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Abstract— This paper presents a new technique for estimating the
speed of a mobile station in a wireless system. The mobile speed maps
the characteristic spatial scale of the received signal into a characteris-
tic temporal scale. The continuous wavelet transform tracks changes in
the temporal scale to estimate the mobile speed as a function of time. This
technique requires neither knowledge of the average received power of the
nonstationary signal nor adaptation of a temporal observation window, in
contrast to other speed estimators given in the literature. Simulation re-
sults indicate the ability to track a variable speed profile.

I. INTRODUCTION

A significant characteristic of wireless systems is the signal
variation caused by the movement of the mobile stations. Es-
timating the speed of a mobile station is desirable for several
reasons. One application of speed estimation is to determine
the duration of a temporal window over which the received
signal is averaged to mitigate signal variation. Mobile speed
can also be used to determine whether a mobile station which
requests access to the wireless system should be assigned to a
microcell (for low mobile speeds) or to an umbrella macrocell
(for high mobile speeds). System control algorithms such as
handoff algorithms can also benefit from knowledge of mobile
speed.

In many environments, a direct path is not present between
the base station and the mobile station. The received signal
consists of a sum of waves which have been reflected by ob-
jects such as mountains, trees, and buildings. The sum of many
waves at the receiver gives rise to small scale spatial variation
of the received signal (on the order of a wavelength). In sit-
uations where there is no dominant path between base station
and mobile station, the small scale spatial variation is called
Rayleigh fading. The received signal is nonstationary for dis-
tances on the order of building sizes since the mean of the small
scale variation changes considerably. This large scale variation
of the mean is known as shadowing. The mean of the shad-
owing also decreases as the distance between base station and
mobile station increases.

Estimates of the mobile speed can be obtained by using the
statistics of the received signal. For example, level crossing
rates [1] or the autocovariance [2] of the received envelope
have been used to estimate speed. Speed estimates have also
been obtained by estimating the maximum Doppler frequency
using eigenspace methods [3], spectrum estimation methods
[4], and the squared deviations of the logarithmically com-
pressed envelope [S]. Another method of velocity estimation
requires knowledge of the average signal strength for all loca-
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tions within a region of interest and uses a technique similar
to the multidimensional scaling (MDS) method of statistical
data analysis [6]. All of the above techniques require estimates
of the signal power, and some methods also require the sig-
nal autocorrelation. A difficulty in obtaining such estimates is
the nonstationary nature of the received signal. An appropriate
window which depends on the unknown mobile speed must be
chosen to estimate the required quantities. Furthermore, the lit-
erature mentioned above has considered only the problem of a
constant, unknown mobile speed. For variable speeds, the du-
ration of the observation window must be constantly adapted,
and the rate of adaptation will be critical to the performance of
the speed estimator. In particular, errors in the speed estimates
could propagate due to suboptimal observation windows.

This paper presents a new method of speed estimation using
wavelet analysis. Wavelet methods are useful for this problem
since the wavelet transform at different scales corresponds to a
variety of window lengths. This choice of windows eliminates
the necessity of adapting the duration of a single temporal ob-
servation window. The method presented here utilizes the fact
that the small scale spatial variation of the received envelope
depends only on the positions of the mobile and base stations.
This spatial variation has a characteristic scale which is on the
order of a carrier wavelength. The temporal variation of the
received envelope is then a consequence of mapping the spa-
tial variation through the mobile speed. By tracking the char-
acteristic temporal scale of the variations, an estimate of the
speed is obtained as a function of time. In Section I, a wireless
propagation model is presented. Section III presents a method
for speed estimation using the continuous wavelet transform
(CWT). Section IV addresses the selection of parameters used
in the speed estimate, compares the performance with other
estimators for constant mobile speed, and gives results of sim-
ulations using a realistic, variable speed profile. Conclusions
are given in Section V.

II. WIRELESS PROPAGATION MODEL

The propagation model discussed here takes into account
three effects which are present in many wireless environments:
correlated Rayleigh fading, correlated lognormal shadowing,
and a distance-dependent trend. The received bandpass signal
consists of a sum of contributions from several paths. Let T.(x)
and T(x) denote the in-phase and quadrature components of
the received signal at position x. By the Central Limit Theo-
rem, T(x) and Ty(x) are independent, identically distributed,
wide-sense stationary, zero-mean Gaussian random processes
in a small neighborhood of x. The size of the neighborhood of
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x is much smaller than the size of buildings. The power den-
sity incident upon the receiver is assumed to be uniformly dis-
tributed in angle in a plane. Let p(x,xg) denote the received
power at the mobile station averaged over a small neighbor-
hood of x due to a base station located at xg. Let A represent
the carrier wavelength. Under the above conditions and for an
omnidirectional antenna, the auto- and cross- correlations of
T.(x) and T;(x) in the direction @ and in a small neighborhood
of x are given by [7]

