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Estimation of Mobile Speed and Average Received
Power in Wireless Systems Using Best Basis Methods

Ravi NarasimhanMember, IEEEand Donald C. CoxFellow, IEEE

Abstract—A new method is presented for estimating the mobile variation changes considerably. This large-scale variation of the
speed and the average received power in general wireless propa-mean is known as shadowing. The mean of the shadowing also

gation environments. The locally stationary received signal is ex- jecreases as the distance between the base station and the mo-
panded in a local exponential basis using best basis methods of, . L
bile station increases.

wavelet analysis. An estimate of the time-varying Doppler power ; . . .
spectrum is obtained together with an estimate of the maximum  Estimates of the mobile speed can be obtained by using the

Doppler frequency, which is proportional to the mobile speed. The statistics of the received signal. For example, level crossing
average received power is then estimated by integrating the time- rates [2] or the autocovariance [3] of the received envelope have
varying spectrum. Simulations demonstrate good tracking of vari- been used to estimate speed. Speed estimates have also been

able mobile speed and average received power for a wide range btained b timating th . D ler f .
of angular distributions of incident power. The estimator is shown ©CPt@ined by estimaling the maximum Loppler irequency using

to perform significantly better than an adaptive averaging method €igenspace methods [4] and spectrum estimation methods [3].
described in the literature. The speed and average power estimates These methods are designed under specific assumptions of
are also used to detect the corner effect in urban cellular systems to the angular distribution of incident power. Another method of
improve handoff performance and reduce the call dropping rate. velocity estimation requires knowledge of the average signal
Index Terms—Speed estimation, wavelets, wireless communica- strength for all locations within a region of interest and uses a
tion. technique similar to the multidimensional scaling (MDS) method
of statistical data analysis [6]. All of the above techniques require
I. INTRODUCTION estimates of.the average sign_al power, and some m(—?-thods also
. _ require the signal autocorrelation. A difficulty in obtaining such
E STIMATES of the mobile speed and the average receivedtimates is the nonstationary nature of the received signal. An
power in wireless communication systems are useful f%propriate window which depends on the unknown mobile
several purposes. Mobile speed can be used to improve syst&Bed must be chosen to estimate the required quantities.
control algorithms such as handoff or channel assignment. Fofpe average received power is the local mean of the small-
example, mobile speed can be used to determine whether a §Qyie variation (up to a constant) and represents the distance-de-
bile station which requests access to the wireless system shqyfiel gent trend and shadowing. The most widely used estimate of
be assigned to a microcell (for low speeds) or to an umbreligerage power is the average of samples of the received envelope
macrocell (for high speeds). Accurate estimates of the avergge |ogarithm of the envelope) taken at a constant temporal in-
received power also improve the performance of handoff, powggya|. In [7], the bandwidth of a continuous-time lowpass filter
control, and channel assignment algorithms and, thereby, j§chosen to minimize the estimation error for a nominal con-
crease the realized system capacity. stant mobile speed. In [8], estimates of the average power are
In many environments, the received signal consists of a Shtained using a spatial analog averaging filter; in addition, the
of waves that have been reflected by objects such as moWmper of uncorrelated samples needed for discrete-time aver-
tains, trees and buildings. The sum of many waves at the gjng is determined under the assumption that signal samples
ceiver gives rise to small-scale spatial variation of the receivegian at a constant spatial interval are available. Another paper
envelope (on the order of a wavelength). In situations whefg; gerives the minimum-variance unbiased estimator for the
there is no dominant path between the base station and the R\@srage power under the assumption that all samples used in
bile station, the small-scale spatial variation is called Rayleighe estimate have the same mean and are uncorrelated. Since in
fading [1]. The received signal is nonstationary for distance§) the samples must be taken at a constant temporal interval,
on the order of building sizes since the mean of the small-scglfg assumption places constraints on the unknown and possibly
time-varying mobile speed. An adaptive method to estimate the
. . average power is proposed in [3] where the squared deviations
Paper approved by R. A. Valenzuela, the Editor for Transmission Systems f.the logarithm of the received envelope are used to estimate
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speeds, the duration of the observation window must be cots, let p(x,xp) be the received power at the mobile station
stantly adapted, and the rate of adaptation will be critical tiveraged over a small neighborhoodofLet A denote the
the performance of the speed and average power estimatorcdrier wavelength and
particular, errors in the estimates could propagate due to subop- 21 / cos O

timal observation windows. Recently, a speed estimator has been k(6) = -\ < ) 1)
introduced which tracks variable mobile speed without requiri

n o .
knowledge of the average received power [10]. Another recégpresent an incident wave vector which makes an angle of

paper [11] provides a method of estimating the average recei\?e&"th re_spehct tﬁ the:-amls '? a f'XEd rectﬁnguéar coordlg_a_te
power without requiring estimates of the variable mobile spee%(Stem In the Qr!zont_a plane. From the above con ftions
nd for an omnidirectional antenna, the autocorrelation of

While the techniques described in [10], [11] overcome the ré ¢ bil locity in the directi dqf I
strictions of a constant mobile speed, these methods, like all fﬁéx) or a mobile velocity in the directiom and for a sma

others in the literature, assume Rayleigh fading with a uniforﬂﬁalghborhOOd ok can be written as

sin @

angular distribution of incident power in a plane. Re..(yu, p(x,xB)) = lE{rc(x + yu)w}
This paper describes a new method of estimating the mobile * ° 2 .
speed and the average received power. The method uses the local = p(x,XB) / oI (k(6),yu) s(6) do
stationarity of the received signal and does not assume a specific —n
angular distribution of incident power. The signal is expanded (2)

in a basis of smooth local complex exponentials using the b 7

: . , ; Tlere r.(x) denotes the complex conjugate of(x) and
basis methods of [12], [13]. This technique automatically sele t1§(9) u) denotes the inner product betwek(¢) andu. The
regions of approximate stationarity of the signal. Within ea §

