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Abstract: Several Doppler shift estimators, including mean logarithm envelope difference (MLED) method,
auto-correlation function (ACF) method, zero crossing rate (ZCR) method and mean square phase difference
(MSPD) method are discussed and compared. The estimation principle and theoretical estimation bias of these
estimators under Rayleigh fading channels are analyzed; furthermore, the Cramer Rao bound (CRB) of Doppler
shift estimation is deduced, and a novel modification method based on two-dimensional polynomial fitting is
proposed to reduce the Doppler shift estimation bias. We verify our algorithms with the Monte Carlo computer

simulation; simulation results show better variance performance of modified methods than those of the original
methods. In addition, the applicable situations of these estimators are discussed.
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Rapid fading is a central problem in mobile

. . 1
communlcatlonsL :

. It degrades the bit error rate
(BER), and frequently introduces an irreducible BER,
or error floor. Using pilot signals to mitigate the
effects of fading has been studied by many
researchers. By the appropriate pilot signals we can
track the fading.

The fading rate of the channel depends on the
maximum Doppler shift f,, and the Doppler shift is
related to the velocity of the mobile terminal (MT).
According to the requirement of 3G/B3G system,
mobile terminals should operate in the velocity range
from 0 to 500 km/h. Hence the knowledge or efficient
estimation of the velocity of the MT is of great
importance in mobile communication and ultimately

will provide good handoff performance'”

[3

, good
power control performance I and effective dynamic
channel estimation'*’. In order to estimate the velocity
of an MT, Holtzman used the square envelope
characteristicm; Xiao used the channel correlation

characteristic"*” .

In addition, there are estimators
based on level crossing rate (LCR) and diversity
reception“’”, etc. The limitation of these schemes is
that the estimation accuracy is greatly affected by the
velocity or signal-to-noise ratio (SNR) or power
control or carrier frequency offset; all these should be

considered in practice.
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In this paper, several Doppler shift estimators are
discussed, and the estimation bias is analyzed
theoretically. Furthermore, a novel modification based
on polynomial fit is proposed to improve estimation
accuracy and Cramer Rao bound (CRB) is derived for
comparison. The algorithms are verified with the
Monte Carlo simulation, and the accurate and robust
estimation results are observed in a wide range of
velocities and SNR.

1 System Model

A cyclic prefix single carrier block transmission
(CP-SCBT) system is considered here and the slot
structure is as follows:

rlofof~|ofe]-[r]ofp]-]p]r]

where D represents the data symbol, and P represents
a uniformly inserted pilot symbol with a guard interval
to eliminate the ISI of channel estimation.

In Fig.1, based on the pilots and the received
signal, the channel coefficients are estimated and sent
to the strongest path searcher. The searcher selects the
strongest path and sends it to the Doppler shift
estimator. The Doppler shift estimator computes the
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Fig.1 Doppler shift estimating part of receiver
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Doppler shift for adaptive applications.

In the following it is assumed that the multi-path
fading channels are wide-sense stationary and
mutually uncorrelated scattering (WSSUS) processes
so that each path can be estimated separately. After
synchronously matching the pilot signal, the received
fading signals of the /-th path can be written as

r(n) =e(n)d,(n) +v(n) (1)
where ¢,(n), d (n) and v(n) are channel parameters,
pilot symbol and noise, respectively; and n is a
discrete time index. Here ¢,(n) is modeled as a wide-
sense stationary discrete-time complex Gaussian
random process, and v (n) is the zero-mean additive
complex white Gaussian noise. An estimation of ¢,(n)
based on (1) can be written as

) S s ) @)
where z(n) is obtained after manipulating the white
Gaussian noise v(n) by the estimation process with

. 2
variance o, .

