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Abstract— In this paper, a new algorithm is proposed to
estimate mobile speed for broadband wireless communications,
which often encounter large number of fading channel taps
causing severe intersymbol interference. Theoretical analysis is
first derived and practical algorithm is proposed based on
the analytical results. The algorithm employs a modified autocovariance of received signal power to estimate the speed of
mobiles. The algorithm is based on the received signals which
contain unknown transmitted data, unknown frequency selective
multipaths possibly including line-of-sight (LOS) component, and
random receiver noise. The algorithm works well for frequency
selective Rayleigh and Rician channels. The algorithm is very
resistant to noise, it provides accurate speed estimation even if
the signal-to-noise (SNR) is as low as 0dB. Simulation results
indicate that the new algorithm is very reliable and effective to
estimation mobile speed corresponding maximum Doppler up to
500Hz. The algorithm has high computational efficiency and low
estimation latency, with results being available within one second
after communication is established.

II. C HANNEL M ODEL AND P RELIMINARIES
A. Physical Fading Channel and Its Discrete-Time Model
Consider a SISO wireless channel shown in Fig. 1. Assume that the transmit pulse shaping filter pT (τ ), the receive
matched filter pR (τ ) and the physical fading g(t, τ ) are
normalized with unit energy.
v(t)
x(k)

pT (τ)

g(t, τ)

pR (τ)

Symbol Rate 1/Ts

Fig. 1.

y(t)

y(k)

Sampling Rate 1/Ts

The baseband block diagram of a SISO wireless fading channel.

For a broadband channel with line of sight (LOS) component, the physical fading gc (t, τ ) is frequency selective Rician
fading given by
g(t, τ )
K
gc (t, τ ) = √
+√
hLOS (t)δ(τ )
1+K
1+K

I. I NTRODUCTION
In wireless communication networks, the estimation of
mobile user’s speed plays an important role to enhance the
network performance. Therefore, in the last twelve years,
mobile speed estimation has received extensive attention in
the literature [1]-[24]. Most existing algorithms are proposed
for frequency nonselective fading channels, and developed
based on channel fading coefficients. This implies that the
wireless receiver has to accurately estimate the fading channel
coefficients before estimating the mobile speed. This may significantly limit the value and applications of these algorithms.
Moreover, many existing algorithms provide good estimation
accuracy only when the signal-to-noise ratio (SNR) is high.
If the SNR is moderate or low, then the speed estimation
accuracy tends to be unsatisfactory. Furthermore, to our best
knowledge, all the existing algorithms are unable to provide
good speed estimation results for frequency selective Rician
fading channels.
In this paper, a new algorithm is presented for mobile speed
estimation under frequency selective Rician fading channels.
The new algorithm is based only on the received signal
with noise. It provides very good estimation accuracy without
knowing the fading channel coefficients or transmitted data.
It is not only computationally efficient but also robust to
intersymbol interference and noise.

(1)

where K is the Rice factor, g(t, τ ) is wide-sense stationary
uncorrelated scattering (WSSUS) [25] Rayleigh fading with
normalized unit energy, and the LOS component is assumed
to be hLOS (t) = exp (j2πfd t cos θ0 + jφ0 ) with fd being the
maximum Doppler frequency, θ0 and φ0 being the angle of
arrival and the initial phase, respectively.
Assume that the transmit and receive filters have zero
delays, the received signal y(t) is sampled with timing at
τ = 0 and symbol interval Ts . Then the composite channel
impulse response h(t, τ ) = pR (τ ) ⊗ gc (t, τ ) ⊗ pT (τ ) can
be accurately converted to the following discrete-time fading
channel model [26]
L2

1
y(n) = √
hl (n)x(n−l)
1+K l=−L
1

+√

P2

K
hLOS(n)
σl x(n−l)+v(n)
1+K
l=−P

(2)

1

where x(n) is the nth transmitted symbol, v(n) is the additive
white Gaussian noise, hl (n) is the lth tap fading channel
coefficient at time instant n, L1 and L2 are non-negative
integers, L1+L2+1 is the Rayleigh fading channel length which
depends on the transmit filter, power delay profile and the
receive filter [26], hLOS (n) = exp (j2πfd nTs cos θ0 + jφ0 )
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is
 ∞the LOS channel coefficient at time instant n, σl =
p (s)pR (lTs − s)ds is the sampled value at τ = lTs
−∞ T
of the
between the transmit and receive filters,
Pconvolution
2
2
and
σ
=
1, P1 and P2 are non-negative integers
l=−P1 l
which depend on the transmit and receive filters. For practical
systems, P1 ≤ L1 and P2 ≤ L2 .