X . . X tocorrelation (2) explicitly indicates the fact thatx) is
such region, an estimate of the time-varying Doppler spectr Hbally stationary in a small neighborhood =f A model for
is obtained. The time-varying spectrum yields estimates of t e(fx) is then given by
mobile speed and the average received power as a function ©

time. These estimates are then applied to the detection of the _ 4mp(x,xB) S 6 Y1/ 2ed [ (kn )+l
corner effect in urban cellular systems. The comner effect referd «(*) N, > s e

to a sudden change in the average received power when a mobile ‘ n=0 3
station makes a turn at an intersection. Timely detection of the (3)
corner effect can initiate a handoff to a nearby base stationwihere N, is the number of terms in the modél, = —7 +
reduce the call dropping rate. 27n/N,_ .k, = k(6,), and¢,, are uniform, independent and

The paper is organized as follows. In Section I, wireledgentically distributed (i.i.d.) random variables par, 7). The
propagation and noise models are presented. Section Il pres@utocorrelation of (3) approaches (2)Mds — oo sincep(x +
a method to estimate the time-varying spectrum, the mobjj@, xB) ~ p(x,xg) for |y| less than the correlation length of
speed and the average received power using two antennathatshadowing.
the mobile station that are oriented along the mobile velocity. The average received powgfx, xg ) contains the distance-
Section IV determines relevant parameters and presents perétependent trend and log-normal shadowing [14]. {.eepre-
mance results for variable mobile speeds, including a compaent the exponent of the distance-dependent trend. Furthermore,
ison with an extension of the adaptive averaging method det 10-(*r)/10 denote the log-normal shadowing between the
scribed in [3]. A corner detection method which uses the spelegationsx andxg. The received power averaged over a neigh-
and average power estimates is described in Section V. Skarhood ofx due to the base station locatedxaf can then be
tion VI presents an extension of the speed and average powepressed as

esti_mation Fechni_que using best basis methods _to the case of an p(x,xp) = Pol|x — XB”_HOL(X,XB)/m (4)
arbitrary orientation of the antennas at the mobile station. Sec- .
tion VII concludes the paper. where P, accounts for antenna parameters, transmitted power,

and other relevant system parameters. The prabéssxp) is

a zero-mean Gaussian random process that is wide-sense sta-
tionary in the variablex. Let Ry, 1, (yu, xg) denote the autocor-

A. Macrocellular Model relation of L(x, xp ) in the variablex along the directiom. An

pirical model forRy,.(yu,xp) is [15]

RLL(yu,xB) = O’%(XB)eXp< |Z/| ) (5)

Il. WIRELESSPROPAGATION AND NOISE MODELS

The propagation model discussed here takes into accofifit
three effects that are present in many macrocellular wire- _
less environments: correlated multipath fading, correlated do(xp)

log-normal shadowing, and a distance-dependent trend [}} o o o2(xp) and do(xp) are the variance and correla-

The received bandpass signal at a mobile station consists;gf, length of L(x,xg), respectively. The power spectrum
a sum of contributions from several paths. ketx) denote Sp1(v,xs) of L(x,xp) is given by

the complex envelope of the received signal at mobile position y

x. The signalr.(x) is an approximate wide-sense stationary Spr(v,xp) = 2dy(xp)oy,(xB) (6)
complex Gaussian random process in a small neighborhood 1+ [2rvdo(xB)]

of x. Let s(f) denote the distribution of incident power inwherer denotes spatial frequency. The spectrum is truncated to
angled in a plane. For a transmitting base station located atmaximum spatial frequency of.... Let D be the distance




2174 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 49, NO. 12, DECEMBER 2001

traveled by the mobile station within a time period of interest 30 N
and defineD = max(D, Jdy) whereJ > 1. A model for the o0 ¥
processL(x, xp) can be shown to be

TL=—J\TL

(=]

X cos [@(n—i— 1/2) +/3n} @)

Received Power (dBm)
Y
o

where ~30¢
1N (n+1/2) 40
C=—— S nr/e
Do} (xB) n:z—:NL ke < D ’XB> -50}
Vmax = NL/D (8) ~-80}
and /3, are uniform, i.i.d. random variables ¢ar, 7). It can _70 ; ; ‘ :
be shown that for fixed, the autocorrelation of (7) approaches 0 5 10 15 20

(5) asN; — oc. Time (seconds)

. Fig. 1. Example of received signal for a variable mobile speed. Solid: true

B. Microcellular Model average received power; dotted: received multipath signal with additive noise
The microcellular model described here is used to evalugESNR = 20 dB.

the corner detection method of Section V. To simplify notation
in this subsection, we let the position of the base station be tleadded to the noiseless complex envelope. The bandwidth of
origin of coordinates, i.exg = 0. Letd. be the distance be- nps(t) is 1/7, where1" is the symbol duration of the dig-
tween the base station and the intersection at which the motigdly modulated waveform. To reduce the effect of noise on
station makes a turn. Following [16], we introduce the dimerthe speed estimates, the signal is passed through a unit-gain,
sionless parameter, the distance parameters,, i, vz, and square-rootraised cosine lowpass Doppler filter with bandwidth
the exponents, 7, ¢. The corner effect results in a signal drop’p(1 + @)/(1 — «). The maximum Doppler frequency at the
of AS dB in yo m. The log-normal shadowing processes bélghest speed of interest f, and the excess bandwidth factor
fore and after the mobile station makes a turn at the intersectiérr With 0 < « < 1. Since fp is on the order of a few hun-
are denoted by0L: *:0)/10 gnd10L2(x0)/10 respectively. The dred Hertz for terrestrial mobile wireless systems, an analog
corner detection method of Section V will be evaluated for seimplementation of the Doppler filter may require off-chip dis-
eral values of the parameters introduced here. With these deffete components. Alternatively, a digital raised cosine filter
tions, the average received power for a mobile station at positi®an be used. The Doppler filter frequency response is unity for

x is |f| £ fp.Wedefinel', = (1—«)/(2fp) foruse in Section IV.
The output of the filter is(¢). Let w(¢) denote the noise at the
p(x,0) filter output. The in-phase and quadrature components(of