Rr.(,p(x,x8)) = E{T(x+yd)T:(x)}

= RT;()’,P(X,XB))

= p(x,x)Jo(2my/}), (N
Ry, (v, p(x,x8)) = E{T.(x+yid)T(x)}

= 0, 2)

where Jo(-) denotes the zero-order Bessel function of the first
kind. The notations for the auto- and cross- correlations ex-
plicitly indicate the fact that T.(x) and T;(x) are wide-sense
stationary only in a small neighborhood of x. Let (a,b) denote
the inner product between vectors a and b. A model for T(x)
and Ty(x) (for travel in the direction i) can be shown to be

T.(x) = [ﬂ);{_xlﬂ] v

Kz-:lcos{y—c—(;’—ﬁ) [cos (Zt(JLKl/—z—))] +6j(x,xn)} , 3

J=0
Ti(x) = [gp(;{,—xg)] 12 )
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where K is the number of terms in the model, and 6 (x,xp) and
¢;(x,x) are independent, identically distributed uniformly on
[0,2m).

The average received power p(x,xp) contains the distance-
dependent trend and lognormal shadowing [8]. Let o represent
the exponent of the distance-dependent trend. Furthermore, let
10Lxx8)/10 denote the lognormal shadowing between the mo-
bile position x and the base station position xg. The received
power averaged over a neighborhood of x due to the base sta-
tion located at xg can then be expressed as

p(x,xB) = Po|x — xp||~* 10-(x*8)/10, (5)

where Py accounts for antenna parameters, transmitted power,
and other relevant system parameters. The process L(X,Xg)
is modelled as a zero-mean Gaussian random process that is
wide-sense stationary in the variable x. Let Ry (y,xp) denote
the autocorrelation of L(x,xp) in the variable x along the di-
rection @. An empirical model for Ry (y,xs) is [9]

Iyl )
doxs) )’ 6

Ru(,xB) = o (x3) exp (—

where 0%(xp) and do(xp) are the variance and correlation
length of L(x,xp). The power spectrum S.(v,xp) of L(x,xp)
is given by

2dy(xg) G% (xB)

SL(V:%8) = T v do(xp)E

)]
where v denotes spatial frequency. Let Viax denote the maxi-
mum spatial frequency of S.(v,xg) that is taken into account,
and let D be the magnitude of the total displacement of the mo-
bile within a time period of interest. A model for the Jrocess
L(x,xg) can be shown to be

L(x,xp) = J-Ej [CZ—DSL ((J'_'FDIE,XB)] 1/2 X

cos [3“—(21“—)(j+1/2)+5j(x,x,;)] o ®
where
c - 1 ’-ZIS ((j+1/2) )
= —-——DU% n) R L\—"0p ,XB |
Vimax = J/D> ®

and Bj(x,xg) are independent, identically distributed uni-
formly on [0,21). The received envelope is Rayleigh dis-
tributed. The received signal envelope r(x) and its lcgarithm
s(x) are then given by

rx) = /T2(x)+T2(x), (10)
s(x) = 20logo[r(x))- (11)

The model presented here is used in the speed estimation
method described in Section III.

III. SPEED ESTIMATION USING CWT

The speed estimation technique presented here utilizes the
characteristic spatial scale due to correlated Rayleigh fading of
the received signal. In this analysis, the signal of interest is
the logarithm of the envelope. Let the curve I' traversed by the
mobile station be parametrized by the scalar position variable
x and let g(x) represent the received signal (i.e. the logarithm
of the envelope) as a function of x. Fig. 1 plots a typical signal
trace as a function of position (measured in wavelengths). This
plot shows that the local minima of the signal occur with a sep-
aration of a fraction of a wavelength. Suppose that th: mobile
travels along I with a speed v(¢) at time z. The received signal
f(2) as a function of ¢ is then

s =g([rrar), rzo

where we have taken the time origin to correspond 0 x = 0.
This model accounts for Rayleigh fading in the absence of ad-
ditive noise. Let the mean separation in distance between the

(12)
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Fig. 1. Typical signal trace as a function of distance.

local minima of g(x) be kA where O < k < 1. If the mean sepa-
ration in a neighborhood of time ¢ between the local minima of
f(2) is AT (¢), an estimate ¥(¢) for the speed can be obtained as

ﬁ(t)::-—fll—

oK (13)

A method to estimate AT(¢) using the continuous wavelet
transform is described in the following.