Theorem: The received discrete-time signal y(n) has the
following statistics
L2


Ryy (m) = 1 + σ 2 δ(m) +

where E(·) stands for expectation, (·)∗ denotes complex
conjugate, Cl1 ,l2 is the inter-tap correlation coefficient between
l1 th tap and l2 th tap, J0 (·) is the zero-order Bessel function of
the first kind.
L2 It is noted that for normalized Rayleigh fading
Cl,l = 1. It is also noted that Cl1 ,l2 is usually
channel, l=−L
1
non-zero for l1 = l2 even if the physical channel g(t, τ ) is
WSSUS fading [26], [28].
C. Assumption on the Transmitted Signal
Assuming that the binary information is equally likely and
independent from bit to bit, and the wireless transmitters employ modulations such as M-ary phase shift keying (MPSK),
M-ary quadrature amplitude modulation (MQAM), and Mary amplitude shift keying (MASK), etc. The modulated data
symbol x(n) is zero-mean random variable with correlation
given by
∗

E {x(n)x (m)} = δ(n − m)

(4)

where δ(·) is the Kronecker delta function.
III. T HEORETICAL A NALYSIS AND D OPPLER
A PPROXIMATION
In this section, we present key second-order and fourthorder statistics of the received signal y(n), which are useful
for designing mobile speed estimation.
Definition: The autocorrelation of the received signal,
the autocorrelation of the received signal power, and autocovariance of the received signal power are defined by
(5)
Ryy (m) = E{y(n+m)y ∗ (n)}


2
2
(6)
R|y|2 |y|2 (m) = E |y(n+m)| |y(n)|



V|y|2 |y|2 (m) = E |y(n+m)|2−Ryy(0) |y(n)|2−Ryy(0) (. 7)

Cl,r J0 [ωd (r−l)Ts ]

l=−L1 r=−L1
r−l=m,m=0

B. Statistics of The Discrete-time Fading Channel
It is known from (2) that even if the physical Rayleigh
fading g(t, τ ) is causal, the composite fading pR (τ )⊗g(t, τ )⊗
pT (τ ) is generally noncausal when pR (τ ) and pT (τ ) have zero
delay. Therefore, the hl (n) is usually noncausal as indicated
in (2). Moreover, even if g(t, τ ) is WSSUS fading, hl (n)
will generally have inter-tap correlation in addition to the
temporal correlation. Adopting Clarke’s two-dimensional (2D) isotropic model [27] for the physical Rayleigh fading
g(t, τ ), we can obtain statistical properties of the discrete-time
fading hl (n) as shown in [26]. Some key statistics are stated
below.
The discrete-time fading hl (n) is wide-sense stationary
zero-mean complex Gaussian, and its cross-correlation is given
by


E hl1 (n1 )h∗l2 (n2 ) = Cl1 ,l2 J0 [2πfd Ts (n1 −n2 )] (3)

L2


P2


+ exp(jωd mTs cos θ0 )

P2


σp σq∗

(8)

p=−P1 q=−P1
q−p=m,m=0


R|y|2 |y|2 (m) = 1 + σ 2
+

2

+ 2σ 2 δ(m) + σ 4 δ(m)

L2
J02 (ωd mTs ) 
(1+K)2

L2


|Cl,s |

2

l=−L1 s=−L1

+

1
(1 + K)2

+

K
1+K

+

L2


L2


L2


L2


[Cl,r Cs,t
l=−L1 r=−L1 s=−L1 t=−L1
t−l=m,s−r=m,l=r,s=t

+Cl,t Cr,s J02 (ωd mTs )
P2
P2
P2
P2
2 



∗

σp σq σu σw∗

p=−P1 q=−P1 u=−P1 w=−P1
w−p=m,u−q=m,p=q,u=w

L2

2K
(1 + K)2

L2


P2


P2


Cl,r σu σw∗

l=−L1 r=−L1 u=−P1 w=−P1
w−l=m,u−r=m,l=r,u=w

+

2KJ0 (ωd mTs ) cos (ωd mTs cos θ0 )
(1+K)2

P2
 
×


P2


P2


P2


L2


L2


σp σw∗ Cr,s

p=−P1 w=−P1 r=−L1 s=−L1
p=r,w=s

+
V|y|2 |y|2 (m) =

L2


L2




σp σw∗ Cr,s 


p=−P1 w=−P1 r=−L1 s=−L1
w−p=m,s−r=m,p=r,w=s

2
R|y|2 |y|2 (m) − 1 + σ 2

(9)