. _ oy, =L/ .
P, (M) 14 (M)(f D) T 010 each have variance?.
%o zL ’ The curvel traversed by the mobile station is parametrized

x=[d 0, 0<d <d. by the scalar position variable(z). Suppose that the mobile
p([d. 0], 0)10~2Slx—lde 0}T||/(10y0)7 station travels alond® with a speedu(¢) at timet. The filter
_ x=[d. do]", 0<dy <o outputr(t) is given by
T —2
x—[d. O
p([de yol?,0) (L=t Ol r(t) = ro(T[()]) + w(t) (10)

% [1 + (M)(n_”q Ve 10120x,0)/10, wherex(t) = jot v(t') d¢’ and the time origin is chosen such that
gr 2(0) = 0. An example of the received signal in a macrocellular
. x=[d. do]", da>wo environment is plotted in Fig. 1 for a variable mobile speed.
9)
where the superscript denotes the transpose operator &d  !ll- ESTIMATION OF TIME-VARYING SPECTRUM MOBILE
is a constant that accounts for transmitted power and antenna SPEED AND AVERAGE RECEIVED POWER

gains. As in Section II.A, the noiseless complex envelogg)  The signalr.(x) is locally stationary since the average re-

is generated by (3) using the average received power giverciiived power(x, xg) varies slowly in space. Since (10) im-

9). plies thatr.(x) is mapped through the mobile speed to obtain

i r(t), the signak(t) is also locally stationary. It is shown in [12]

C. Noise Model that there exists a basis of local cosine (or sine) functions that
The noise model developed here is based on a receiver faimost diagonalizes” the covariance matrix of a locally sta-

a digital wireless system in which the received complex envéenary process. Reference [13] uses this fact to estimate the co-

lope is processed as follows. Baseband Gaussian ngis&) variance of alocally stationary process from sampled data using
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cosine packets. For the estimation of speed and average received Py
power, local complex exponentials are needed in order to esti-
mate the time-varying spectrum of the complex baseband signal
r(t). Tracking the variable mobile speed and average received
power is accomplished using the time-varying spectrum. A de-
scription of the method is given in the following.

The signal »(¢) is sampled at ratel /7, to form r[n].
We process blocks of-[n] and consider a typical block
r[n],n € {0,1,..., N —1}, whereN is a dyadic length (power
of two). Selection of a basis for diagonalization involves a re- _ _ _ _ _
cursive dyadic partition of the intervél o = {0,1,..., N —1} Fig. 2. Example of time-varying spectrum estimate. The grey level in each tile

L ) L7 . / indicates relative power.

[17]. For eachmn satisfying0 < m < M, dyadic subintervals
of Iy with length /N2~ are given by

= Tifmes

We wish to find a “best” basi®¢ for covariance estimation of
Iy ={N27"[ N27™+1,...,N27™(l+ 1) — 1}, r;[n] among all the base§B* }cx in the library£. The basis
0<l<2m™ (11) B¢ is chosen to maximize the following convex functional of

. - . . the empirical variances:
The choice ofM is discussed below. A recursive dyadic parti- P

tion of Io ¢ is represented b = {1, : (m,l) € {} where N2l ,
Ioo = Upmpyec Imi @and L N Iy w = 0 for all (m,1) € Z Z (s2oik)
¢ (! 1) € C,(m,1) # (1), (Dl k= N2t
Associated with each subintervdl,,; are two smooth No2—m—1_1
window functionsb’"'[n] and 57""'[n]. The window functions = max S (2 D7 (15)
are nonzero over an interval consisting Kf; extended by cea (m)e¢ k=— N2 -1 o

e € ZT samples at each endpoint. Smooth local exponential o _ ) .
functions corresponding th,. ; are defined by The best basis criterion (15) is equivalent to minimizing the

Hilbert-Schmidt norm of the error in estimating the covariance

TR ] = 5 ) 1 matrix of r;[n] when the off-diagonal matrix elements are
+ N2—m estimated by zero. The number of badg’s ¢ £ is greater
2rk(n+1/2 — N27™) than 22", However, there exists a fast dynamic program-
X exp {‘7 No—m } ming algorithm [17] which selects the best orthonormal
1 basis B¢ in O(Nlog, N) operations. The computational
+b’l”’l[n] No—m complexity of this speed and average received power esti-

