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Abstract

A new method is presented for estimating the mobile
speed and the average received power in general wireless
environments. The locally stationary received signal is ex-
panded into a local exponential basis using best basis meth-
ods. An estimate of the time-varying Doppler spectrum is
obtained together with an estimate of the maximum Doppler
frequency, which is proportional to the mobile speed. The
average received power is then estimated by integrating
the time-varying spectrum. Simulations demonstrate good
tracking of variable mobile speed and average received
power for a wide range of angular distributions of incident
power. The speed and power estimates are also used to de-
tect the corner effect in urban cellular systems to improve
handoff performance and reduce the call dropping rate.

1. Introduction

Estimates of the mobile speed and the average received
power are useful to increase the realized wireless commu-
nication system capacity by improving the performance of
handoff, power control and channel assignment algorithms.
In many environments, the received signal consists of a
sum of waves which have been reflected by objects such
as mountains, trees and buildings. The sum of many waves
at the receiver gives rise to small-scale spatial variation of
the received envelope (on the order of a wavelength). The
received signal is nonstationary for distances on the order
of building sizes since the mean of the small-scale varia-
tion changes considerably. This large-scale variation of the
mean is known as shadowing. The mean of the shadowing
also decreases as the distance between the base station and
the mobile station increases.

Previous approaches to mobile speed estimation assume
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specific angular distributions of incident power (1, 5). The
average received power is the local mean of the small-scale
variation (up to a constant) and represents the distance-
dependent trend and the shadowing. An adaptive method
to estimate the average power is proposed in {5]. This
method assumes Rayleigh fading with a uniform angular
distribution of incident power in a plane. The literature
mentioned above has considered only the problem of a con-
stant, unknown mobile speed. Recently, methods have been
introduced to track variable mobile speed and average re-
ceived power without requiring adaptive estimation win-
dows [9, 8]. While overcoming the restrictions of a con-
stant mobile speed, these techniques, like all the others in
the literature, assume Rayleigh fading with a uniform angu-
lar distribution of incident power in a plane.

A new method of estimating and tracking the mobile
speed and the average received power is described in this
paper. This method uses the local stationarity of the re-
ceived signal and does not assume a specific angular dis-
tribution of incident power. The signal is expanded into a
basis of smooth local complex exponentials using best ba-
sis methods [7, 4] to obtain an estimate of the time-varying
Doppler spectrum. The time-varying spectrum yields esti-
mates of the mobile speed and the average received power
as a function of time. These estimates are then applied to
the detection of the corner effect in urban cellular systems.
The corner effect refers to a sudden change in the average
received power when a mobile station makes a turn at an
intersection. Timely detection of the corner effect can ini-
tiate a handoff to a nearby base station to reduce the call
dropping rate.

The paper is organized as follows. In Section 2, wire-
less propagation and noise models are presented. Section 3
presents a method to estimate the time-varying spectrum,
the mobile speed and the average received power. Sec-
tion 4 determines relevant parameters and presents perfor-
mance results for variable mobile speed. A corner detection
method is described in Section 5. Section 6 concludes the

paper.
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2. Wireless propagation and noise models

The macrocellular model discussed here takes into ac-
count three effects which are present in many macrocel-
lular wireless environments: correlated multipath fading,
correlated log-normal shadowing, and a distance-dependent
trend [6]. The received bandpass signal at a mobile sta-
tion consists of a sum of contributions from several paths.
Let s(0) denote the distribution of incident power in an-
gle O in a plane. For a transmitting base station located
at xp, let p(x,xg) be the received power at the mobile sta-
tion averaged over a small neighborhood of x. Let A rep-
resent the carrier wavelength and r.(x) denote the noise-
less received complex envelope. A model for r.(x) is con-
structed using a weighted sum of plane waves arriving at
different angles 8. The weight for each angle 0 is propor-
tional to \/p(x,xg)s(0). The time waveform is generated
using r.(x) with the position x = x(r) varying according to
the mobile velocity.

The average received power p(x,xp) contains the
distance-dependent trend and the log-normal shadowing.
Let -y represent the exponent of the distance-dependent
trend. Furthgrmore, let 104%*8)/30 genote the log-normal
shadowing between the locations x and xg. The received
power averaged over a neighborhood of x due to the base
station located at xp can then be expressed as

p(x,xB) = Po||x — xg]|| Y 10L(xx8)/10 (1)
where Py accounts for antenna parameters, transmitted pow-
er, and other relevant system parameters. The process
L(x,xp) is modelled as an exponentially correlated, zero-
mean Gaussian random process which is wide-sense sta-
tionary in the variable x.

