
the hardware cost of a NCO calculator is far higher than
that of a complex multiplication, and one ARC calculator
also has much higher hardware complexity than a
complex multiplier. As ABS can be calculated based on
linear approximation, it can be implemented with a same
hardware complexity level as a real adder by choosing
appropriate parameters for the linear approximation
operation. It can be seen from the table that the method in
[3] needs one NCO calculator and one ARC calculator
under the situation that the real multipliers used in the
proposed method, the method in [3] and the method [9]
arel0+2/3, 6 and 10, respectively. Therefore, the method
in [3] has much higher hardware cost than the proposed
method and the method in [9]. Compared with the
method in [9], the proposed method needs 2/3 more real

adder and 1 more ABS calculator but 4+2/3 fewer real

adders. Therefore, the hardware complexity of proposed
method and the method in [9] is equivalent.

There are 12 pilot subcarriers and 112 data subcarriers
in MB-OFDM UWB systems. Based on the
aforementioned analysis on hardware cost, it can be
obtained the proposed method needs about 284 real
multiplications, 272 real additions and 12 ABSs to
complete the whole fine synchronization process.
Compared with the method in [9], which has a
computational cost of about 296 real multiplications and
352 real additions, the proposed algorithm has lower
computational complexity. The method in [3] needs 134,
76 and 12 fewer real multiplications, real additions and
ABSs, respectively, than the proposed method, but it
needs 124 more NCOs and 2 more ARCs. As one NCO
has far higher computational complexity than a complex
multiplication, the method in [3] has far higher
computational complexity than the proposed method.

©2016 Journal of Communications

According to (29) in appendix B, the mean square
error (MSE) of the estimated sin(5,)/cos(5,) is given by

TABLE |. THE COMPARISON ON COMPUTATIONAL COMPLEXITY AMONG
FINE FREQUENCY SYNCHRONIZATION METHODS

Operation Proposed MEth(]d in Nilr?t[hg(id
Hardware NCO 0 1 0
cost calculator

ARC 0 1 0

calculator

Real 10+2/3 6 10

multiplier

Real adder 8 10 12+2/3

ABS 1 0 0

calculator
Computat NCO 0 124 0
L%Z?I Arctangent 0 2 0

Real 284 150 296

multiplicati

on

Real 272 196 352

addition

ABS 12 0 0

. 1 (1Y,
MSE[sin(6))]==x| — | o (19)
2 \12

From (19), it can be seen that the MSE of the estimated
sin(g,)/cos(8,) is much smaller than the variance of

sin(l, ,,) / cos(l, ,,) , which implies that the proposed fine

frequency  synchronization  method  based on
sin(s,)/cos(8,) has much better noise immunity than

based on getting phase from individual pilot subcarrier
directly.

For the MB-OFDM system with approximately
4000MHZ carrier frequency and 4.125MHZ sub-carrier
spacing, the normalized value for the 40ppm CFO is

approximately 0.04. The simulated bit error rate (BER)
results of the proposed fine CFO synchronizer are shown
in Fig. 2, Fig. 3 and Fig. 4. The BER results of the
method in [3] and the scheme in [9] are included as
comparison.

RCFO=0.03, SFO=0.0025
10°

f e
NN

10

. N

—HE— No frequency compensation
—©— Method in [9]
—&— Proposed method
—P— Mehod in [3]
T T

0 5 10 15
SNR(db)

10

10
5

Fig. 2. BER comparison among fine frequency synchronization methods
under RCFO=0.03 and SFO=0.0025
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Fig. 2 shows the simulated results achieved by
assuming the normalized RCFO and SFO are 0.03 and
0.0025 respectively. The results shown in Fig. 3 are
achieved by setting 0.015 and 0.002 for the normalized
RCFO and SFO, respectively. The results in these two
figures correspond to the MB-OFDM systems with high
RCFO and SFO. As shown in the figures, the BER
performance of the proposed scheme is much higher than
the method in [9] because some trigonometric operations
in method [9] are simplified as 0 and 1 by assuming that
the SFO is very small. It also can be seen that the BER
performance of the proposed method is close to the BER
performance of the method in [3], which needs arctangent
operations and NCO operation.