(10)

where σ 2 is the noise power, and ωd = 2πfd .
Proof: The proof is lengthy and complex, details are omitted
for brevity.
Based on the derived statistics of received signal y(n), we
have five remarks as follows.
Remark 1: The autocorrelation of the received signal is zero
when the time lag is larger than or equal to L = L1 + L2 ,
where L + 1 is the channel length, this is different from the
autocorrelation of the fading channel coefficients. Therefore,
those algorithms which rely on the autocorrelation (or autocovariance) of the fading channel coefficients will not work
if they are applied to the received signal without knowing
the fading channel coefficients. Moreover, knowing the fading channel coefficients are computationally very expensive.
Therefore, the algorithms which utilize the autocorrelation
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and/or auto-covariance of the fading channel coefficients are
not realistic for practical wireless systems.
Remark 2: For frequency flat Rayleigh fading channel, K = 0, L1 = L2 = 0, the autocorrelation and
auto-covariance of the received signal power are given by
2
R|y|2 |y|2 (m) = 1 + σ 2 +J02 (ωd mTs )+2σ 2 δ(m)+σ 4 δ(m)
2
and V|y|2 |y|2 (m) = J0 (ωd mTs ) + 2σ 2 δ(m) + σ 4 δ(m), respectively. Thus, for wireless systems with reasonable high signalto-noise ratio (SNR) (i.e., σ 2 is small compared to unity), the
normalized autocorrelation R|y|2 |y|2 (m)/R|y|2 |y|2 (0) and/or
the normalized auto-covariance V|y|2 |y|2 (m)/V|y|2 |y|2 (0) can
be employed for estimating mobile speed as “slow” or “fast”
as done in [12], [15], where a low-pass filter has been
employed to remove out-of-band noise to improve estimation
performance.
Remark 3: For frequency flat Rician fading channel, L1 =
L2 = 0 and C0,0 = 1, the normalized auto-covariance
V|y|2 |y|2 (m)/V|y|2 |y|2 (0) of the received signal power can still
be employed for mobile speed estimation if the Rice factor K
is known and the SNR is high (e.g., SNR ≥ 20 dB). However,
when K is unknown, and/or the SNR is not high, then the
speed estimation accuracy is generally unsatisfactory. That is
why many existing algorithms only considered noise-free and
small Rice factor scenarios.
Remark 4: For frequency selective Rayleigh fading
channel, K
=
0, the normalized autocorrelation
R|y|2 |y|2 (m)/R|y|2 |y|2 (0) and normalized auto-covariance
V|y|2 |y|2 (m)/V|y|2 |y|2 (0) of the received signal power may
still be employed for estimating mobile speed as “slow” or
“fast” with degraded accuracy as done in [12], [15].
Remark 5: For frequency selective Rician fading channel, the normalized auto-covariance V|y|2 |y|2 (m)/V|y|2 |y|2 (0)
may not provide satisfactory results for estimating mobile
speed as “slow” or “fast”. Because the normalized value
V|y|2 |y|2 (m)/V|y|2 |y|2 (0) can be small for both fast speed (large
Doppler) and slow speed (small Doppler) due to realistic SNR,
Rice factor K, and Cl1 ,l2 , where Cl1 ,l2 is inter-tap correlation
of frequency selective fading channels.
To make use of the auto-covariance (10) for mobile speed
estimation in realistic frequency selective Rician fading channels, we need to remove the effect of the additive noise and
to mitigate the influence of the frequency selectivity (10). To
achieve this goal, we take a close look into the auto-covariance
given by (10), and we find
 2
1
aJ0 (ωd mTs ) + 2KbJ0 (ωd mTs )
V|y|2 |y|2 (m) =
(1 + K)2
× cos(ωd mTs cos θ0 )] ,
m ≥ L, (11)
where
a =

L2


L2


2

|Cl,s |

(12)

l=−L1 s=−L1

b

=

P2


P2


L2


L2


σp σw∗ Cr,s .

p=−P1 w=−P1 r=−L1 s=−L1
p=r,w=s

(13)

It is known that ωd LTs is generally much smaller than unity
.
for all the practical wireless systems,
therefore, J0 (ωd LTs ) =
.
1 and cos(ωd LTs cos θ0 ) = 1, and the modified autocovariance V|y|2 |y|2 (m)/V|y|2 |y|2 (L) is given by
V|y|2 |y|2 (m) . aJ02 (ωd mTs )+2KbJ0 (ωd mTs ) cos(ωd mTs cos θ0 )
=
V|y|2 |y|2 (L)
a + 2Kb
m ≥ L.