The microcellular model described in [2] is used to
evaluate'the corner detection method of Section 5. As in the
macrocellular case, the average power p(x,xg) consists of a
distance-dependent trend and log-normal shadowing before
and after the mobile station makes a turn at an intersection.
At the intersection, the corner effect results in a signal drop
of AS dB in yp meters.

The noise model developed here is based on a receiver
model for a digital wireless system in which the received
complex envelope is processed as follows. Baseband Gaus-
sian noise ngp(t) is added to the noiseless complex enve-
lope. The bandwidth of ngg(r) is 1/T, where T is the
symbol duration of the digitally modulated waveform. To
reduce the effect of noise in the speed estimates, the sig-
nal is passed through a unit-gain, square-root raised cosine
lowpass Doppler filter with bandwidth fp(1+a)/(1 — o).
The maximum Doppler frequency at the highest speed of
interest is fp, and the excess bandwidth factor is a with
0 < a < 1. The Doppler filter frequency response is flat

over the bandwidth of the complex envelope. We also de-
fine Tp = (1 — o0)/(2fp). The output of the filter is r(r).
Each quadrature component of the noise at the filter output
has variance o2

3. Estimation of time-varying spectrum, mo-
bile speed and average received power

The signal r(¢) is locally stationary since the average
received power p(x,xp) varies slowly. It is shown in {7]
that there exists a basis of local cosine (or sine) functions
that “almost diagonalizes” the covariance matrix of a local-
ly stationary process. This fact is used in [4] to estimate
the covariance of a locally stationary process from sampled
data. Here, we estimate the time-varying spectrum of r(r)
using a modified version of the covariance estimation tech-
nique described in [4]. The time-varying spectrum is then
used to estimate and track the mobile speed and the average
received power as described below.

The signal r(¢) is sampled at rate 1/7; to form r[n]. We
consider blocks of r[n},n € {0,1,...,N -1}, where N is a
dyadic length: N = 2¥. A recursive dyadic partition of the
interval Iop = {0,1,...,N — 1} is obtained as follows [3].
For each m satisfying 0 < m < M, dyadic subintervals of
Ip o with length N2~™ are given by

Ing ={N27"L,N2™™+1,...,N27"(l+1) - 1},
0o<i<2m @

The choice of M is discussed below. A recursive dyadic
partition of loo is represented by loo = U,n Im,, Where the
In, are disjoint.

Associated with each subinterval /,,; are two smooth
window functions b™[n] and b™[n]. The window func-
tions are nonzero over the interval I,,; extended by € € Z*
samples beyond each endpoint of I, ;. Smooth local expo-
nential functions corresponding to I,,; are defined by

y 2nk(n+1/2-N2""1)
k) = b [n]\/;;_: exp{ R )} +
N2
™ l["]\/:VZ‘_’" €Xp { 2nk(n+l/22""‘ — }

—N2"m 1 <k < N27™ 1, (3)

Let a recursive dyadic partition P be denoted by P =
{I,,., (m,!) € £}. The window functions b7 (n) and
b™![n] are chosen such that if M = log, (), then B® =
(W™ (1]} m gyet, —N2-m-1 <k<n2-m-1 forms an orthonormal
basis for discrete sngnals havmg compact support in
[e,N —€]. The ratio ||b NI/ + (16™)12) is kept
small such that most of the energy of y™'*[n] is contained
in the first term of (3). The second term of (3) is need-
ed to overcome the Balian-Low obstruction for orthonormal
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bases of windowed exponentials [10]. The library of bases
BS which correspond to different recursive dyadic partitions
of Iy is denoted by L.

We now consider imax > 1 realizations of the received
signal {ri[n]}ie{1,...imax} n€{0,...N—1}- A fast algorithm [10]
based on the fast Fourier transform (FFT) is used to calcu-
late the inner products (r;, ™) = ¥, ri[n] y™!k[n], where
the bar denotes complex conjugation. A table of empirical
variances s,zn’,,k is then calculated by

1 imu
st = 2, {ri,w™h) 2. C))
1

Imax j—

We wish to find a basis B® € £ that “almost diagonalizes”

the covariance matrix of {r;[n]}. The basis B® is chosen to
maximize a convex functional of the empirical variances:

s N2m-log
B*=argmax ), Y, (s,z,,’,,k)z. 5)
BYeL (mhel k=—~N2-m-1
The_number of bases B® € L is greater than 2M/2, Howev-
er, there exifts a fast dynamic programming algorithm [3]
which selects the best orthonormal basis B in O(N log, N)
operations. The best basis corresponds to a particular par-
titioning P of the interval Ipp. We obtain a coarse es-
timate of the time-varying spectrum by associating s,zn_l’k
with each time-frequency tile [NT27™ NT;2™™(l + 1)) x
((k—1/2)/(NT2™™), (k+1/2)/(NT;2™™)) in the basis BS.
The basis element y™h* has most of its energy concentrated

in this tile.