The continuous wavelet transform (CWT) of a function
h(r) € Lo(R) is given by

CWTh(a,h) = “lﬁ /_ v (‘—;—”) h(t)d

where a € R denotes “scale” and b € R denotes “shift”. The
“mother wavelet” y(t) € L, (R) is taken to be real and satisfies
the admissibility condition

oy= [ 4y [° 1M

(14)

dw < oo,

|oo] - |of
where W(w) is the Fourier transform of y(z).

The CWT has the important property of characterizing sin-
gularities of the signal A(t) [10], [11], [12]. Let all derivatives
of h(r) up to order n exist and be of bounded variation. If the
n-th derivative of h(t) is discontinuous at ¢ = 1o, then for a con-
stant ¢,, CWTj(a, 1) ~ ca@"t1/2 as a — 0. As shown in Fig. 1,
many of the local minima of g(x) correspond to points of dis-
continuity in the first derivative. Thus, the CWT behaves as
@3/? for small a near the local minima of g(x) with discontinu-
ous derivative.

The CWT is applied to the received signal f(¢) in order
to detect the points of discontinuity in the first derivative of
f(t). In order to obtain speed estimates within an accept-
able delay for real-time implementation, the CWT of f(¢) is

(15)

taken over a suitable temporal window of observation. The
CWT is taken at a discrete set of scales g = 2/+"/M | j =
Jminy Jmin +1,.+ -, jmax , m=0,...,M —1 where jmin, jmax
and M are integers. In order to compare the CWT with a sig-
nificance threshold which is independent of mobile speed, the
CWT is normalized as follows. Let f(¢) be the received signal
for a constant mobile speed vg and f;(¢) = fo(¢/A) be the re-
ceived signal for a constant mobile speed vi = vo/A. Definition
(14) relates the CWT’s of fo(t) and fi(2):

CWTy, (a,b) = VA CWTy(a/A,bJA). (16)

Thus, the CWT of f(¢) at each scale a is normalized by 1/4/a
before further processing.

One method to detect the points of discontinuity in the first
derivative of f(¢) is to identify the wavelet transform mod-
ulus maxima [10]. The number of wavelet transform mod-
ulus maxima at fine scales which are associated with a sin-
gularity of f(¢) depends upon the number of local extrema
of the analyzing wavelet y(¢). The number of local extrema
of the wavelet is at least one plus the number of vanishing
moments of the wavelet. Furthermore, the analyzing wavelet
must have at least two vanishing moments in order to charac-
terize points of discontinuous derivative of f(¢). In order to
reduce the number of extraneous wavelet transform modulus
maxima which are associated with a singularity of f(r), the
following method is adopted. For wavelets y(r) which satisfy
sup, y(t) > —inf, y(¢), the negative local minima at each scale
of the normalized CWT are identified; otherwise, the positive
local maxima at each scale are identified. The values which
are identified by the method described above will be referred
to as the signed local extrema of the normalized CWT. The
signed local extrema with absolute value less than a signifi-
cance threshold 7 are discarded. The scale which has the high-
est number of significant signed local extrema is identified as
the scale of interest and is denoted by a.

Since most of the local minima of f{¢) correspond to points
of discontinuity in the first derivative, the locations in time of
the signed local extrema of the normalized CWT correspond
to most of the locations of the local minima of the signal f(¢).
To compensate for the small fraction of local minima of f(#)
with continuous derivative, the significance threshold 7 is de-
termined empirically such that the number of local minima of
f (&) which are detected by the CWT is equal to the total num-
ber of local minima of f(¢). We now consider (N + 1) signif-
icant signed local extrema. For a fixed N, these signed local
extrema correspond to a time interval ¢ € {fg,#;] which depends
on the mobile speed. Let AT, denote the time between the
(n — 1)-th and n-th signed local extrema. The estimate (13) for
v(¢) at time (fp +1)/2 becomes

Q(t()+t1) _ kA
2 LN AT,

The next speed estimate sample, V((s) + ¢])/2), is obtained
by averaging over a time interval [¢},#]] which contains a new

a7
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signed local extremum and the N most recent signed local ex-
trema from the previous time interval. The speed estimates ob-
tained in this manner are smoothed by a moving average. The
following section describes the selection of parameters used in
the above speed estimate together with simulations which ap-
ply the estimation technique.