(14)

Unfortunately, K, a, b and θ0 are unknown parameters.
Hence, (14) may not be directly employed for mobile speed
estimation. However, if we utilize the approximation J0 (x) ∼
=
2
2
1 − x4 and cos(x) ∼
= 1 − x2 for x being small, then we obtain
the following approximation


V|y|2 |y|2 (m) ∼ a+2Kb−(πfd mTs )2 2a+2Kb+4Kb cos2 θ0
=
V|y|2 |y|2 (L)
a + 2Kb
m ≥ L.
(15)
Since θ0 is the angle of arrival of the LOS component,
for one specific phone call, θ0 can be either a fixed value
or a time-varying parameter depending on the mobility of
the mobile. For another phone call, θ0 can be another fixed
value or another time-varying parameter. Therefore, in the
entire sample space, θ0 may be treated as a random variable
with uniform distribution over (0, 2π], and the mathematical
expectation of cos2 θ0 is equal to 12 . Thus, equation (16) can
be further approximated by
V|y|2 |y|2 (m)
V|y|2 |y|2 (L)

2

∼
=

a + 2Kb − (πfd mTs ) [2a + 4Kb]
a + 2Kb

=

1 − 2 (πfd Ts m) ,

2

m ≥ L.

(16)

From (16), we can obtain the maximum Doppler estimation
as follows:

V|y|2 |y|2 (L) − V|y|2 |y|2 (m)
1
,
m > L. (17)
fd ∼
=
πmTs
2V|y|2 |y|2 (L)
Through the estimated maximum Doppler, we can calculate
the mobile speed via ν = fd c/fc , where c is the speed of light
and fc is the carrier frequency.
Based on the theoretical analysis shown above, we can see
that the modified auto-covariance given by (17) can be used for
mobile speed estimation. Compared to existing techniques, this
new method has a few advantages. First, this method avoids
the noise effect which was significant for large Rice factor
K for many existing algorithms. Second, the new method
does not need to estimate the Rice factor K. Third, the new
method does not need to know the fading channel coefficients.
Fourth, the new method even does not need to directly estimate
the channel’s statistics, it only needs to calculate the autocovariance of the received signal power. Therefore, the new
method is computationally efficient and robust to intersymbol
interference and noise.
We leave this section with one final remark on equation (17).
The auto-covariance of the received signal power is a theoretical function of time lag. It is derived by ensemble average and
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usually calculated by time average for ergodic fading channels.
This time-average calculation requires very large time duration
of data, and therefore, leads to a large latency of the estimation
method. In next section, we will present a practical algorithm
for mobile speed estimation with very short latency in the
range of less than one second. We will show in the simulation
section, the new algorithm provides accurate estimation on the
mobile speed corresponding maximum Doppler up to 500 Hz.
IV. P RACTICAL A LGORITHMS FOR B ROADBAND
W IRELESS S YSTEMS
In this section, we take single-carrier broadband wireless
systems as an example to demonstrate how to utilize the
theoretical equation (17) to develop a practical mobile speed
estimation algorithm.
For single-carrier broadband wireless systems, the transmitted data symbols {x(k)} are commonly partitioned into blocks
of length M data symbols, and each block is added a cyclic
prefix of Mcp symbols with Mcp ≥ L. At the receiver, the
prefix is discarded to eliminate inter-block interference and
to assist data symbol detection via frequency-domain channel
equalization [29], [30].
2
Let sp (k) = |yp (k)| be the kth received symbol’s instantaneous power of the pth block after discarding the prefix.
In principle, we can estimate the mobile speed via computing
the auto-covariance of sp (k) with N blocks data. However, N
has to be very large to achieve a reliable estimation of mobile
speeds, and estimation latency will be in the order of tens of
seconds if not minutes, which is too large to be acceptable for
mobiles changing speeds in seconds. To keep the estimation
latency small (less than one or two seconds) while achieving
satisfactory estimation reliability, we pass sp (k) through a lowpass filter f (l) to suppress noise and the power fluctuation
caused by data symbols x(k), and the filtered power signal is
given by
ŝp (k) =