2  Doppler Shift Estimation

In this paper, five estimators of three types will
be analyzed: (D Methods based on covariance
characteristics including mean logarithm envelope
difference (MLED)m and autocorrelation function
(ACF )[5:; 2 Methods based on envelope zero
crossing rate (ZCR) of all orders including LCR"® and
3 Methods based on
channel phase characteristics including mean square
phase difference (MSPD)W.

rate of minimum (ROM);

2.1 Estimator based on covariance

Since the original estimator of Ref. [2 ] is not
suitable for wide bandwidth mobile communication
systems, a new estimator based on MLED can be
derived as follows:
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denotes the symbol duration, N represents the sample

number and fd is the Doppler shift estimation.

We extend the estimator in Ref. [5] to a more

general form as follows:

A1 -1 (R(M)
fd_szJ" (R(O) ) “4)

where R (k) = o’ J, (2mfkr), J, (+ ) denotes order 0
Bessel function of the first kind and R( * ) denotes the
ACF; £ is the discrete time index; ¢ is the channel mean
power; M is a determinate positive integer. The inverse
of J,( + ) is difficult in practice, but it can be realized
approximatively through a look-up-table or series
extension. If a series extension is adopted, formula (4)
can be rewritten as

poapo L, _RM)
fd éfcl,sw - M 1 - R(O) (5)

where R(k) =a”[1 - (mf,kr)*].

The approximation in formula (5) is accurate
enough when f,kr <0. 15. We choose M =1 to increase
the estimation range.

2.2 Estimator based on ZCR of all orders

According to Ref. [6 ], LCR is approximately equal
to the Doppler shift. Thus we can store K channel
estimations of the [-th path, where K should be large
enough to ensure that the time length T between the first
and the K-th channel estimation is much larger than the

fading periods. The Doppler shift can be estimated as'®

N,(n
7(ny = ( )
where N,(n) is LCR.

ROM is analyzed in Ref. [9], and the Doppler shift
can be estimated as

©)
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where bi<L =0, 2, 4) are the moments of channel power
spectrum.

2.3  Estimator based on receiving signal phase

characteristics
Assume ¢, = ¢ (n7), where ¢(t) is the phase of
the receiving signal. If a variable is defined as
1
B = Wz (an - gonfl)z (8)
n=1
then the Doppler shift can be estimated as follows ™ :
) 0. 012 +0. 218 0<B<0. 619
T
Jo= ©®
0.06+0. 098 19<p<3. 28
r
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For the sake of simplicity of notation, we call the
MLED method estimator A, the ACF method estimator B,
the LCR method estimator C, the ROM method estimator
D, and the MSPD method estimator E. It must be noted
that estimator A/C/D is robust enough to carrier
frequency offset, and estimator B/E is robust enough to
control power. Practically, we must choose estimators
according to our needs.

3 Influence of Noise

The above estimators are obtained for a noiseless
assumption, thus the estimation bias in noise case needs
to be analyzed. The bias of estimator A is analyzed in
Ref. [ 10]; here we will analyze other estimators.

We define the ratio factor of the Doppler shift
estimation as

7. o xe{A, B,C D, E} (10)
Ja

where f,, denotes the estimate for a noiseless case, and
Jfun denotes the estimate for noise case.
The ACF of noise case can be shown as
R(1) =0” J,(2mfy7) +0> 8(1) =0 J,(27f,7)
R(0) =¢” +0° }
(1)
where 6 ( + ) is Dirac function. Thus ratio factor of

estimator B can be simplified to
2
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where symbol SNR is defined as y, = ¢’/o7. In

appendix A, the ratio factor of estimator C/D is derived

as

=\/ Ys +#(L)
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Because the close-form expression of the ratio
factor of estimator E is difficult to derive, the

2

13)

numerical results are used to show the influence of
noise. Without loss of generality, the normalized

Doppler shift is defined as f,, =f,7.