o RCFO=0.015, SFO=0.002
10 E
E

BER

—&— No frequency compensation
—©— Method in [9]
—&— Proposed method
—P— Mehod in [3]
T T
o] 5 10 15
SNR(db)

Fig. 3. BER comparison among fine frequency synchronization methods
under RCFO=0.015 and SFO=0.002

L I

10°
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RCFO=0.003, SFO=0.0008

10
1 -y
’\
L
BN \\?\
10% \ X e
gﬁa
@
w
o
10° .\
[| —B— No frequency compensation
r —©— Method in [9] BN
+ —€— Proposed
s —PH— Method in [3]
10' T T
-5 0 5 10 15

SNR(db)

Fig. 4. BER comparison among fine frequency synchronization methods
under RCFO=0.003 and SFO=0.0008

After CFO compensation, the normalized RCFO of
MB-OFDM UWB systems are usually lower than 0.005.
By setting 0.003 and 0.0008 for RCFO and SFO
respectively, the simulated BER performance is shown in
Fig. 4. From this figure, it also can be seen that the BER
performance of the proposed method is also close to the
BER performance of the method in [3]. In this case, the
BER performance of the method in [9] is much closer to
the proposed method then the cases in Fig. 2 and Fig. 3
under high SNRs (SNR>5). However, the proposed
method still has much better BER performance than the
method in [9]
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under low SNRs (SNR<O) due to it is quite robust to
noise.

V. CONCLUSION

In this paper, a new fine frequency synchronization
method is proposed for MB-OFDM based UWB systems.
In this method, the sine/cosine values of the residual
phases of all sub-carriers are estimated directly based on
simplifying them as values of a linear function. As
arctangent operation and NCO operation are not used, the
proposed scheme has low complexity. Evaluation results
show the proposed scheme has very low computational
complexity with high performance.

APPENDIX A IMPORTANT NOTATIONS IN SECTION |11

As there are many notations defined in section 111, de-
scriptions for some important notations are listed in Table
Il to make reading easier.

APPENDIX B DERIVATION FOR (19)

To simplify analysis, QPSK modulation is assumed in
the analysis process. The estimated T, in (12) can be

given by
fl,m —gin+hn) (20)
where I, . is the phase distortion caused by noise.
The error of the estimated sin(d;) can be given by
sin(6;) —sin(6, ¢,)
— SN+ ) -sinG) (@D

meC

where C is the set of all pilot indexes .

TABLE Il. IMPORTANT NOTATIONS IN SECTION IlI

Notations Descriptions
Phase distortion on the subcarrier indexed by
O .
subcarrier index k
b Phase distortion on the pilot indexed by pilot
l,m index m
v The effect of noise on the amplitude of the received
Ik subcarrier signal indexed by subcarrier index k
N The effect of noise on the amplitude of the received
hm pilot signal indexed by pilot index m
| The effect of noise on the phase of the received
Tk subcarrier signal indexed by subcarrier index k
P The effect of noise on the phase of the received
Im pilot signal indexed by subcarrier index m
Tim eidm
5 Initial phase distortion of symbol |
B Slop of the linear form of cos(f, ) =a+kp
By Slop of the linear form of sin(g,) =a+kp

As 6 ,,,—6, is very small in MB-OFDM UWB

systems, sin(g, ,,) can be linearized as
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_ e . =
SiN(0,64) = — Y_sin(4, ) (22)
12 meC
Therefore,
SIN(6) =00 = 2= D50 + )= 3500 )
meC meC
1 PP s
- Eé[s'nw"m + 1) =sin(G, ) | (23)
The MSE of the estimated sin(5;) is defined as
MSE[sin(3)] = E{[sin(s) -sin(@,e) [ | (24

By substituting (23) into (24),

MSE[sin(3,)] - E{E " cos[(20,, + i )/2lsinl, /2)} }

meC

1 - -
= E{E Z[cos(@,vm)cos(l,'m/Z) -

meC

sin(d,)sin(l /2)Jsin(i, . /2) | (25)