Lf


sp (k − l)f (l)

(18)

l=0

where Lf is the order of the low-pass filter.
The auto-covariance of N block filtered signal ŝp (m) is
given by
VNs (pTs ) =
VNb (qTb ) =

N M−p


[ŝk(n+p)−s̄][ŝk(n)−s̄] , p ≥L+Lf (19)
k=1 n=1
N−q
M




ŝk+q(n)−s̄ [ŝk(n)−s̄] , q ≥ 1

(20)

k=1n=1

where Ts is the symbol interval, Tb = (M + Mcp )Ts is the
time duration of a block, and s̄ is given by
1 
s̄ =
ŝk(n).
MN
n=1
N

M

(21)

k=1

It is noted here that p is chosen to be not smaller than L+Lf ,
then the noise effect and the intersymbol interference caused

by the fading channel impulse response and the low-pass filter
f (l) will be eliminated for VNs (pTs ), moreover, Lf is chosen
.
to have (L+Lf )Ts ∼
= 30µs, then J0 [ωd (L+Lf ) Ts ] = 1 even
if fd = 500Hz, which corresponds to the mobile speed of
270km/h at carrier frequency of 2GHz.
We are now in a position to present our practical algorithm
as follows:
Algorithm: Mobile speed estimation for frequency selective
Rician fading channels.
Step 1. Choose a set values for {N, q, p} to
have N Tb ≤ 1s, TF  qTb ≈ 5ms, and
Tf  pTs ≈ 30µs.
Step 2. Compute VNs (Tf ) and VNb (TF ). Classify the
maximum Doppler as “low”, “medium” and
“high” as follows:

> 0.95,
low
VNb (TF ) 
<
0.3,
high
(22)
VNs (Tf ) 
otherwise,
medium
where the coefficients 0.95 and 0.3 are classification thresholds, they can be changed to other
values for different level of “low”, “high” and
“medium”.
Step 3. After classifying Doppler into one of the three
categories, maximum Doppler can be estimated
as follows:


s (T )−V b (10T )

VN
F
f
1
N


, low
s (T )

π10T
2VN
F
f








s (T )−V b (T )
VN
F
f
1
N
fd =
,
medium (23)
s (T )
πT
2VN
F
f









s (T )−V b (0.1T )

VN
F
f
1

N
 π0.1T
, high.
2V s (Tf )
F
N

Step 4. Estimate the mobile speed via computing v =
fd c
fc , where c is the speed of light and fc is the
carrier frequency.
We described our idea and algorithm for broadband wireless
systems as an example, however, it is noted that this method
can be applied to other multiple access wireless protocols
including TDMA, CDMA and OFDM systems with various
modulation schemes.
V. S IMULATION R ESULTS
The performance evaluation of the proposed algorithm
has been carried out by extensive computer simulation with
various system parameters and wireless fading channels. In
this paper, we consider a broadband wireless system with
symbol interval Ts = 0.25µs, data block size M = 512
symbols. The transmit filter pT (τ ) and receive filter pR (τ ) are
normalized square root raised cosine filter with roll-off factor
being 0.3. The wireless fading channel has 120 taps with half
a Ts spacing between every two consecutive taps. The average
power of the first 40 taps ramps up linearly and the last 80 taps
ramps down linearly, the total power of the fading channel is
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algorithm for frequency selective Rician fading channels
(K=5) with 8PSK modulated signals and 64QAM modulated
signals, respectively. As can be seen, the proposed estimation
algorithm is also insensitive to the modulation schemes. Both
figures show that the proposed algorithm provides good estimation accuracy when SNR is 5dB or higher.
Rician fading K=5, 8PSK Modulation
500
Mean of est. fd, SNR=5dB
STD of est. f , SNR=5dB
d