m mator is dominated by the number of operations required to
X exp {_j 2rk(n +1/2 - N2 l)} (12) computes?,, ;. which are computed (i yax N (log, N)?)
Na2mm operations. The best basis corresponds to a particular parti-
where—N2-"1 < k < N2-™"! The window functions tioning P¢ of the interval I, . We obtain a coarse estimate
b7 [n] andb™'[n] are chosen such thatdff < log,(N/(2¢)), of the time-varying spectrum by associating, ,, with
then the time-frequency tile [NT, 2=, NT,27™(l+1)) x
_ pgmlbk [(k—1/2)/(NT.27™), (k4 1/2)/(NT,27™)) in the basis
B = (U™ [l (m oo morshanz o (13) " B The basis element™t* has most of its energy concen-
forms an orthonormal basis for discrete signals having compaetted in this tile. Fig. 2 illustrates a time-varying spectrum
support infe, N — ¢]. The value ofM/ is determined by the max- estimate corresponding to a best basis partifén
imum acceptable uncertainty in frequer(@yf)max, i-€., M = An estimate of the maximum Doppler frequency and, hence,
[logs(NTL(Af)max)]. The ratio||b’l”’l||2/(||bﬁ'r"’l||2 +15™1>)  the mobile speed are obtained using the time-varying spectrum.
is kept small such that most of the energydof*-*[n] is con- For mobile speed and carrier wavelength, the maximum
tained in the first term of (12). The second term of (12) is need@bppler frequencyfiax iS fmax = v/A. In Some propagation
to overcome the Balian-Low obstruction for orthonormal basesvironments, there is no significant power incident at angles
using windowed exponentials [18], [19]. The library of baB€s of 0 or 7 radians with respect to the mobile velocity. In such
that correspond to different recursive dyadic partition&afis cases, the bandwidth of the time-varying spectrum is less than
denoted bycC. the maximum Doppler frequency. For robust estimation of the
We now considetli.; realizations of the received signal:mobile speed and the average received power in these situations,
{riln]}ieq1, . imae}.nefo,....n—13- A fast algorithm [19] based the received complex envelopes from two antennas are used.
on the fast Fourier transform (FFT) is used to calculate the inrfEtie signals from the two antennas yielg,,. = 2 realizations:
products(U™b¥ 1) = SN LGmlk ] i [n]. A table of em- 1 [n] andra[n].

pirical variancess;,, ; ;. is then calculated by We consider the estimate of the time-varying spectrum for a
| imas subintervall,,, ; € P¢. The estimates of the maximum Doppler
an,z,k = [(BER N2 wmbR e B (14) frequency and the average received power are placed at the

tmax 7 midpoint in time of the time-frequency tiles associated with

T
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Incoming The median (instead of the mean) is used in (20) for robustness
/ Wave to outliers. The estimate of the mobile speed is then
n
@(tO) = fmax(to))\- (21)
Ant. 1 Ant. 2 Let kmax denote the index of the time-frequency tile with the
3 Mobile largest center frequency less than or equahte.(to), i.€
¢ ® Velocity

fmax(to) Z |k/(NTs2irn)|7 0 S |k| S kmax- (22)
Fig. 3. Antenna geometry and angle of arrival of incoming wave (top view).
) ) The average received power is estimated by the integral in fre-
Ly ie. attimeto = NT;2° ™ (I +1/2). Let{ca}n=1, .nuex  quency of the time-varying spectrum for frequencies with ab-
denote the local maxima dfs;, .} ask varies (n andl are  solute value less than or equal fg.«(to). The estimate of the

fixed). The¢,’s are sorted in decreasmg order. The centeferage received power at timeis then given by
frequency of the time-frequency tile that corresponds:to

is fn = k,/(NT,2~™). The Doppler frequency,, of an 1 Fmax )
incoming wave is related to its angle of arrivgl (with respect p(to) = No-mtL Z Sl ke (23)
to the mobile velocity) by k=—Kmax
Fr = fonews €OS 0. (16) Estimates of the maximum Doppler frequency and the average

received power are obtained in this manner for each of the subin-

The two-element antenna array is oriented along the mobile V&tvals of the best basis partitiah, ; € 7. To limit estimation

locity to estimate the anglés corresponding to the Doppler fre-€rTor, we discard speed and average power estimates that do not
quenciesf,. Fig. 3illustrates the antenna geometry and relevaptisfy a maximum acceleration constraint. The following sec-
variables. The separation distance between the antenna elemié@fisdescribes the selection of the threshaldand, and the

is§ < A/2. The coefficients in the best basis expansion of the relock lengthlV. Results of simulations that apply the speed and

ceived complex envelopes for frequenfyare related by average power estimation technique are presented. The speed
and average power estimators using best basis methods are also

(Umebkn poy ae (WUR e Yexp{jccosf,}  (17) compared with an extension of the adaptive averaging method
described in [3].
wheres = 276/A. The approximation is due to the presence of
noise and boundary effects. Therefore, an estimatecfot,, is IV. PARAMETER SELECTION AND SIMULATION RESULTS

The threshold; is determined by considering a wide-sense
stationary, line-of-sight propagation environment. In this case,

_ ~thediscrete-time noiseless complex envelope can be represented
In order to separate the local maximathat are due to noise by

from the local maxima that are due to the incoming signal, the

following method is adopted. & /c; < 71, only the largestlocal r[n] = /2P, exp{j2nkon/N} (24)
maximume; is declared to be due to signal. This situation would )

arise, for instance, when there is a line of sight between the b4diere - is the average power ofn] andko € {0,..., N —
station and the mobile station. The selection of the threshatd 1)+ A Unitary N-point discrete Fourier transform (DFT) offn]
discussed in Section IV. From (16), the estimate of the maximufi¢!ds

e

1 . ;
cos b, = E[arg((\lfm’l’k”,rg)) —arg((T™ R r))]. (18)

Doppler frequency at timg, for this case is R[k] = /—2NP,6[I§ — ko (25)
R B Ji . 0<|cosby| <1 19 where §[-] denotes the Kronecker delta function. There-
Jmax(to) = § | cosf, i (19) fore, the local maximum of the power spectrum df] is
/1], otherwise maxi { E[|R[K]|?]} = maxy |R[k]|? = 2NP,.

