PRl 7y E LR ¢ & 82F

{vE o REa

LFERFEFHT R

BAThE L R HRAE B ER B
B2 R AME 51 k5
PR OF f %)

Eﬁ = H
#HFH =

B RE
: NSC 97-2221-E-032-001-
S97TE 08 01 p 2 98E07* 31p

IR AE R S - T AR

s e

R E7S
DA 4 A EmE AR L ER
LSS A4 - Eem A R oL i E e

AR REE R ERELEF LG



KERRPEAR g e s B

13@]‘:'&-1:]%&\ 7 B9 37 E’J}’J‘—F‘.“ }F'ﬂ}bt’xé'lﬁf‘:'.;""’f‘g’m

P2 P RAIE S s

ST AN ELEEE SRR TS
3 e NSC97—2221—E—032—001 —
HEWA 9T E8 1 p: 98& 77 3P

vé: :JH?/\ZEE;%&'Q ?’i‘;}iﬂ
LA 4F A D Rl BB
TE LB AR R RP S RE R

FEFLFA(REF PFE R ER) MRS O

D%\“P P oE %;E\;/Eﬁﬂs NN [—#;{1;—— - i
.C"I}ﬁ ﬂl‘f—%g/{#g‘gitu ]4’%‘;,_ }‘]?Z\_;//\Q )/‘;__ f)v\
OR% & em 3R RLE - &

SR -%é%@ﬁpiﬁé‘ﬁﬁéiﬁﬁﬁAig?pxﬁgx
5nj5§gi§1£‘r§nj¢ﬂiﬂ/;ﬁ% » BB A
[ 2 I E e FEMAE [J-#[ 27 oR 43

- S 98 # 8 * 3

ﬁ
B 3F 4

e

BB

FE3R 4



e S

# &

NARCIVAR I N s SRR =X - =Bl o = T “;“]‘“9 LE A BAFE R B ARG IE o E
WX A By i S ERB B AR P I RA ﬁiﬂﬁw VEY
PROFCERANRAGE > R AV SRS 1"‘”“%&"”5‘.“ FORE o e 2 o N F
FELSEI L 4o > H 397 25 F 45173 Cramer-Rao % '3 ¥ ¢ Hje s S B % 2 E 8
BEIear e e mi -

MAEF: B R R S AR SR ~ Cramer-Rao 7 *2

"

Abstract
By using a pilot sample from a selected time-slot in a time-domain orthogonal frequency
division multiplexing (OFDM) block, we present a simple maximum-likelihood (ML) scheme for
frequency tracking in OFDM systems over frequency-selective channels. The frequency offset
estimator thus obtained is found to become unbiased and its mean square error (MSE) will
approach the Cramer-Rao bound (CRB) as signal-to-noise ratio (SNR) is increased. Moreover,
the selection of time slot can determine a trade-off between tracking accuracy and tracking range.

Index Terms—Maximum-likelihood (ML) estimation, frequency offset, Cramer-Rao bound
(CRB)
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Abstract—BYy using a pilot sample from a selected time-slot in a
time-domain orthogonal frequency division multiplexing (OFDM)
block, we present a simple maximum-likelihood (ML) scheme for
frequency tracking in OFDM systems over frequency-selective
channels. The frequency offset estimator thus obtained is found to
become unbiased and its mean square error (MSE) will approach
the Cramer-Rao bound (CRB) as signal-to-noise ratio (SNR) is
increased. Moreover, the selection of time slot can determine a
trade-off between tracking accuracy and tracking range.

Index Terms—Maximum-likelihood (ML) estimation,
frequency offset, Cramer-Rao bound (CRB)

I. INTRODUCTION

is well known that, in orthogonal frequency division

I multiplexing (OFDM) systems, timing and frequency
synchronization as well as channel estimation must be
performed for accurate data detection. In general, the
synchronization process can be divided into two stages, viz.,
coarse acquisition and fine tracking [1], [2]. Coarse acquisition
can be achieved by correlating pilot data or redundant cyclic
prefix data in either time or frequency domain [3]-[5]. After
acquisition, usually the frequency and timing offset will
become quite small. However, due to time-varying effect of the
channel, small residual synchronization error will still exist and
thus needs be continuously tracked [2]. In [6], a least
squares-based residual synchronization technique is proposed
using one frequency-domain OFDM block of pilot data. In [7],
a maximum-likelihood (ML)-based fine frequency synchroni-
zation scheme is presented using one time-domain OFDM
block consisting of both signal and pilot data. In this paper, we
propose a much simpler ML-based fine frequency synchroni-
zation scheme using only one time slot pilot sample selected
from a time-domain OFDM block. The remaining time slots in
that block all contain signal data. Thus, very high pilot usage
efficiency is achieved. Further, the selection of the pilot slot can
provide trade-off between the tracking accuracy and the
tracking range. The mean square error (MSE) of our ML
estimator for fine frequency offset is shown to approach the