400

Mean of est. f , SNR=15dB
d

STD of est. f , SNR=15dB
d

Estimated Doppler (Hz)

normalized to unity. The Ts -spaced composite channel impulse
response has L = 63 taps with inter-tap correlations. The
cyclic prefix length is chosen to be Mcp = L − 1 = 62. We
designed a low-pass filter with Lf = 50 taps with Ts spaced.
We employ the fading simulator presented in [31] to
generate frequency selective Rayleigh and Rician fading coefficients, we also generate the random 8PSK or 64QAM
modulated signal x(n), partition it and add cyclic prefix, then
we compose the received signal y(n) based on (2). At the
receiver, we discard the prefix and use the proposed algorithm
to estimate the mobile speed.
Fig. 2 and Fig. 3 show the estimation accuracy of the
algorithm for frequency selective Rayleigh fading channels
with 8PSK modulated signals and 64QAM modulated signals,
respectively. As can be seen, the proposed estimation algorithm is insensitive to the modulation schemes. Both figures
show that the proposed algorithm provides good estimation
accuracy even if the SNR is as low as 0dB, and when SNR is
5dB or higher, the standard deviation of the estimated Doppler
is small.

300

200

100

0
0

100

200
300
Actual Doppler (Hz)

400

500

Rayleigh fading, 8PSK Modulation
500

Fig. 4. Estimation accuracy for frequency selective Rician fading channel
with 8PSK modulated signals.

Mean of est. f , SNR=−5dB
d

STD of est. f , SNR=−5dB
d

400

Mean of est. f , SNR=5dB
d

STD of est. f , SNR=5dB
Rician fading K=5, 64QAM Modulation

d

300

500

STD of est. f , SNR=15dB

Mean of est. f , SNR=5dB

d

d

STD of est. f , SNR=5dB
d

400

d

d

100

0
0

Mean of est. f , SNR=15dB
STD of est. f , SNR=15dB

200

100

200
300
Actual Doppler (Hz)

400

500

Estimated Doppler (Hz)

Estimated Doppler (Hz)

d

Mean of est. f , SNR=15dB

300

200

100

Fig. 2. Estimation accuracy for frequency selective Rayleigh fading channel
with 8PSK modulated signals.
0
0

Rayleigh fading, 64QAM Modulation

100

200
300
Actual Doppler (Hz)

400

500

Fig. 5. Estimation accuracy for frequency selective Rician fading channel
with 64QAM modulated signals.

500
Mean of est. f , SNR=−5dB
d

STD of est. fd, SNR=−5dB
400

Mean of est. f , SNR=5dB
d

Estimated Doppler (Hz)

STD of est. fd, SNR=5dB
Mean of est. f , SNR=15dB
d

300

STD of est. fd, SNR=15dB

200

100

0
0

100

200
300
Actual Doppler (Hz)

400

500

Fig. 3. Estimation accuracy for frequency selective Rayleigh fading channel
with 64QAM modulated signals.

Fig. 4 and Fig. 5 show the estimation accuracy of the

As can be seen from these figures, our new algorithm
provides reliable results for estimating mobile speeds for
broadband wireless communications over frequency selective
Rayleigh and/or Rician fading channels.
It is noted that when we increase SNR, our algorithm
will give better estimation results. If we increase the slot
number N , our method will also give better estimation results.
However, if we decrease the slot number N and/or SNR, then
the estimation accuracy will decrease. The estimator starts to
report mobile speed estimation results within one second after
the communication is established.
It is also noted that the thresholds 0.95 and 0.3 are chosen
for illustration purpose only, they can be chosen to other
values to get better estimation accuracy in favor of high speed
estimation or low speed estimation or a compromise for both.
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VI. C ONCLUSION
In this paper, we analyzed the statistical properties of the
received signals which contain unknown transmitted data,
unknown frequency selective Rician fading coefficients, and
additive white Gaussian noise. Based on the received signal’s
statistics, we proposed a mobile speed estimation algorithm.
The new algorithm employed modified auto-covariance to first
classify “slow”, “medium” and “fast” mobiles, then estimate
the maximum Doppler frequency and calculate the mobile
speed. Extensive simulations have shown that our new algorithm provides very reliable estimation results for broadband
wireless communications over various fading channel conditions, which include Rician fading, frequency selective channel
with severe multipath spread, and low signal-to-noise ratio
scenario, etc. This method is computationally efficient, and it
only need simple arithmetic operations such as multiplications,
additions and subtractions. As a by-product, our theoretical
analysis explains why many existing algorithms fail on certain
channel conditions including frequency selective Rayleigh
fading, and/or realistic SNR values.
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