If co/er > 11, we identify all local maxima{c, Yot Let Wk] denote a unitary -point DFT of the discrete-time

satisfying another threshold condition, i.e,/cs 27 7727for noise at the output of the Doppler filter. It can be shown that

n = 1,2,...,n, and0 < 7, < 1. This condition is im-
posed to provide robustness to noise while accounting for a pos-
sible dominant multipath component (e.g., in Rician fading).

The choice ofr, is also discussed in Section IV, An estimat n order to discard the local maxima due to noise, we require

2
of the maximum Doppler frequency for this case is given by 7t =~ 1aXk |W[K][?/ maxi | R[K]]*. Since (26) gives the max-
imum of the true noise power spectrum (instead of the empirical

1n£Lx{E[|W[k]|2]} = 202Tp/T,. (26)

. [ spectrum), a factoF’ is introduced formax;, |W [£]|%. Thus
Jmax(to) = max { | fi|, median n=1,2,...nr, |——| 5.
0<\c;9\n\§1 COSQn FTD/TS

(20) ™~ N SNR, @7)
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0.16 0.015 TABLE |
8':‘2‘ ANGULAR DISTRIBUTIONS OFINCIDENT POWER USED IN SIMULATIONS
s 6_1 s 001 10/11#3(8—n/3) (6( - ) DENOTES THEDIRAC DELTA FUNCTION)
& 008 o S __
0.06 0.005 Angular Distribution Description
0.04 ' 5a(8) = 1/(2m) rect(8/(2)) Uniform Rayleigh Fading
0.02 s6(6) = (10/11)6(6 — 7/3)+  Rician Fading,
0 -n 0 n 0 - 0 w3 x 1/(227) rect(8/(2m)) Specular Comp. at 7/3
6 (radians) 0 (radians) sc(0) = 6(8 — 3w /4) Line of Sight at 37 /4
s4(8) = 1.5 cos(30) rect(3¢/7)  Nonuniform Rayleigh
@ (b) Fading Near 0
2 1.5 5.(8) = (10/11) 6(6 — 7 /2)+ Rician Fading,
1/(227) rect(8/(27)) Specular Comp. at /2
1.5 s7(8) = 1.5 cos(3(6 — 7/2)) x Nonuriform Rayleigh
8 8(6-3m/4) S 1 rect(3(60 — n/2)/7) Fading Near /2
> *
05 0.5
' such thaBNR,, = 20 dB. For each angular distribution of inci-
0 o dent power, 20 realizations are simulated, each having 50 speed
- Ongy " e 0 ¥ and timates (a total of 1000 speed and
o (radians) 9 (radians) and average power estima es.(a otal o speed and average
power estimates per distribution). The separation distance be-
(© @ tween estimates isl.2\. This choice is motivated by the results
0.015 15 of [8].
The normalized bias and mean square error (MSE) of the
s 0.01 10/11%8(0-7/2) & 1 speed estimates afgfo /v — 1] and E[( /v — 1)?], respectively.
"“”OOOS @ Similarly, the normalized bias and MSE of the average power
' 05 estimates ar&[p/p — 1] and E[(p/p — 1)?], respectively. For
0 0 the angular distributions considered, Figs. 5 and 6 are plots of
% 0 w2 = /3 w2 w3 the normalized bias and MSE of the speed and average power
6 (radians) 6 (radians) estimates, respectively, as is varied. The bias and MSE do
(e) ® not vary as a function of, for the line-of-sight distribution

s.(6). This behavior is due to the fact that the local maxima,
¢, Of the spectrum due to noise are discarded using the first
threshold(cz/c; < 71); thus, the second threshotd is never
whereSNR,, = P,/o2 is the processing signal-to-noise ratigised for this distribution. The negative biases in the speed esti-
(SNR). The SNR at the input of the Doppler filter must b&hates fors.(#) ands(¢) increase in magnitude with, since
at least 3-5 dB for synchronization and at least 8-10 dB fiwer local maxima of the spectrum are used to estimate the mo-
system operation. Typical maximum Doppler frequencies apée speed, and most of the large local maxima for these distri-
less than 300 Hz, and typical signalling rates are greater tH#ions are concentrated near a Doppler frequency of 0 Hz. The
30 kHz. Therefore, the Doppler filter introduces a gain of d¢latively large magnitude bias and MSE in the average power
least 20 dB in SNR, and henc8NR,, > 20 dB in the ab- estimates fos4(¢#) can be explained as follows. The mean dis-
sence of frequency offset between the receiver and transmitt@nce between the local minima of tsguared envelope..(x)|*
ForF =3,Tp/T, = 5,N = 512andSNR,, = 20dB, (27)im- is aroundL3A for s4(#). In contrast, the mean distance between
pliesT; > 3 x 10—*. An upper bound for; is obtained by con- the local minima oflr.(x)|? for the other distributions (except
sidering an angular distribution with a diffuse component arféir the line-of-sight case) is in the range/2-2X. Thus, the
a discrete (specular) component (Rician fading). Let the angleeraging distance dfl.2\ does not completely remove the
of arrival of the discrete component bg2 with respect to the small-scale envelope variations present §p¢6), and the re-
direction of travel and the diffuse component be uniformly disult is a large magnitude bias and MSE for the estimates of the
tributed in angle in a plane. This distribution represents a wogterage received power. In contrast, the correlation length of
case since most of the power contributes to a Doppler frequeribg complex envelope,(x) for sq(#) is on the order of\/2.
of 0 Hz. For a ratio of specular-to-diffuse power (Rice factor) ofherefore, there is neither a large bias nor a large MSE for the
10,c2/c1 ~ 3 x 1073, Therefore;; < 3 x 1072 in order to  speed estimates since a distancé b2 contains several cor-
estimate the speed for this distribution of incident power. Thesglation lengths of the complex envelope, which is used to es-
considerations lead to the choiee= 1073, timate the mobile speed. Figs. 5 and 6 indicate a desired value
The second threshold is selected by simulations using sixof the threshold, = 0.1. The normalized bias and MSE of
different angular distributions(¢) of incident power. Plots of the speed and average power estimates are also investigated as
the various distributions used in the simulations are shown $INR,, varies from 20 to 30 dB. No significant change in perfor-
Fig. 4, and brief descriptions are given in Table I. In order tmance is observed for this rangeSifR,,,.
select the threshold, independently of the mobile speed, spa- The choice of the block lengtly represents a trade-off be-
tial sampling at a constant interval is used. In addition, the atween the delay in obtaining speed and average power estimates
erage received signal power and noise power are kept constamd the minimum detectable nonzero spegd,. For a block