Cramer-Rao bound (CRB) at high signal-to-noise ratios (SNRs).

We shall take frequency-selective channels and assume that,
aside from coarse frequency synchronization, the timing error
and channel estimation have been completed.

978-1-4244-3492-3/09/$25.00 ©2009 IEEE

This paper is organized as follows: Section II describes the
simple time-slot signal model in OFDM over frequency-
selective channels. Section III presents the simple ML-based
scheme for fine frequency offset estimation using one time slot
of pilot sample along with theoretical analysis including CRB
derivation. Then, Section IV shows numerical results. Finally,
conclusion is given in Section V.

II. SIGNAL MODEL

Consider OFDM transmission in a frequency-selective
channel. Let one transmitted OFDM block contains N samples.
Assume timing synchronization and channel estimation have
been completed. Then, discarding the cyclic prefix, the
demodulated received baseband data sample at the nth time slot
of an OFDM block can be expressed as
= g2mOIN iN_l HkaejZﬂnk/N

n

+w ,

n
k=0
j2md /N

=ye n=01...,N-1, (1

where H, and X, are respectively the channel frequency

+w,,

response and the frequency-domain transmitted data symbol of
) 1 N-1 )
the kth subcarrier, W, and y, = WZH X, e are
k=0

respectively the additive white Gaussian noise (AWGN)
sample and the noise-free received data sample at the nth time
slot, and O is the frequency offset normalized to subcarrier
spacing. We note here that, for mobile wireless
communications, the frequency offset may include both carrier
frequency offset and Doppler spread. We also assume that an
initial frequency acquisition has been performed so that the
frequency offset will not exceed half the subcarrier spacing [3],

[6]. In other words, |0 |<1/2.

III. ML ESTIMATION OF FREQUENCY OFFSET USING A SINGLE
TIME SLOT PILOT SAMPLE
Of the N-samples in the time-domain OFDM block, assume

the pth time slot is selected for the pilot sample r,, the

remaining N —1 time slots are signal data. We wish to use the
pilot sample r, to estimate the fine frequency offset O based

on the ML criterion. The baseband noise sample w, is a
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complex Gaussian random variable with zero mean and

variance O i Then, the log-likelihood function for r, is
1 .
_ 2 Jj2md/N |2
A=-Inmo,——|r,—y,e |. )
O-W
To find the ML estimator 3 , we differentiate (2) with respect
to O and then set the result to zero. We readily get

oy A r
j2mo/ N :_p. (3)

Vp

Using both the real and imaginary parts of (3), we can obtain a

e

solution for O as

N » Im(rp /yp)

5' = tan , 4
27 Re(r,/y,)
where Re and Im respectively denote real part and imaginary
part. Equation (4) means 7, /yp =| r, /yp | e/ ?moIN
Multiplying by e /2mwoIN gives (l’p /yp )eijﬂpé‘/N =
Jj2m(6-8)/ N . .
| r, /yp |e . This again means
a —j2m8IN
an 2P0 —0) _ Im[(r, /y,)e " ""7] )
- —j2mS/Nq "
N Re[(r,/y,)e ]

We take small offset errors and large SNR | y, |* /o7 . Then

using tan™' x = x for small X, (5) can be approximated as

o5 N Im[(r, / y,)e”*"""]

" 2m Re[(r, /y,)e V]

£
r .
Il’l’l[ PyP e—jZ/zpé'/N]

Ny,
2@ Re[ rl’yp —j271p5/N]
v,
N Im[rpy;e—jZIm(S/N]

" 2m Re[rpy;e’jz””‘sw]

—j27lp5/N]

N Im[ly, ["+w,y e
2p Re[| y, [ +w,y,e 7]

—j2/zp¢5/N]