As residual phase is very small in MB-OFDM UWB
systems, sin(g,,,) ~0 and cos(d,,,) ~1 can be assumed.
MSE[sin(d;)] can be simplified as

MSE[sin(s,)] ~ E {é > sin(ly,, )} } (26)

meC

Let D, =Y PP, and let A, => W P,

Im'm

where

meC meC

W, ., is the Gaussian noise on the pilot subcarrier m of
symbol | . As VV,'m(m e C) are zero-mean Gaussian nois-

es, VV,'mPr;(meC) will neutralize each other, which
means that | A, | is much smaller than | D, | with high

probability. Thus ZSin(ﬂym) can be approximately given

by me
o JAlsin@,) |A/Jsina,)
2 S = o @) =[] @)

where @, is the phase of A, . |A]sin(a,) is
approximately a Gaussian random variable with zero

mean and variance 1Z|Pm|zo-z. As |P,| is equal to

meC

PP, (26) can be given by

m'm

MSE[sin(s,)] z%x( ! j o 28)

12
As cos(s,) has the same characteristic as sin(d;) .
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cos(g,) has the same MSE as sin(¢;) .Therefore, the

MSE of sin(¢;)/cos(5;) can be given by
_ 1 (1Y

MSE r=x| — 2 29

SE[sin(5))] 2{12} o (29)

REFERENCES

[1] WiMedia Alliance, Multiband OFDM Physical Layer
Specification, Aug. 20009.

[2] ECMA-368, High Rate Ultra Wideband PHY and MAC
Standard, 3rd Education, Dec. 2008.

[3] M. Speth, S. Fechtel, G. Fock, and H. Meyr, “Optimum
receiver  design  for OFDM-Based  broadband
Transmission-Part I1: A case study,” IEEE Trans. Commu.,
vol. 49, no. 4, pp. 571-578, Apr. 2001.

[4] K. Shi, E. Serpedin, and P. Ciblat, “Decision-Directed fine
synchronization in OFDM systems,” IEEE Trans. Commu.,
vol. 53, no. 3, pp. 408-412, Mar. 2005.

[5] A. Troya, M. Krsti¢, and K. Maharatna, “Simplified
residual phase correction mechanism for the IEEE 802.11a
standard,” in Proc. IEEE 58th Vehic. Tech. Conf. (VTC-
2003-Fall), Orlando, Oct. 2003, pp. 1137-1141.

[6] Y. H. You, J. Kim, and H. K. Song, “Pilot-Assisted fine
frequency synchronization for OFDM-Based DVB
receivers,” IEEE Trans. Broadc., vol. 55, no. 3, pp. 674 -
678, Sept. 2009.

[71 Z. J. Wang, Y. Xin, G. Mathew, and X. D. Wang,
“Efficient Phase-Error suppression for multiband OFDM-
Based UWB systems,” IEEE Trans. Vehic. Tech., vol. 59,
no. 2, pp. 766-778, Feb. 2010

[8] J. Y. Kim, Y. H. You, and T. Hwang, “Blind frequency-
offset tracking scheme for multiband orthogonal frequency
division multiplexing using time-domain spreading,” IET
Commu., vol. 5, no. 11, pp. 1544-1549, July 2011.

[91 W. Fan and C. S. Choy, “Efficient and low complexity
phase tracking method for MB-OFDM UWB receiver,” in
Proc. 53rd IEEE Intern. Midw. Sympo. Circu. Syst., Seattle
WA, Aug. 2010, pp. 221-224.

[10] C. Chen, Y. Chen, N. Ding, et al., “Fine residual carrier
frequency and sampling frequency estimation in wireless
OFDM systems,” in Proc. IEEE 56th Intern. Midw. Sympo.
Circu. Syst., Columbus, Aug. 2013, pp. 1124-1127.

[11] Z. H. Sun, L. Yu, and C. X. Ren, “Joint estimation of
carrier and sampling frequency offset for OFDM systems
in slow fading channel,” in Proc. IEEE 14th Intern. Conf.
Commu. Tech., Chengdu, Nov. 2012, pp. 148-154

[12] A. Montazeri and K. Kiasaleh, “Frequency error resilient
modulation schemes for OFDM-Based communication
systems,” IEEE Commu. Lett., vol. 17, no. 11, pp. 2025-
2028, Nov. 2013.