IV. PARAMETER SELECTION AND SIMULATION RESULTS

This section addresses the determination of the mean dis-
tance between local minima of the signal (kA), the selection of
the significance threshold (t), and number (N) of interarrival
times of the signed local extrema to be used in the speed es-
timate. The choice of the maximum scale (amax), the duration
(Tops) of the observation window over which the CWT is taken,
and associated boundary effects are also described. The ob-
servation window is required to obtain speed estimates within
an acceptable delay for real-time implementation. Finally, an
application of the speed estimation technique is presented for
constant speed and for a realistic speed profile as a function of
time.

A. Mean Distance Between Local Minima of the Signal

The mean distance between the adjacent local minima of
g(x) is determined by the mean distance between adjacent
positive-slope zero crossings of the derivative g'(x). As given
in Section III, the mean distance between adjacent positive-
slope zero crossings of g'(x) is kA. The constant k is deter-
mined by the reciprocal of the zero crossing rate of g’(x). The
value of k of 0.662 was calculated using the propagation model
of Section II and numerical integration.

B. Selection of Significance Threshold

The threshold T is selected such that the largest number
of significant signed local extrema that are detected at scale
a; is equal to the number of positive-slope zero crossings
of the derivative g'(x). Fig. 2 plots the ratio of the num-
ber of significant signed local extrema detected to the num-
ber of positive-slope zero crossings of g’(x) as a function of
the threshold 1. The results shown here correspond to aver-
ages over 10 independent realizations of the Rayleigh fading
and lognormal shadowing processes, each realization using ap-
proximately 1000 positive-slope zero crossings of g'(x). Each
of the four curves corresponds to a different analyzing wavelet
y(t). The wavelets chosen here are Daubechies’ filters of or-
der 4 (db4) and 6 (db6), a “coiflet” of order 2 (coifl), and a
symmetric, compactly supported biorthogonal spline wavelet
(bior5.5) [11]. The optimum threshold for each wavelet is the
value of 1 for which the ordinate is 1.0 in Fig. 2. Table I sum-
marizes some properties of the four analyzing wavelets and
the corresponding optimum thresholds t. In addition to the
wavelets mentioned above, one of the wavelets described in
[13] was also used. This wavelet has two vanishing moments
and is constructed using maximally flat, discrete-time lowpass
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Fig. 2. Ratio of number of significant signed local extrema detected to the
number of positive-slope zero crossings of signal derivative as a function
of threshold.

and highpass filters with nine taps. The performance of this
wavelet is similar to that of the coiflet (coifl).

The possibility of using the received envelope directly (in-
stead of the logarithm of the envelope) was also investigated.
One observation is that the local minima present in the enve-
lope are not as prominent as those in the logarithm of the en-
velope. Furthermore, as the average received power p(x,Xp)
decreases, the magnitude of the CWT of the envelope also de-
creases, while the magnitude of the CWT of the logarithm of
the envelope does not depend on the absolute received power.
Since the optimum threshold T would depend on the absolute
received power if the CWT were applied directly to the re-
ceived envelope, the logarithm of the envelope is chosen for
signal analysis.

C. Effect of Number of Interarrival Times on Speed Estimate

Fig. 3 plots the normalized bias of the speed estimate,
E[$/v] — 1, as a function of the number of interarrival times
(N) of adjacent signed local extrema for the four analyzing
wavelets given in Table I. While the bias is negligible for large
N, the value of N must be sufficiently small in order 1o track

TABLEI
PROPERTIES OF ANALYZING WAVELETS AND VALUES OF THRESHOLD.

Wavelet Vanishing Moments Length of Support 1
coifl 2 5 0.48
db4 4 7 1.18

bior5.5 6 9 0.78
db6 6 11 1.60
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Fig. 3. Normalized bias versus number of interarrival times used in speed
estimate.

changes in mobile speed. Fig. 4 plots the normalized mean
square error (MSE) of the speed estimate, E[(1 — $/v)?], as a
function of number of interarrival times. For a given number
of interarrival times, the coiflet (coif1) performs better than the
other wavelets. As mentioned in Section III, the coiflet per-
forms well since it has exactly two vanishing moments and
hence minimizes the number of extraneous signed local ex-
trema.