Fig. 4. Angular distributions of incident power used in simulations.
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For purposes of comparison, the adaptive averaging method
of [3] has been extended to account for angular distributions
other than uniform Rayleigh fading. In this method, the fol-
lowing quantities are computed at time index

length of ¥ and a sampling period df;, the time-frequency
tile for the root intervall, o has a height ol /(NT}). There-
fore, the minimum detectable nonzero speed is

A

Umin = m (28) Sp = ’in71|7’[n]|2 + (1 - ’infl)snfl

Rn = Iin_1|7’[n]|4 + (1 - "En—l)Rn—l
Numerical values ofV for speed tracking and corner detection Vi = bin_1(P]]? = Irfn = 112)* + (1 = p_1) Vet

are given below. 1 v
In order to demonstrate the tracking of changes in m0b||Efmaxn = or T\ R, _"52

speed, the speed and average power estimators are applied to
the following speed profile(t), [v(¢) is in kilometers per hour { Aoy 0 FJ
av,n — 5]

(km/h) andt in seconds]: T f
0, 0<t<0.5 =t 31)
1007 (1=05), 05<t<85 Navin +1
v(t) = 188T 19.5 = . ?15§<t < 119 (29) The estimates of the maximum Doppler frequency and the av-
0 ( ) ’ 19“: 2 z 20 erage received power at time indexare given byf,.. » and
’ °=t> Sn/2, respectively. The averaging intenal,, ,, is adapted to
achieve a target averaging distance gf = 20, in accordance
where : . ;
with the results given in [8].
0, t<0 Fig. 7 is a plot of the speed(t) and the speed estimates using
YT(t)=<¢ 3t2-2t3, 0<t<1 (30) the best basis and the adaptive averaging methods for the an-

1, 1<, gular distributions; (#) andSNR,, = 20 dB. For the best basis
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Fig.9. (a)Biasand (b) rootmean square error of speed estimates 9&tBys
for speed profile (29) and angular distributiesn(6).

method, estimates which imply an acceleration with absolute

valu-e greater thaﬂg. are d|scardeqq(m 9.8 m/s’ S the accel- in, practice due to a frequency offset between the receiver and
.erat|.on due o gravny). Thg duration of each signal block us?r%nsmitter. From Fig. 9(a) and (b), the best basis method for
in this example 'S 1.706 SW'W.: 4(.)96 samples(min = 0.35 estimating the mobile speed performs significantly better than
I:m/h). The maximum uncertainty In frequency(tsf)max — _the adaptive averaging method, in agreement with the results
5Hz, the carrlerwaveleng'Fh ps_: 1/3m, tt'e correlation length givenin Fig. 7. Fig. 10(a) and (b) indicate that the two methods
of the log-normal shadowing i (xp) = 50 m, and the expo- [\ i e performance for estimating the average received

nent of distance dependenceyis= 4. ower. The results for variable speeds demonstrate that the best

It can be seen in F|g_. 7 that th? adaptive averaging mgthmﬁlgsis method performs significantly better than the adaptive av-
unable to track the variable mobile speed. The large estimati Il?:\ging method for the range 8NR., encountered in practice
error of the adaptive averaging method for low mobile speed is ? '

due to the rapid variations in the signal envelope caused by addi-
tive noise. Fig. 8 is a plot of the corresponding average received
power (in dBm) and the average power estimates using the besthis section describes a method to detect the corner effect in
basis method. The average power estimates using the adaptik&an propagation environments. The detection method is eval-
averaging method are not shown since the performance is simted using the propagation model of Section II-B. The corner
ilar to that of the best basis method. The results show thatdetection method uses the speed and average power estimates
contrast to the adaptive averaging method, the best basis metbbthined as described in Section lll, except that there is no max-
is able to track variable mobile speeds well. imum acceleration constraint on the speed estimates in order
The performances of the best basis and adaptive averagiogeduce the detection delay. The current and past speed esti-
methods for speed profile (29) as a functiorSofR,, are com- mate samples are linearly interpolated to the tt&,. A sim-
paredin Figs. 9 and 10. The results are presented for angular dés-interpolation is performed for the average power estimates
tribution s,(#) and represent averages over 100 realizations efpressed in dBm. An estimate of the distance traveled by the
the fading process. Values 8NR,, less than 20 dB may occur mobile station is obtained from the integral of the interpolated