N Im[wpy;e
2mp |y,

_ N wpy;e—ﬂ/;v&/N _ w;yeﬂlm(S/N (6)
Jj4m 1y, '

where Re[| y, |* +w,y,e 7"

| 2

_ 2
1=y, [ for large
SNR has been used. Taking the expectation, we find the

estimator expectation to be £ [5‘] =~ 0 . Therefore, for small
offset errors at large SNRs, the estimator (4) is unbiased. Next,

squaring (6) and taking the expectation, we find the MSE of our
estimator as

E[(6-3)"1=E[(6-6)(0-6)]

N? ‘ ‘
= * _=Jj2mdIN % j2mpd/N
16752]92 Iy,, |4 E[(wpype w,ye )X
* J2mé/N _ * _j2mSIN
2
Zm(oﬁ |y, ’ +o, |y, )
P
N’o?
=—8 — > (M
T ply,l

The Fisher information matrix (a 1X1 matrix for the current
simple case) can readily be computed from (2) as [8]

* —j2md/N Jj2md
2 dy,e dy e

J == —2
o’ 96 96
2 Cmply, )’
o2 N ®
whence, the CRB can be calculated as
N2o2 2
CRB(§)=J"' = Tw al 9)

2 2 2 T o2 2 >
8z°p° |y, | 8z p"SNR,
where SNR =]y * /o i Equation (9) is exactly identical
to (7). To summarize, the estimator of (4) is unbiased and its
MSE approaches CRB at large SNRs.

In view of (4), the range of estimation is £ N/2p (The
arctan here should cover the range * 77 ). Thus, the smaller the
D, the larger the range. On the other hand, (7) indicates that the
larger the p, the more accurate the estimate. Therefore, the

selection of time slot can provide a trade-off between
estimation range and estimation accuracy.

IV. NUMERICAL RESULTS

In our simulations, we choose the length of one OFDM block

or the number of subcarriers to be N =64 . We take a
frequency-selective channel with an exponential power profile
and a dispersion length of 16 sample units. Since after coarse
frequency synchronization, the residual frequency offset will

be within half the subcarrier spacing, we shall choose p = 63
for maximum estimation accuracy while maintaining the

estimation range around 0.5 . The performance of our
frequency estimator is shown in Fig. 1 and Fig. 2 respectively

for a small frequency offset (& = 0.05) and a large frequency
offset (0 = 0.5). In both figures, the top plot of (a) gives the
estimator variance (MSE and CRB) vs. SNR , curves and the

bottom plot of (b) presents the estimator bias ( F| [3] —0)vs.
SNR , curve. Averaging over 1,000 simulation runs is

performed to produce all results. Both figures show that the
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estimator gradually becomes unbiased and its MSE approaches < 10°
the CRB as SNR is increased. In fact, the estimator MSE almost
coincides the CRB at large SNRs. This proves that our
estimator indeed performs very satisfactorily.

V. CONCLUSION
By using only a pilot sample in a single time slot selected
from a time-domain OFDM block, the proposed simple
ML-based frequency offset estimator for OFDM in
frequency-selective channels is proved to provide satisfactory
estimation accuracies for frequency tracking.

bias
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(a) Estimator variances vs. SNR.
(b) Estimator bias vs. SNR.
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An efficient pilot-aided maximum-likelihood (ML)-based algorithm is
proposed for combined frequency tracking and channel estimation for
orthogonal frequency division multiplexing (OFDM) systems. Our
contribution is the novel idea of applying a linear minimum mean square
error (LMMSE) combiner to optimally combine frequency offset estimators
obtained from time slot samples over the time-domain OFDM block. Then,
by alternatively updating the LMMSE frequency estimator and the ML
channel estimator through adaptive iterations, we successfully avoid the use
of a usually complex log-likelihood function while still achieve good
convergence in obtaining the solution for the combined ML estimators. No
approximation or simplification is needed to derive the combined
estimation algorithm. Moreover, our ML estimators have variances or mean
square errors (MSEs) tightly close to CRBs with a wide tracking range.
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The 2009 IEEE International Conference on Networking, Sensing and Control was held in
Okayama, Japan. The main theme of the conference was advanced technologies for safety and
functional maintenance. The area of safety and functional maintenance was a fusion of a number
of research areas in networking, sensing, and control. However, the real challenge was to obtain
advanced control technology for safety and management technology and to construct an
information system to share information on safety technology and on investigated accidents. The
following three tasks were required to address new problems of this challenging and promising
area, 1) to construct an integrated management system for safety; 2) to obtain an advanced
technology for distributed control, distributed operation and logistics management to maintain
functions isolated systems in disaster; 3) to construct operation supporting and training systems to
keep safety, to prevent human error and to function as a co-operator. This conference provided a
remarkable opportunity for the academic and industrial community to address new challenges and
share solutions, and discussed future research directions. It featured plenary speeches, industrial
panel sessions, funding agency panel sessions, interactive sessions, and invited/special sessions.
Contributions were from academia, industry, and management agencies.