An estimate of the maximum Doppler frequency and,
hence, the mobile speed are obtained using the time-varying
spectrum as follows. For a mobile speed v and a wavelength
A, the maximum Doppler frequency fmax is fmax = v/A.
In some propagation environments, there is no significant
power at incident angles of 0 or & with respect to the mobile
velocity. In such cases, the bandwidth of the time-varying
spectrum is less than the maximum Doppler frequency. For
robust estimation of the mobile speed and the average re-
ceived power in these situations, the received complex en-
velopes from two antennas are used. The signals from the
two antennas yield imax = 2 realizations: ry{n] and rz[n].

We consider the estimate of the time-varying spectrum
for a subinterval I,,; € ?. The estimates of the maxi-
mum Doppler frequency and the average received power
are placed at the midpoint in time of the time-frequency
tiles associated with I, , i.e., at time fg = NT,2™™ (1 + 1/2).
The duration of the smallest subinterval is determined by
the maximum acceptable uncertainty in frequency A frax-
We let {ci}i=1,.., denote the local maxima of {srzn,l,k} (for
fixed m and I) with the ¢;’s sorted in decreasing order. The
center frequency of the time-frequency tile associated with

ciis f; = ki/ (NT;2™™). The Doppler frequency f; of an in-
coming wave is related to its angle of arrival 8; (with respect
to the mobile velocity) by f; = fmax cos ;. The two-element
antenna array (oriented along the mobile velocity) is used to
estimate the angles 6; for the local maxima c;. The separa-
tion distance between the antenna elements is & < A/2. The
phase difference A®; for frequency f; between the signals
received at the two antennas is estimated by

80, = arg ({2, w4 ) —arg (. 9™%)) . @

An estimate for cos®; is then cos8; = AD;/(218/1).

In order to separate the local maxima c; due to noise from
the local maxima due to the angular distribution of incident
power, the following method is adopted. If ca/c) < Ty, only
the largest local maximum ¢, is declared to be due to the
distribution of incident power. This situation would arise,
for instance, when there is a line of sight between the base
and mobile stations. The selection of the threshold 1, is dis-
cussed in Section 4. The estimate of the maximum Doppler
frequency at time #o for this case is

—~ [ |fi/cosBil, 0<|cos| <1
Sroax(to) —{ Al ' otherwise. ™

If c2/c1 > 11, we identify all local maxima {ci}i=|‘2',_,,f1z
satisfying another threshold condition, Le., ¢;/c2 > T2 for
i=1,2,...,ir, and 0 < 12 < 1. This condition is imposed
to provide robustness to noise while being able to handle
a dominant multipath component. The choice of 13 is al-
so discussed in Section 4. An estimate of the maximum
Doppler frequency for this case is given by

(3)

where “med” stands for median. Now, suppose that
Fax (o) > [k/(NT;27™)], 0 < |k| £ kmax. The estimate of
the average received power at time g is given by

fi

—

cos0;

Jmax(t0) = max {|f1 ls medi:l,z,...,i,z, 0<|cos®;|<1

R 1 kmu
Blto) = =t > smik ®
k

‘max

Estimates of the maximum Doppler frequency and the aver-
age received power are obtained in this manner for each of
the subintervals I,,; € P Thus, the mobile speed estimates
are 9(tg) = fmax (o) A. To limit estimation error, speed es-
timates which do not satisfy a maximum acceleration con-
straint are discarded together with the corresponding aver-
age power estimates. The following section describes the
selection of the thresholds 1) and T, together with simula-
tions which apply the speed and average power estimation
technique.
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4. Parameter selection and simulation results