Fig.2 shows the Doppler shift estimation bias in
noise case. It is obvious that higher SNR or more
suitable bandwidth ratio 1/(f,7) leads to a smaller
bias. As Fig.2(d) shows, the MSPD of noise case is
much larger than that of the noiseless case. In
addition, we find that estimator D is more robust for
SNR than other estimators although its bias is the
largest.
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Fig.2 Ratio factors of the estimators. (a) Estimator B;
(b) Estimator C; (c) Estimator D; (d) Estimator E
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4 CRB for Doppler Shift Estimation

Generally, the objective is to find the minimum
variance unbiased estimator (MVUE). As in Ref. [ 11],
variance of MVUE must approach CRB if MVUE
exists. Practically, MVUE is difficult to find and
generic estimators are the approximation of MVUE in
some special cases. Hence, comparing CRB with the
variance of estimators is an important artifice to
evaluate the estimator performance.

If the observed sequence satisfies the existing

condition of CRB(see appendix B), CRB can be shown
[11]
as

1(f,) =2Re{[aﬂ<f )] I (ﬁn)[aﬂ(fm)]}

o,
()
of (1= )] )
o (14)
w10

where Re{x| denotes the real part of x , V., denotes
CRB, I (f,) is the Fisher information, g (f, ) is the
expectation vector of the observed sequence, and I’
(f,) is the covariance matrix of the observed
sequence. Considering Rayleigh channel, u (f,,) is zero
and the following is derived:
[F<f;n> Jk,i, =R(k _i) =0'2 JO(Z’ITfm(k _i>)
15)
S Results and Analysis

The simulation parameters are shown in Tab.1.
Tab.1 Simulation parameters

Slot length/bit 1056
Chip rate/(Mbit + s ') 1.228 8
Pilot length/bit 32
Carrier/ GHz 2.11
Coding None
Channel model M. 1225 model
Simulation time 1 000 slot
Path number 6
Pilot interval/ms 0.208
Modulation QPSK

Fig.3 shows the accuracy of five estimators. It is
obvious that the results will become more accurate if
SNR or velocity increases, but the bias is large when
speed is low, which is consistent with the analysis in
section 3. When SNR is in the range of 5 to 10 dB,
which is the effective SNR range for most mobile
communication systems, the bias is tolerable. In
addition, estimator A/E is more accurate than estimator

51 —a— Estimator A
—— Estimator B
41 —— Estimator C
—o— Estimator D
3 —e— Estimator E
~
2k
1
0 1 1 ! ! |
0 50 100 150 200 250
Velocity/(km*h~!)
(a)
351 —+— Estimator A
3.0l —v— Estimator B
: —+— Estimator C
—o— Estimator D
2.5F —e— Estimator E
=2.0F
1.5F
1.0
0.5 1 1 1 1 1
0 50 100 150 200 250
Velocity/(km+h~1)
(b)

Fig.3 Doppler shift estimation accuracy. (a) SNR is 5 dB;
(b) SNR is 10 dB

B/C/D.

Fig.4 illustrates the variance performance of the
estimators, here variance is for the normalized Doppler
shift. It is obvious that CRB for noise case is larger
than that for the noiseless case. It can be easily found
that estimator D has the largest variance, and variance
of estimator A/B/C/E will be closer to CRB with
increasing SNR. Moreover, the variance curves of
estimator A/B/C/E are close to each other in high
SNR ( >10 dB) and high speed (> 150 km/h), but the
variance curves are remarkably distinguished from
each other in other cases. To sum up, estimator A/E is
better than estimator B/C/D. It must be noted that all
five estimators are nonlinear estimators, thus un-bias
is appropriate only for some specified speed ranges
and SNR ranges, which cause some turns in Fig.4.