Okayama city is a midsized city with population of 700,000 in Japan and is good to enjoy
both convenience of city life and peacefulness of rural area. The city is at a crossroads in the
western part of Japan, 1 hour by super express train from Osaka or Hiroshima, 1 hour air flight
from Tokyo, 3.5 hours by super express train from Tokyo and also has daily flight from Shanghai,
China and Seoul, Korea.

Besides the purpose of exchanging scientific ideas and results, ICNSC 2009 was a useful
forum to help establishing and strengthening a network of scientists, researchers and engineers, to
promote between research and industrial bodies in different countries, and enables to initiate
possible future collaborations.
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By using a pilot sample from a selected time-slot in a time-domain orthogonal frequency
division multiplexing (OFDM) block, we present a simple maximum-likelihood (ML) scheme for




frequency tracking in OFDM systems over frequency-selective channels. The frequency offset
estimator thus obtained is found to become unbiased and its mean square error (MSE) will
approach the Cramer-Rao bound (CRB) as signal-to-noise ratio (SNR) is increased. Moreover,
the selection of time slot can determine a trade-off between tracking accuracy and tracking range.
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Abstract—BYy using a pilot sample from a selected time-slot in a
time-domain orthogonal frequency division multiplexing (OFDM)
block, we present a simple maximum-likelihood (ML) scheme for
frequency tracking in OFDM systems over frequency-selective
channels. The frequency offset estimator thus obtained is found to
become unbiased and its mean square error (MSE) will approach
the Cramer-Rao bound (CRB) as signal-to-noise ratio (SNR) is
increased. Moreover, the selection of time slot can determine a
trade-off between tracking accuracy and tracking range.

Index Terms—Maximum-likelihood (ML) estimation,
frequency offset, Cramer-Rao bound (CRB)

I. INTRODUCTION

is well known that, in orthogonal frequency division

I multiplexing (OFDM) systems, timing and frequency
synchronization as well as channel estimation must be
performed for accurate data detection. In general, the
synchronization process can be divided into two stages, viz.,
coarse acquisition and fine tracking [1], [2]. Coarse acquisition
can be achieved by correlating pilot data or redundant cyclic
prefix data in either time or frequency domain [3]-[5]. After
acquisition, usually the frequency and timing offset will
become quite small. However, due to time-varying effect of the
channel, small residual synchronization error will still exist and
thus needs be continuously tracked [2]. In [6], a least
squares-based residual synchronization technique is proposed
using one frequency-domain OFDM block of pilot data. In [7],
a maximum-likelihood (ML)-based fine frequency synchroni-
zation scheme is presented using one time-domain OFDM
block consisting of both signal and pilot data. In this paper, we
propose a much simpler ML-based fine frequency synchroni-
zation scheme using only one time slot pilot sample selected
from a time-domain OFDM block. The remaining time slots in
that block all contain signal data. Thus, very high pilot usage
efficiency is achieved. Further, the selection of the pilot slot can
provide trade-off between the tracking accuracy and the
tracking range. The mean square error (MSE) of our ML
estimator for fine frequency offset is shown to approach the

Cramer-Rao bound (CRB) at high signal-to-noise ratios (SNRs).

We shall take frequency-selective channels and assume that,
aside from coarse frequency synchronization, the timing error
and channel estimation have been completed.

978-1-4244-3492-3/09/$25.00 ©2009 IEEE

This paper is organized as follows: Section II describes the
simple time-slot signal model in OFDM over frequency-
selective channels. Section III presents the simple ML-based
scheme for fine frequency offset estimation using one time slot
of pilot sample along with theoretical analysis including CRB
derivation. Then, Section IV shows numerical results. Finally,
conclusion is given in Section V.