V. CORNERDETECTION METHOD
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Fig. 10. (a) Bias and (b) root mean square error of average received poﬁg}d 7 d_B’ r_espectlvely, and the correspondlng an_gulgr distribu-
estimates versu8N R, for speed profile (29) and angular distributiss(¢). ~ tions of incident power( (¢) ands;(¢)) are plotted in Fig. 11.
The corner detection method is evaluated using two realistic
TABLE I speed profiles which capture the effects of slowing déwrit))
MICROCELLULAR PROPAGATION PARAMETERS FORCORNERDETECTION. and StOppiﬂQvg(t)) when making a turn. The general form of

the mobile speed near the intersection is given by

zo_zr (m) yo(m) yr(m) £ ¢

10 189 L5 180 46 51 v+ (vg —vp) T (3E), 0<t<4
14 408 30 110 83 35 vi(t) = { vy, 4<t<6 (32
05 95 40 100 40 3.0

v+ (vg —op) T (558), 6<t<10

wherei = 1,2 and Y(-) is defined in (30). The start of

speed estimates. The corner effect is detected if the aver#ige signal dropAS occurs att = 6 s. For bothvy(¢) and
power changes by at lealt. dB in the lasty. m. If the intersec- wv»(¢),vy = 50 km/h. Forw(¢),v;, = 20 km/h and for
tions in a city are separated YY" m, the mobile station must v»(¢),v;, = 0 km/h. For each set of propagation parameters,
travel at leastAY m before another corner is detected. ten realizations of the received signal are simulated, yielding

The corner detection algorithm is evaluated for various mé total of 60 realizations for each speed profile. The delay in
crocellular propagation parameters. Table Il lists three setsd#tection is defined to be the distance from the position of the
values for the parameters used in (9). These values are bastad of the signal drop\ S to the position of the mobile station
on the empirical results of [16]. For each row of parameters when the corner is detected. This definition includes the delay
Table 11, values of 15 and 20 dB for the corner signal drofi  due to the block processing of the received signal. The duration
are used. This drop occurs in a distancg©fThe value of the of each signal block used in the simulations is 0.427 s with
exponent parameter is chosen to be 4, the distance betweef¥ = 1024 samples. The corresponding minimum detectable
the base station and the intersectionis= 100 m, and the nonzero speed i8,,;, = 1.4 km/h.
minimum distance between intersectiong\¥” = 50 m. The Tables Ill and IV summarize the results of the corner detec-
standard deviations for the log-normal shadowing before atidn algorithm for speed profiles, (¢) andv.(¢). The threshold
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TABLE Il Incoming
CORNER DETECTORPERFORMANCE FORSPEED PROFILE v1 (). / Wave
n

H. (dB) False Missed Mean Detection

Alarms Detections Delay (m) Ant. 3
24 0 2.40

2.87

3.64

4.19

4.78 Mobile

4.16 Ant. 1 Velocity

4.19

4.31 Fig. 12. Antenna geometry for three-antenna case (top view).

—
S©ouoohw
cCooco o ow;m
O Gt == OO

is 4 = 7/3. We now consider two multipath waves incident at
TABLE IV anglest#,, with respect to the mobile velocity. These waves in-

CORNER DETECTORPERFORMANCE FORSPEED PROFILE v (). duce the same baseband Doppler frequeficy: /. cos 8
where f,.x IS the unknown maximum Doppler frequency. Let

H, (dB) False Missed  Mean Detection Tin = (Umbka )y = g, +b, denote the coefficientin the best
Alarms Detections Delay (m) basis expansion of the complex envelope received at Antenna 1
Z 293 g 1:3? for subintervall,, ; and for frequencyf,,. Here,a,, andb,, are
5 0 0 2.13 the complex amplitudes of the waves incidentatand —4,,,
6 0 1 2.40 respectively, and:,, is the frequency index corresponding to
7 0 1 2.76 fn. The coefficients corresponding to the complex envelopes re-
8 0 2 2.94 ;
9 0 7 2.08 ceived at Antennas 2 and 3 are denoteaby andrs ,,, respec-
10 0 9 3.95 tively. The following equations can be written f6g, 71, 72,
andrs ,,:
H. is varied fory. = 3 m. The mean detection delays given in Fr = fimax cos O (33)
Tables Ill and IV are determined excluding the false alarms and T = an + by (34)
the missed detections. The results indicate thaffo< 4 dB, Top = ane?s <0 =V) gy oS cos(Onti) (35)

there is a significant number of false alarms since, at very low
thresholdsH ., the shadowing is mistaken for a corner. Further-

more, forH. > 6 dB, some corners are not detected. Thereforgg equations given above are valid for a negligible frequency

for the microcellular propagation environments considered hefgsset hetween receiver and transmitter and for far field condi-

a deS|_red value for the threshaldl. is H. ~ 5 dB. The corre- tions such that the magnitudesaf andb,, do not change sig-

sponding mean delays are 3.64 m and 2.13 m for speed proflfl]%anﬂy for the different antennas.

vi(t) anduy (), respectively. o The five unknowns in (33)—(36) arfuax, @n, by, 0, andap.
Another corner detection algorithm is described in [20] wheFgy ;s the solution of these equations requires two frequencies

the assumptions of constant mobile speed and spatial sampling,nq 1. o obtain a total of eight equations in eight unknowns.

of the signal are made. While it is desirable to compare the t§,o5e equations are independent fai # | f...|. The equations

corner detection methods, the ideal assumptions of [20] make&, pe solved by eliminating, andb,, for frequencyf,, and by

the comparison difficult. The method described here is Seenetf?minatingam andb,,, for frequencyf,,,. Finally, from (33), the

be effective in detecting the corner effect with small delay. system of eight equations reduces to the following three equa-

tions:

P an6j< cos(8, —p—3) + bnejs’ cos(On+1+3) (36)