[13] A. M. Kareem and M. Othamn, “Hardware implementation
of an improved fine CFO synchronization for MB-OFDM
UWB,” in Proc. Intern. Conf. Comput. Commu. Engin.,
Kuala Lumpur, July 2012, pp. 432-435.

[14] L. Koschel and A. Kortke, “Frequency synchronization and
phase offset tracking in a real-time 60-GHz CS-OFDM
MIMO system,” in Proc. IEEE 23rd Intern. Sympo. Pers.



Journal of Communications Vol. 11, No. 2, February 2016

Indo. Mobi. Radio Commu., Sydney NSW, Sept. 2012, pp.
2281-2286.

[15] J. Xiong, Q. F. Huang, Y. Xi, D. T. Ma, and J. B. Wei,
“Multiple carrier frequency offsets tracking in co-operative
space-frequency  block-coded orthogonal frequency
division multiplexing systems,” IET Commu., vol. 7, no. 3,
Feb. 2013.

[16] Z. W. Lin, X. M. Peng, K. B. Png, and F. Chin, “Iterative
sampling frequency offset estimation for MB-OFDM
UWB systems with long transmission packet,” IEEE Trans.
Vehic. Tech., vol. 61, no. 4, May 2012.

[17]1 Y. J. Du, D. Rajan, and J. Camp, “Implementation and
evaluation of channel estimation and phase tracking for
vehicular networks” in Proc. 9th Intern. Wirel. Commu.
Mobile Compu. Conf., Sardinia, July 2013, pp. 1263 —
1268.

[18] Hyun Yang, Won-Jae Shin, Seongjoo Lee, Young-Hwan
You, “A Robust Estimation of Residual Carrier Frequency
Offset With 1/Q Imbalance in OFDM Systems,” IEEE
Trans. Vehic. Tech, vol. 64, no. 3, pp. 1254-1259, March
2015.

[19] M. Morelli, G. Imbarlina, and M. Moretti, “Estimation of
residual carrier and sampling frequency offsets in OFDM-
SDMA uplink transmissions,” IEEE Trans. Wirel. Commu.,
vol. 9, no. 2, pp. 734-744, Feb. 2010.

[20] Y. H. You, W. J. Shin, H. K. Song, and J. H. Paik,
“Computationally effective sampling frequency-offset,”
Trans. Emerging Tel. Tech, Nov. 2014.

[21] M. Speth, S. A. Fechtel, G. Fock, and H. Meyr, “Optimum
receiver design for wireless broad-band systems using
OFDM—Part 1,” IEEE Trans. Commu., vol. 47, no. 11, pp.
1668-1677, Nov. 1999.

©2016 Journal of Communications

170

[22] Z. Z. Ye, C. Duan, P. V. Orlik, J. Y. Zhang, and A. A.
Abouzeid, “A synchronization design for UWB-Based
wireless multimedia systems,” IEEE Trans. Broadc., vol.
56, no. 2, pp. 211-225, June 2010.

Xiu-Wen Yin received the B.S. degree
from Nanchang University, Nanchang,
china, and the M.S. degree from
Guangdong University of Technology,
Guangzhou, china, in 2005 and 2010,
respectively. He is currently working
toward the Ph.D. degree in
communication and information systems
in the School of Information Science and Technology, Sun Yat-
sen University, Guangzhou, China.

His research interests include signal processing, ultra wideband
communication and digital baseband circuit design.

Hong-Zhou Tan (M’98- SM’04)
received the Ph.D. degree in electronic
‘ engineering jointly from City University
; y of Hong Kong and South China
i University of Technology, China, in
- 1998.
\ A From 1998 to 2004, he was with several
universities and IT companies in Hong
Kong, Singapore, and Canada. Since 2004, he has been a Full
Professor with the School of Information Science and
Technology, Sun Yat-Sen University, China. His research
interests include system identification, signal processing, IC
design, and intelligent systems.