II. SIGNAL MODEL

Consider OFDM transmission in a frequency-selective
channel. Let one transmitted OFDM block contains N samples.
Assume timing synchronization and channel estimation have
been completed. Then, discarding the cyclic prefix, the
demodulated received baseband data sample at the nth time slot
of an OFDM block can be expressed as
= g2mOIN iN_l HkaejZﬂnk/N

n

+w ,

n
k=0
j2md /N

=ye n=01...,N-1, (1

where H, and X, are respectively the channel frequency

+w,,

response and the frequency-domain transmitted data symbol of
) 1 N-1 )
the kth subcarrier, W, and y, = WZH X, e are
k=0

respectively the additive white Gaussian noise (AWGN)
sample and the noise-free received data sample at the nth time
slot, and O is the frequency offset normalized to subcarrier
spacing. We note here that, for mobile wireless
communications, the frequency offset may include both carrier
frequency offset and Doppler spread. We also assume that an
initial frequency acquisition has been performed so that the
frequency offset will not exceed half the subcarrier spacing [3],

[6]. In other words, |0 |<1/2.

III. ML ESTIMATION OF FREQUENCY OFFSET USING A SINGLE
TIME SLOT PILOT SAMPLE
Of the N-samples in the time-domain OFDM block, assume

the pth time slot is selected for the pilot sample r,, the

remaining N —1 time slots are signal data. We wish to use the
pilot sample r, to estimate the fine frequency offset O based

on the ML criterion. The baseband noise sample w, is a
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complex Gaussian random variable with zero mean and

variance O i Then, the log-likelihood function for r, is
1 .
_ 2 Jj2md/N |2
A=-Inmo,——|r,—y,e |. )
O-W
To find the ML estimator 3 , we differentiate (2) with respect
to O and then set the result to zero. We readily get

oy A r
j2mo/ N :_p. (3)

Vp

Using both the real and imaginary parts of (3), we can obtain a

e

solution for O as

N » Im(rp /yp)

5' = tan , 4
27 Re(r,/y,)
where Re and Im respectively denote real part and imaginary
part. Equation (4) means 7, /yp =| r, /yp | e/ ?moIN
Multiplying by e /2mwoIN gives (l’p /yp )eijﬂpé‘/N =
Jj2m(6-8)/ N . .
| r, /yp |e . This again means
a —j2m8IN
an 2P0 —0) _ Im[(r, /y,)e " ""7] )
- —j2mS/Nq "
N Re[(r,/y,)e ]

We take small offset errors and large SNR | y, |* /o7 . Then

using tan™' x = x for small X, (5) can be approximated as

o5 N Im[(r, / y,)e”*"""]

" 2m Re[(r, /y,)e V]

£
r .
Il’l’l[ PyP e—jZ/zpé'/N]

Ny,
2@ Re[ rl’yp —j271p5/N]
v,
N Im[rpy;e—jZIm(S/N]

" 2m Re[rpy;e’jz””‘sw]

—j27lp5/N]

N Im[ly, ["+w,y e
2p Re[| y, [ +w,y,e 7]

—j2/zp¢5/N]

N Im[wpy;e
2mp |y,

_ N wpy;e—ﬂ/;v&/N _ w;yeﬂlm(S/N (6)
Jj4m 1y, '

where Re[| y, |* +w,y,e 7"

| 2

_ 2
1=y, [ for large
SNR has been used. Taking the expectation, we find the

estimator expectation to be £ [5‘] =~ 0 . Therefore, for small
offset errors at large SNRs, the estimator (4) is unbiased. Next,

squaring (6) and taking the expectation, we find the MSE of our
estimator as

E[(6-3)"1=E[(6-6)(0-6)]

N? ‘ ‘
= * _=Jj2mdIN % j2mpd/N
16752]92 Iy,, |4 E[(wpype w,ye )X
* J2mé/N _ * _j2mSIN
2
Zm(oﬁ |y, ’ +o, |y, )
P
N’o?
=—8 — > (M
T ply,l

The Fisher information matrix (a 1X1 matrix for the current
simple case) can readily be computed from (2) as [8]

* —j2md/N Jj2md
2 dy,e dy e

J == —2
o’ 96 96
2 Cmply, )’
o2 N ®
whence, the CRB can be calculated as
N2o2 2
CRB(§)=J"' = Tw al 9)

2 2 2 T o2 2 >
8z°p° |y, | 8z p"SNR,
where SNR =]y * /o i Equation (9) is exactly identical
to (7). To summarize, the estimator of (4) is unbiased and its
MSE approaches CRB at large SNRs.