D. Choice of Maximum Scale, Duration of Observation Win-
dow, and Boundary Effects

The CWT is applied to blocks of the signal collected over
time periods of duration Typs in order to limit the delay in ob-
taining speed estimates for real-time implementation. The de-
termination of Typs is described in the following. Let the lowest
speed of interest be denoted by vy, i.e. speeds less than vpyin
will be approximated by zero. If Ly denotes the duration of
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Fig. 4. Normalized mean square error versus number of interarrival times used
in speed estimate.

support of the analyzing wavelet y(¢), the maximum scale for
the CWT is
kA

LyVmin ’
where k is determined in Section IV-A. The duration of the ob-
servation window is then the duration of the coarsest wavelet,
i.e. Tops = LyGmax. The finite observation window results in
boundary effects in the detection of the signed local extrema.
In order to remove these effects, the observation windows are
enlarged by Tobs /2 for each boundary (left and right endpoints).
The enlarged windows slide by an amount Ty, as time pro-
gresses. For the initial left boundary and the final right bound-
ary, the signal f(z) is reflected about the boundaries such that
f(z) and the first derivative f’(¢) are continuous at the bound-
aries. This technique of overlapping windows results in a fac-
tor of two increase in computation for the CWT and a Tops/2
increase in delay of the speed estimate.

18)

Amax =

E. Application of Speed Estimation Technique

In this subsection, the speed estimation method is applied
to specific functions of mobile speed versus time. Fig. 5 gives
the estimated speed using various numbers of interarrival times
N for a constant mobile speed of 30 km/hr. The relevant pa-
rameters for this example which uses the coifl wavelet are
Vmin = 0.72 km/hr, T = 0.48, and M = 6. The carrier wave-
length is A = 1/3 m, the correlation length of the lognormal
shadowing is do(xg) = 50 m, and the exponent of distance de-
pendence is o = 4. The speed estimates were smoothed using
a moving average of duration Typs.

In contrast to the level crossing and covariance methods
given in [1], speed estimation using wavelets as described here
does not require the design of temporal windows which must
adapt sufficiently quickly to track the variation of mobile speed
while being robust to the variability in the statistics used for
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n
(=]

16t 1
10} 58 N=10 1
— N=20
5r *« + N=30 1
0 r— 4 n R T—
0 2 4 6 8 10

Time (seconds)

Fig. 5. Speed estimates using various numbers of interarrival times N for a
constant mobile speed of 30 km/hr.
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speed estimation. Furthermore, since level crossing and covari-
ance methods require estimates of the average received power,
these speed estimators experience abrupt changes when the
mobile makes a turn at a street corner. Since the method based
on wavelets presented here does not require estimates of the
average received power, there would be no sudden change in
estimated speed at a street corner.

In order to demonstrate the tracking of changes in mobile
speed, the speed estimator based on wavelets is applied to the
following speed profile v(¢) (in km/hr):

0 0<t<05
100y(=23) 05<t<85
v(t) =< 100 8.5<t< 115 (19)
100y(225=%) 11.5<r<195
0 19.5 <t <20,
where
0 t<0
¥(r)={ 32-28 0<t<1 (20)
1 1<z,

Fig. 6 plots the actual speed v(¢) given in (19) and the esti-
mate ¥(z). For this example, the parameters are the same as
those used in Fig. 5 except vipn = 1.8 km/hrand N =20 (ie. a
maximum of N + 1 = 21 nulls are used in the speed estimate;
the actual number of nulls used in a neighborhood of time ¢
depends on the speed v(¢) and the duration of the observation
window Tops).

A fundamental quantity in evaluating the performance of the
estimator is the normalized mean square error as a function of
the number of interarrival times N (Fig. 4). While the absolute
mean square error of the speed estimate depends on the mobile
speed, the normalized mean square error is fixed for a given N.
This behavior is important for channel assignment and handoff
algorithms whose performances depend on the spatial varia-
tion of the signal. It would be useful to compare this estimator

120 — T .
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40+
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Fig. 6. Estimated speed and actual speed versus time.

with other techniques; however, other papers have not given
algorithms for estimating variable mobile speeds. As shown in
Fig. 6, the speed estimator presented here is able to track the
changes in the mobile speed well.

V. CONCLUSION

This paper presents a new technique for estimating mo-
bile speed in a Rayleigh fading environment. A wireless
propagation model is proposed which accounts for corre-
lated Rayleigh fading, correlated lognormal shadowing, and
a distance-dependent trend. The characteristic spatial scale
of the signal is mapped into a characteristic temporal scale
through the mobile speed. With an empirically determined sig-
nificance threshold, the significant signed local extrema of the
continuous wavelet transform are used to detect the local min-
ima in the logarithm of the received envelope. The interarrival
times of adjacent signed local extrema are used to obtain an es-
timate of the mobile speed. Computer simulations indiczte that
the estimate is able to track a realistic, variable speed profile.
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