In Ref. [ 8], the authors propose a modification
based on decimator, which increases the hardware
complexity in a way. A simpler scheme is error
prediction using polynomial fit; here we will take
estimator C for example, and other estimators can be
done analogously. Errors result from the SNR and
from the relative error of low speed, which is higher
than that of higher speed. Thus the revision will be
based on these two aspects. Generally, communication
systems work when SNR is larger than 5dB, thus we
think the Doppler shift estimator works in high SNR
(>5 dB). In order to accomplish the fit operation, a
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Fig.4 Variance performance of Doppler shift estimators.
(a) SNR is 0 dB or 5 dB; (b) SNR is 10 dB or 20 dB

table composed of the estimations for different SNR
and velocity should be set up through simulation or
on-line measurement, and then the relationship
between the ratio factor and SNR or velocity can be
found by numerical fit. After very cumbersome
induction, the relative error prediction formula for
speed can be summarized as

& =3. 54(ﬂ)2-5. 81(]?‘1) +2.387  (16)
o 500 500

where &/‘d is the predicted relative error for speed. The
relative error prediction formula for SNR can be
computed as
0.6619a,  0.6620,
T T 1604571, 160 (47

where o, is the final predicted relative error.

Generally speaking, the Doppler shift estimation is
larger than actual Doppler shift, thus the final
modified Doppler shift estimation can be calculated as

fdzfd(l_a'fd) (18)

Fig.5 illustrates the performance of Eq.(18) and
that of original estimator C. It is obvious that the
estimation accuracy is improved greatly.
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Fig.5 Doppler shift estimation with error prediction.
(a) Error predicted estimator C; (b) Original estimator C

Fig. 6 compares the original estimator C with
error predicted estimator C. Large MSE gain can be
found for error predicted estimator C, especially in
low SNR, there is a gain of one order of amplitude
when SNR is lower than 10 dB.

10' —— Modified method
— Original method

100 [
1071

1072

10-3 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

SNR/dB
Fig.6 MSE performance for error prediction

MSE of Doppler shift estimation

6 Conclusion

The noise influence and applicable situations for
some Doppler shift estimators in CP-SCBT system with
time multiplexed pilot channel were discussed in this
paper, and error prediction is proposed to degrade the
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effects of noise. Simulation results show estimator A/
E is the best and is robust with respect to carrier
frequency offset and power control respectively.
However, when we consider the complexity, estimator
C is a good tradeoff between performance and
complexity, especially after modification.

Appendix A

Here we will derive the ratio factor of estimator
C/D. LCR can be shown as'"

b, b .
Nier = 1Tb2 ae
IIO- n /L
= (2m) j ﬁolf+<2 o[ Dy

(Al)
where o denotes the ratio of threshold level and
envelope root mean square (RMS) level. The classical
U type channel power spectrum density (PSD) and
AWGN with double PSD N,/2 are assumed in formula
(Al). Practically, noise bandwidth B is limited to B =
1/7.

b,, b,, b, for the noiseless case and noise case
are calculated by choosing different values of N,.
After substituting them into formula (Al) and (11), the
ratio factor of estimator C can be rewritten as

I 2SN R I B S
Me =y +1 6(ys+l)(fd7') -

(1/(fyr))" -6
\/1+ 50y + 1) (A2)

Analogous to estimator C, the ratio factor of
estimator D can be written as

_\/ 3y + (1/(fyr))*/10
TNy + (1/(fi7))/6)

6y + (1/(f,1))*
9(y+1)
(A3)

Appendix B

Here we will prove that CRB of the Doppler shift
estimator exists. Assume the conditioned probability
density of observing vector x is p (x, ),

. .. . T11
regulation condition is" ]

[w] =0 for all @ (B1)

Using the model of formula (2):

-1 .
p( l’fm) (2 >w/2

N-1

ew[—#f_a(q(n) —c,(n,fm))z] (B2)

ap(Crf) 1N :
= _azzm(n) a(ns )
dei(ns fu) _ 2 (my 21 Su)

o, o,

Then we can conclude
P f)]
o
1 i aCl<TL, fm) —
[;Z of. B
S oe,(n, f,) B4
52 El=(n) ] (B4)
Because z(n) is independent of ¢,(n, f,), thus z(n)

acl(”vfm)

afm
formula (B4) is 0; thereby CRB exists.

is independent of , then the right side of
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