The threshold 1) is determined by considering a wide-
sense stationary, line-of-sight propagation environment. In
this case, the discrete-time noiseless complex envelope is
a complex exponential with average power P,. The local
maximum of the signal power spectrum is 2NP,, where N is
the size of the signal block. From the noise model of Sec-
tion 2, it can be shown that the local maximum of the noise
power spectrum is 2627p/T;. Therefore, to discard the lo-
cal maxima due to noise with a safety factor of F, we have
1 > FTp/(NT; - SNR,), where SNR, = P,/c? is the pro-
cessing signal-to-noise ratio (SNR). The SNR at the input
of the Doppler filter must be at least 3—-5 dB for synchro-
nization and at least 8~10 dB for system operation. Since
the lowpass filter introduces a gain of at least 20 dB in
SNR, the processing SNR satisfies SNR, > 20 dB. Using
F =3, Tp/T; =5, N =512 and SNR, = 20 dB, we have
7 >3 x 1074 A value of 1; = 1073 is chosen.

The second threshold 15 is selected by simulations using
the following six angular distributions of incident power:

54(8) =, 1/(2m)rect(8/(2rw))

sp(8) = (10/11)8(6 —m/3) + 1/(22n) rect(6/(2n))
5¢(8) = 3(0-3mn/4)

s4(8) = 1.5cos(30)rect(30/n)

5.(6) = (10/11)8(8~mn/2)+1/(22x)rect(6/(27))
5£(8) = 1.5co0s(3(8—m/2))rect(3(8—n/2)/m) (10)

where 8(-) denotes the Dirac delta function. Rayleigh fad-
ing with a uniform two-dimensional (2-D) angular distribu-
tion is represented by s4(8). Distributions s5;,(6) and s.(6)
represent Rician fading with Rice factor 10 and dominant
component at angles of n/3 and ©/2, respectively, with
respect to the mobile velocity. A line-of-sight component
with an angle of 31/4 is described by s.(8). Finally, s4(8)
and s57(8) tepresent Rayleigh fading with nonuniform 2-D
angular distributions centered at 0 and ©/2, respectively.

In order to select the threshold 12 independently of the
mobile speed, spatial sampling at a constant interval is used.
In addition, the average received signal power and noise
power are kept constant such that SNR, = 20 dB. For each
angular distribution of incident power, 20 realizations are
simulated, each having 50 speed and average power esti-
mates (a total of 1000 speed and average power estimates
per distribution). The separation distance between estimates
is S1.2A.

The normalized bias and mean square error (MSE) of
the speed estimates are E[#/v — 1] and E[(§/v — 1)3], re-
spectively. For the angular distributions considered, Fig. 1
plots the normalized bias and MSE of the speed estimates
as 1 is varied. The negative biases observed for s.(8) and
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Figure 1. (a) Normalized bias and (b) hormal-
ized mean square error of speed estimates as
a function of threshold 1,. Solid: s,(8); dot-
ted: s5,(8); dash-dot: s5.(8); dashed: s4(8); 'x’:
5¢(8); 0’ 57(8).

57(8) increase in magnitude with 1 since fewer local max-
ima of the spectrum are used to estimate the mobile speed,
and most of the large local maxima for these distributions
are concentrated near a Doppler frequency of 0 Hz. For
the line-of-sight distribution s.(8), the bias and MSE do not
vary as a function of 13 since the local maxima due to noise
are discarded using the first threshold (c2 /¢y < 11); thus, the
second threshold 1 is never used for this distribution.

The bias and MSE of the average power estimates are
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also studied as a function of 1;. Relatively large magni-
tude bias and MSE are observed in the average power esti-
mates for the distribution 54(8). The reason is that for this
distribution, the mean distance between the local minima
of the squared envelope |r.(x)|? is around 13\. The mean
distance between the local minima of |r.(x)|? for the other
distributions (except for the line-of-sight case) is on the or-
der of A/2-2\. Thus, the averaging distance of 51.2A does
not completely remove the small-scale amplitude variations
present for the distribution s4(0), and the result is a large
magnitude bias and MSE for the estimates of the average
received power. In contrast, the correlation length of the
complex envelope r.(x) for the distribution s4(8) is on the
order of A/2. Therefore, there is neither a large bias nor a
large MSE for the speed estimates since a distance of 51.2A
contains several correlation lengths of the complex enve-
lope, which is used to estimate the mobile speed. Fig. 1
indicates a desired value of 7 = 0.1. The normalized bias
and MSE of the speed and power estimates are also inves-
tigated as SNR,, varies from 20 dB to 30 dB. No significant
change in performance is observed for this range of SNR,,.