VI. EXTENSION: ARBITRARY ORIENTATION OF ANTENNAS

. . . . 0., p+8)— bl s . .
This section describes an extension of the speed and averageejS cos dnleostt ) fOS v sin(¢sin by, sin(¢) + 3))
power estimation method of Section Il to account for arbitrary X (ron — rl,nef“os(e”*?‘“)) — sin(¢siné,, sine)
antenna orientations that are present for hand-held mobile sta- (Pa.p — T1nel® O +E+8)y — o 37)
tions. Since the antenna orientation is unknown, three antennas (5 005 0 [cos(i-t2) o 4] gin sin 6, sin(ih + )
at the mobile station are needed. The antennas are arranged in a m

triangle; therefore;,,.... = 3 realizations of the complex enve- X (Pam — 71’ Oy — sin(csin ,,, sin 1p)
lope are used to estimate the time-varying Doppler power spec- X (F3m — 7‘17nlej< C°S<9m+w'+r@)) =0 (38)
trum. Details of the method are discussed in the following. 0080, — fim cOS6,, = 0. (39)

Fig. 12 provides a top view of the three antennas arranged
in an equilateral triangle. As in Section Ill, the antenna spacingThe nonlinear system (37)—(39) can be written in the compact
isé < A/2 and¢ = 276/, The arbitrary angle between theygtation
mobile velocity and the vector from Antenna 1 to Antenna 2 is
1. The angle between Antennas 1 and 2 and Antennas 1 and 3 F(V)=0 (40)



2182 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 49, NO. 12, DECEMBER 2001

whereV = [V; Vo V3]¥' = [6,, 6,, ¥]* andF = [F} Fy F3]*
is the vector-valued function representing the left hand sides 100
of (37)—(39). Newton’s method is used to solve the nonlinear
system (40). Given an initial gueds, and the matrix of first - 8oy o
artials
P € oo
OF: 2 °
DF(V) = < Z) (41) 8— 40+
an i,j=1,2,3 @
the solution forV is determined by iteration: 20 o
0 > - - .
i1 =V, — DIY(VHF(V,), i=0,1,2,... 42 0 5 10 15 20
M + M F (V ) (V ) t=0 ( ) Time (seconds)
The iteration continues until a maximum iteration count is @
20

reached, the matri®r(V,) becomes ill conditioned, or

-
o

IVit1 — Vil
Vil

[=]

(43)
—10}

for some smalt > 0. The initial gues&V, = [05” 650 ©]T
is determined as follows. Fdf,.| > |fm],

Average Received Power (dBm)
.{a
=]

/4, fn=0

) = {37r /4, fu <O (44)

5 10 15 20
andéy = cos™ (£, cos 9510)/ fn). For|fn| < |fml, the roles Time (seconds)
of m andn are interchanged. The value fgf? is varied in ®)
the interval[—m, ) in steps ofr/4. An estimate Offax IS Fig. 13. Tracking performance of (a) mobile speed and (b) average power
. . . " . 1. estimators for arbitrary antenna orientation, angular distributigi), and
obtained from the solutio" using (33). Initial guesses WhthNR,, = 20 dB. Solid: true mobile speed and average received power;
yield a large imaginary part foV or negative values fof,,,.x ‘o speed and average power estimates using best basis method. Antenna
are discarded. orientationy) = w /4.
Multiple estimates of f,,,x are obtained using pairs of
frequencies (f,. f,) for which the corresponding local distribution s,(6), ¢ = /4, andSNR, = 20 dB. The re-
maxima (¢, ¢;,,) of the time-varying Doppler spectrum satsults demonstrate good tracking performance. The corner de-
isfy the threshold conditions discussed in Section I, i.etection method of Section V is evaluated using the speed and
cafer 2 Ti,enfc2 > Ta,cpn/c2 > T2 As in Section lll, the average power estimation technique for arbitrary antenna ori-
median of the estimates ¢f,. is taken. The average receivecntation as described here. For each speed prafilg)(and
power is then estimated using (23). For the cag@: < 71,  4,(#)) and for each of the propagation environments used Sec-
the frequencyyf; of the largest local maximune, is used as tion V, five orientations of the antennas are simulated:c
an estimate offiax. Thus, if the time-varying spectrum has{o /6, x /4,7 /3,7 /2}. The performance of the corner detec-
at least two significant local maxima, this method providegon method is similar to the results given in Tables Ill and IV.
robust estimates of the mobile speed and the average received
power for arbitrary orientations of the mobile station antennas.
If the frequency offset between receiver and transmitter is not
negligible, f..x and the unknown frequency offset can be A new technique is described for estimating the mobile speed
estimated using three significant local maxima in the Doppland the average received power in general wireless environ-
power spectrum. ments. The method uses the local stationarity of the received
The thresholdr, = 102 is selected using the argumentsignal to expand the signal in a basis of smooth local exponential
given in Section IV. The threshold is determined by simula- functions. The coefficients of the expansion provide an estimate
tions using the angular distributions of Table | and five differerdf the time-varying Doppler power spectrum. The time-varying
antenna orientations! € {0,7/6,n/4,7/3,7/2}. A value of spectrum and a two-element antenna array are used to estimate
79 = 0.1 is chosen using the normalized bias and MSE of thend track the variable mobile speed and the average received
speed and average power estimates. power. This estimation method is extended to the case of an
Fig. 13 is a plot of the estimates of the variable mobile speedknown, arbitrary orientation of the antennas at the mobile
(29) and the average received power (in dBm) for the angukstation. Using three antennas, this estimator is shown to yield

VII. CONCLUSION
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performance comparable to the method using two antennas
ented along the mobile velocity. The best basis estimator f
been shown to perform significantly better than an extend
adaptive averaging method.

The above technique is used to detect the corner effect pres

ceived power changes by a significant amount within a sh
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