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Mobile Speed Estimation Based on Average Fade Slope Duration
Lian Zhao, Member, IEEE, and Jon W. Mark, Life Fellow, IEEE

Abstract—Based on the zero crossing rate of the slope (first
derivative) of the underlying fading process, a mobile speed-es-
timation scheme, constructed by counting the average number
of sampling steps in a positive-going (and/or negative-going)
fade envelope slope, is proposed. The proposed speed-estimation
approach requires neither knowledge of the average fade power
nor a variable temporal observation window. The computational
complexity and the required memory storage are negligibly small.
Simulation results show that the proposed speed estimator yields
good estimation accuracy, with relatively small estimation error.

Index Terms—Average fade slope duration (AFSD), envelope
slope zero crossing rate (ZCR), histogram, sampling, speed esti-
mation.

I. INTRODUCTION

KNOWLEDGE of the mobile speed or Doppler frequency
is invaluable to radio resource management. The ability

to accurately estimate the mobile speed is very important. The
envelope function of the fade contains rich information for
speed estimation. Examples of speed-estimation approaches
using fading envelope information include level crossing rate
(LCR) [1], autocovariance of the complex envelope [1]–[3],
squared deviation of the logarithmically compressed signal
envelope [2], and mean distance between the local minima
using continuous wavelet transform (CWT) [4].

It is well known that the LCR of a fading process is related to
Doppler frequency and average fading power. In this letter, we
will show that higher order crossing is only related to Doppler
frequency. We will first derive the zero crossing rate (ZCR) of
the slope of the underlying fading process in terms of its char-
acteristic function (CF). Compared to the method in [4], our
approach avoids the integration over the modified Bessel func-
tion of the first kind of order . Using the ZCR result, we
propose a speed-estimation scheme based on counting the av-
erage number of sampling intervals in a positive-going (and/or
negative-going) slope of the fade envelope. For this purpose,
we introduce a new parameter called average fade slope dura-
tion (AFSD), which is defined as the average number of sam-
pling steps during an interval when the envelope transits from
a minimum to a maximum, or from a maximum to a minimum.
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The proposed estimation scheme is based on observations of the
AFSD. As in [4], the proposed approach does not require knowl-
edge of the average fading power, nor a need to make the tem-
poral observation window adaptive. Since the main arithmetical
operations are comparisons, the computations required by the
estimation algorithm are relatively simple.

Simulation results show that the proposed AFSD-based
mobile speed-estimation scheme exhibits good estimation
accuracy, with relatively small estimation error. The proposed
scheme can process the data and the sampling process concur-
rently. It only requires a small number of samples and only
needs to save the two most recent sample values to complete
the estimation.

II. SYSTEM MODEL

The fast Rayleigh fading process, , is modeled using
Jakes’ fading model [5] and is represented by

(1)

where is a random phase uniformly distributed on
and is a Rayleigh distributed random process, independent
of . and are independent Gaussian low-pass pro-
cesses with zero mean and variance , given by

(2)

and power spectral density

(3)

where is the maximum Doppler frequency and
and are, respectively, the mobile speed and wavelength. The
envelope process follows the Rayleigh probability density
function (pdf) given by

(4)

Let be the first derivative (slope) of , the fading
envelope, at time instant . Assume that the diffuse component
of the received bandpass signal is symmetrical about the carrier
frequency. The pdf of follows a Gaussian distribution with
zero mean and variance [5]

(5)

III. SPEED ESTIMATION USING AFSD

The presence of Doppler frequency (or mobile speed) incurs
variations in the fading envelope. We introduce the AFSD, de-
noted by , as a parameter to measure the variations in the
fading envelope. AFSD is defined as the average number of
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Fig. 1. Typical Rayleigh fading trace.

sampling intervals within a positive or negative fading enve-
lope slope. It turns out that AFSD is independent of the av-
erage fading power, but is uniquely determined by the maximum
Doppler frequency, , and the sampling interval . The pro-
posed speed-estimation method makes use of the observations
of , and applies the derived relationship between and to
estimate , or equivalently, the mobile speed .

Fig. 1 shows a typical fading signal trace as a function of
time, with an envelope function alternating between minima and
maxima. For the derivation of AFSD, we assume that the posi-
tive and negative slopes are statically symmetric, and focus at-
tention on positive-going slopes only.

Since the first derivative of the fading envelope at an extremal
point is zero, we can deduce that

(6)

where is the sampling interval and is the ZCR of ; its
reciprocal is the average time length between adjacent maxima.

Let be the square of the amplitude. Since ,
for a random process, we have , and we can
calculate via [6], [7]

(7)

where is the second derivative of , and is the joint pdf
of and .

Using the generalized Parseval’s theorem for the right-hand
side of (7) and invoking the Fourier transform properties, we get
[7]

(8)

where and are, respectively, the one-dimensional (1-D)
and two-dimensional (2-D) CFs.