In view of (4), the range of estimation is £ N/2p (The
arctan here should cover the range * 77 ). Thus, the smaller the
D, the larger the range. On the other hand, (7) indicates that the
larger the p, the more accurate the estimate. Therefore, the

selection of time slot can provide a trade-off between
estimation range and estimation accuracy.

IV. NUMERICAL RESULTS

In our simulations, we choose the length of one OFDM block

or the number of subcarriers to be N =64 . We take a
frequency-selective channel with an exponential power profile
and a dispersion length of 16 sample units. Since after coarse
frequency synchronization, the residual frequency offset will

be within half the subcarrier spacing, we shall choose p = 63
for maximum estimation accuracy while maintaining the

estimation range around 0.5 . The performance of our
frequency estimator is shown in Fig. 1 and Fig. 2 respectively

for a small frequency offset (& = 0.05) and a large frequency
offset (0 = 0.5). In both figures, the top plot of (a) gives the
estimator variance (MSE and CRB) vs. SNR , curves and the

bottom plot of (b) presents the estimator bias ( F| [3] —0)vs.
SNR , curve. Averaging over 1,000 simulation runs is

performed to produce all results. Both figures show that the
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estimator gradually becomes unbiased and its MSE approaches < 10°
the CRB as SNR is increased. In fact, the estimator MSE almost
coincides the CRB at large SNRs. This proves that our
estimator indeed performs very satisfactorily.

V. CONCLUSION
By using only a pilot sample in a single time slot selected
from a time-domain OFDM block, the proposed simple
ML-based frequency offset estimator for OFDM in
frequency-selective channels is proved to provide satisfactory
estimation accuracies for frequency tracking.

bias

REFERENCES

[1] T. Keller, L. Piazzo, P. Mandarini, and L. Hanzo, “Orthogonal frequency
division multiplex synchronization techniques for frequency-selective
fading channels,” IEEE J. Selective Areas in Commun., vol. 19, no. 6, pp.
999-1008, June 2001. (b)

[2] M. Morelli, C-C J. Kuo, and M-O Pun, “Synchronization techniques for . . _
orthogonal frequency division multiple access (OFDMA): a tutorial Fig. 1 Estimator performance for 6=0.05.
review,” Proceedings IEEE, vol. 95, no. 7, pp. 1394-1427, July 2007. (a) Estimator variances vs. SNR.

[3] P. H. Moose, “A technique for orthogonal frequency division multiplexing (b) Estimator bias vs. SNR.
frequency offset correction,” IEEE Trans. Commun., vol. 42, no. 10, pp.
2908-2914, Oct. 1994.

[4] T. M. Schmidl and D. C. Cox, “Robust frequency and timing
synchronization,” IEEE Trans. Commun., vol. 45, no. 12, pp.1613-1621,
Dec. 1997.

[5] M. Morelli and U. Mengali, “An improved frequency offset estimator for
OFDM applications,” IEEE Commun. Lett., vol.3, no.3, pp.75-77, Mar.
1999.

[6] X. Wang, T. T. Tjhung, Y. Wu, and B. Caron, “SER performance
evaluation and optimization of OFDM system with residual frequency and

SNRp (dB)

timing offsets from imperfect synchronization,” [EEE Trans. %
Broadcasting, vol. 49, no. 2, pp. 170-177, June 2003. E
[71 L. Zheng, W. Cheng, J. Hu, and D. Yuan, “The ML frequency tracking
algorithm for OFDM systems based on pilot symbols and decision data,”
IEEE Symp. Microwave, Antenna, Propagation, and EMC Technol,
MAPE 2005., vol. 2, Aug. 2005, pp. 1611-1614.
[8] L. L. Scharf, Statistical Signal Processing, Reading, MA.,
Addison-Wesley, 1991.
10"
SNRp (dB)
(a)
0.2 : : : : : : : : :
0.1+ -
8
g
g ¢ o q
8
el

0 5 10 15 20 25 30 35 40 45 50

SNRp (dB)
(a)
05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45 50
SNRp (dB)
(b)

Fig. 2 Estimator performance for 0=05.

(a) Estimator variances vs. SNR.
(b) Estimator bias vs. SNR.
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