The choice of the block length N represents a trade-off
between the delay in obtaining speed and power estimates
and the minimum detectable non-zero speed vpi,. For a
block length of N and a sampling period of T, the time-
frequency tiles associated with the root interval Iy have a
height of 1/(NT;). Therefore, the minimum detectable non-
zero speed is vmin = A/(2NT;). Numerical values of N for
speed tracking and corner detection are given below.

In order to demonstrate the tracking of changes in mobile
speed, the speed and average power estimators are applied
to a variable speed profile. Fig. 2(a) plots the true speed v(z)
and the speed estimates for the angular distribution s;(8).
Fig. 2(b) plots the corresponding true average received pow-
er (in dBm) and the power estimates. Estimates which im-
ply an acceleration of absolute value greater than 2g are
discarded (g ~ 9.8 m/s is the acceleration due to gravity).
The duration of each signal block used in this example is
1.706 seconds with N = 4096 samples (Vpin = 0.35 km/h).
The maximum uncertainty in frequency is Afpax = 5 Hz,
the carrier wavelength is A = 1/3 m, the correlation length
of the log-normal shadowing is 50 m, and the exponent of
distance dependence is Y= 4. The results show that the es-
timates are able to track the variations in speed and average
power well.

5. Corner detection method

This section describes a method to detect the corner ef-
fect in urban cellular systems for the propagation model of
Section 2. The corner detection method uses the speed and
average power estimates obtained in Section 3, except that
there is no maximum acceleration constraint on the speed
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Figure 2. Tracking performance of (a) mobile
speed and (b) average power estimators for
angular distribution s5,(6). Solid: true mo-
bile speed and average received power; 'o’:
speed and power estimates.

estimates in order to reduce the detection delay. The current
and past speed estimate samples are linearly interpolated to
the rate 1/7;. A similar interpolation is performed for the
average power estimates expressed in dBm. An estimate of
the distance traveled by the mobile station is obtained from
the integral of the interpolated speed estimates. Using the
interpolated speed and power estimates, the corner effect is
detected if the average power changes by at least H; dB in
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Figure 3. Median delay in detection of cor-
ner effect versus threshold H, for two vari-
able speed profiles. ’x’: slowing down; 'o’:
stopping.

the last y, meters. If the intersections in a city are separat-
ed by AY meters, the mobile station must travel at least AY
meters before another corner is detected.

The corner detection algorithm is evaluated for six dif-
ferent microcellular propagation environments: two values
(AS =15, 20 dB) of the signal drop at the corner are used
for each of three values (yg = 1.5, 3.0, 4.0 m) of the dis-
tance over which the drop occurs. The minimum distance
between intersections is AY = 50 m. The standard devi-
ations for the log-normal shadowing before and after the
mobile station makes a turn at the intersection are 4 dB and
7 dB, respectively.

The corner detection method is evaluated using two re-
alistic speed profiles which capture the effects of slowing
down and stopping when making a turn. For each set of
propagation parameters, ten realizations of the received sig-
nal are simulated (a total of 60 realizations for each speed
profile). The delay in detection is defined to be the dis-
tance from the position of the start of the signal drop to the
position of the mobile station when the corner is detected.
This definition includes the delay due to the block process-
ing of the received signal (Section 4). The duration of each
signal block used in the simulations is 0.427 seconds with
N = 1024 samples. The corresponding minimum detectable
non-zero speed is vy = 1.4 km/h.

Fig. 3 plots the median delay in corner detection versus
the threshold H, for y. = 3 m. The results indicate a sig-
nificant increase in the median delay as H, is varied from 5
dB to 6 dB. Furthermore, for H. > 6 dB, some corners are
not detected. For H. < 4 dB, there is a significant number
of false corner detections since, at very low thresholds H,,

the shadowing is mistaken for a corner. Therefore, for the
microcellular propagation environments considered here, a
desired value for the threshold is H, = 5 dB. The corre-
sponding median delays are 2.25 m and 1.44 m for mobile
stations slowing down and stopping, respectively.

6. Conclusions

A new technique is described for estimating the mobile
speed and the average received power in general wireless
environments. The method uses the local stationarity of
the received signal to obtain an expansion into a basis of
smooth local exponential functions. The coefficients of the
expansion provide an estimate of the time-varying Doppler
power spectrum. The time-varying spectrum and a two-
element antenna array are used to estimate and track the
mobile speed and the average received power.

The above technique is used to detect the corner effect
present in urban cellular systems. A corner is detected if
the average received power changes by a significant amount
within a short distance. Simulations demonstrate that this
method detects corners with small delay and, hence, 1s use-
ful in reducing handoff delay and the call dropping rate.
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