We start with the three-dimensional CF, ,
and then obtain the 2-D and 1-D CFs by setting , and

, respectively

(9)

Let us define the vectors . Since dif-
ferentiation is a linear operation, the processes , , , and
are also Gaussian. Therefore, is a zero-mean Gaussian vector
with covariance matrix

(10)

where , and
[6]. Further define

(11)

Then the 3-D CF in (9) can be written as

(12)

The scalar random variable, , is a quadratic form of
Gaussian random variables, and its CF
can be evaluated as [7], [8]

(13)

where is a 6 6 identity matrix, is the mean of the Gaussian
vector , and denotes the determinant of its argument.
Then (12) can be evaluated by replacing with 1 in (13). After
some algebraic manipulation, we obtain

(14)

Now the 2-D and 1-D CFs can be obtained as

(15)

(16)

Then in (8) can be written as shown in (17) at the bottom
of the next page. The above integral can be expanded as shown in
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(18) at the bottom of the page, where ,
, . Now, using the Residual Theorem

in complex analysis, we have

(19)

where ,
, and are all three iso-

lated singular points of the complex function

in the upper half of the complex plane, and satisfies
. Substituting the results of (19) into (18), we obtain

(20), shown at the bottom of the page.
Changing the variable in the integrand of (20), we

have

(21)

Numerical integration of the integral in (21) over all yields
4.2757. Substituting and in (21) and simplifying, we obtain

(22)

By combining (6) and (22), we obtain an estimate of as

(23)

where is the estimated AFSD from observations. Let de-
note the number of sampling intervals in a positive (or negative)
slope, and be the probability mass function (pmf) of

in our observation. The estimated AFSD can be computed as

(24)

In the next section, we will show that it is sufficient to sum
from 1 to 20.

IV. SIMULATION RESULTS

The Rayleigh fading envelope is simulated using the simu-
lator in [5], with a carrier frequency of 2 GHz and a sampling
interval of ms. Fig. 2 shows the simulated proba-
bility mass function (pmf) of AFSD when the mobile velocities
are 30, 60, and 90 km/h. The pmf is obtained by observing 1600
sampling intervals, which correspond to 1 s. The ideal value and
the estimated value of AFSD are denoted by and , respec-
tively. It is observed that the estimation error is within 3%.

The results of AFSD are used to estimate the mobile speed.
The histograms of the velocity estimates for the true velocities
at 20, 50, 90, and 120 km/h are plotted in Fig. 3, where and

denote, respectively, the true and estimated velocities. The
standard deviation

is within 2.4 km/h. The estimation errors, denoted as normal-
ized square error (NSE) , are , ,

, and for velocity changes from 20 to 120 km/h,

(17)

(18)

(20)
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Fig. 2. Discrete pmf of the observations for parameter L.

Fig. 3. Histogram of the velocity estimates.

respectively. Comparing our NSE numbers with the results pre-
sented in [4, Fig. 5], where the best NSE number is close to

, the AFSD scheme exhibits a lower NSE, and therefore
offers better accuracy, compared with the CWT scheme.

For speed-estimation schemes reported in the literature where
the observation window is required, computation can only be
carried out after all the samples have been obtained. However,
the AFSD approach can process the data when the sampling
process is ongoing. It only needs a very limited number of
samples to obtain the estimate; therefore, the proposed scheme
is quite efficient in terms of computational complexity and
memory storage requirement.

With the proposed AFSD scheme, we can obtain effective
samples for processing without increasing the sampling rate,
whereas other schemes which employ either LCR or ZCR for
speed estimation only obtain one sample per acquisition period.
Thus, the proposed AFSD approach uses less time to accomplish
accurate speed estimation.

Although it has not been explicitly shown in the text, the pro-
posed AFSD-based estimation scheme also works in a noisy en-
vironment. At low signal-to-noise ratios, the accuracy improves
with speed. Thus, the proposed estimation scheme is particu-
larly suited for high mobile speed estimation.

V. CONCLUDING REMARKS

We have proposed a new mobile speed-estimation scheme
based on counting and averaging the number of sampling steps
in a fading envelope slope. Germane to the derivation of the mo-
bile speed-estimation scheme is the introduction of the AFSD
and the establishment of a relationship between AFSD and the
ZCR of the slope of the Rayleigh fading envelope. The deriva-
tion of the ZCR of envelope slope can also be generalized to a
Rician fading envelope.

Simulation results show that, compared to the CWT ap-
proach, the proposed scheme exhibits better velocity estimates
with relatively smaller estimation error and a lower computa-
tion effort.

With a simple implementation feature and good estimation
accuracy, the proposed mobile speed-estimation approach can
be used to design effective closed-loop power control and
handoff strategies.
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