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Robust Wireless Location Over Fading Channels
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Abstract—This paper develops an estimation algorithm for the where coarse estimates for the channel time delays and ampli-
time and amplitude of arrival of a known transmitted sequence tydes are sufficient for online signal decoding. Using the same

over a single-path fading channel. The algorithm is optimized t0 514qrithms for wireless location applications is not adequate for
enhance robustness to fast channel fading and low signal-to-noise .
the following reasons.

ratio (SNR) conditions, which are common in wireless location ap-
plications. The paper also presents a noise and fading bias correc- 1) Channel fading is mainly considered constant during the
tion technique for amplitude of arrival estimation that improves relatively short estimation period of these algorithms,

the estimation accuracy significantly. The proposed algorithm is : : :
then applied to the case of code-division multiple-access (CDMA) thus totally ignored. This assumption cannot be made

wireless location finding for which the paper gives simulation re- for wireless location applications where the estimation

sults that demonstrate significant estimation accuracy improve- period could be much longer.

ment over known algorithms. 2) The low precision of the coarse estimates provided by
Index Terms—Amplitude estimation, bias estimation, code- these algorithms generally does not satisfy the precision

division multiple-access (CDMA), channels, multipath fading, levels needed in wireless location applications, especially

searcher, time-delay estimation, wireless location. the FCC requirements.

In this paper, we first develop an efficient algorithm for es-
timating unknown parameters of a measured transmitted signal
over a single-path Rayleigh-fading channel in the presence of
W IRELESS location finding has emerged as an essentigditive white Gaussian noise. The algorithm uses a maximum-

public safety feature of future cellular systems. This hagelihood interpretation and it combats the effects of high noise
been emphasized by a recent federal order issued by the fiegfels and fast channel fading conditions. This is achieved by
eral communications commission (FCC), which mandates gip|oiting the fading channel autocorrelation model and an es-
wireless service providers to provide public safety answerigignate of the maximum Doppler frequency of the channel. The
points with information to locate an emergency 911 caller withroposed algorithm is then applied to estimate the time and am-

an accuracy of 100 meters for 67% of the cases [1]. It is alg@itude of arrival of a known CDMA sequence transmitted over
expected that the FCC will tighten its requirements in the negisingle-path fading channel.

future [2]. This has boosted researchin the field of wireless loca-The paper is organized as follows. In the next section, we

tion finding (see, e.g., [3]-{10]), which has many other potentiglescribe the signal parameter estimates that are needed for
applications inareas such as location sensitive billing, fraud pisveral wireless location techniques and the challenges facing
tection, mobile yellow pages, and fleet management (see, efle estimation process in each case. In Section IIl, we formulate
[11]-[15]). the signal parameter estimation problem over a fading channel
Wireless location requires accurate estimates of the tirg8 a3 maximum-likelihood estimation problem, and explain why
and/or amplitude of arrival of the mobile station (MS) signahe optimal solution is computationally not feasible in this case.
when received at various base stations (BSs). As we Willhder some realistic assumptions on the data, the full-blown
see in the next Section, Obtaining such estimates is USU%Mimization prob'em can be reduced to a Simp'er (Sub_op_
difficult due to the low signal-to-noise ratios (SNRs)and fagimal) problem that we develop in Section IV. In Section V,
channel fading conditions encountered in wireless propagatigg optimize the algorithm parameters and propose a bias
environments [2]. correction technique for amplitude estimation. The proposed
Although several estimation procedures already exist in thgyorithm is then applied to the case of CDMA location finding
literature (see, e.g., [10], [16], [17]), these algorithms have origy Section VI. Several simulation results are discussed showing
inally been designed for signal acquisition or tracking purposg@gmarkable robustness of the proposed algorithm in this case.
Section VII studies the sensitivity of the algorithm to errors in

. . _ the maximum Doppler frequency of the fading channel, which
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mobile station (MS) signal when received at various base s
tions (BS’s). We now briefly review some of these existing tect
nigues and indicate the challenges facing accurate signal pari
eter estimation in each case.

Time of arrival (TOA) estimates from three or more BSs ca
be used to obtain a location estimate as follows. First, knowil
that wireless signals travel at the speed of light, each TOA es
mate can directly be converted to an estimate of the distance
tween the MS and the corresponding BS forming a circular loc
on which the MS may lie and with the BS at its center. The inte,
section of three of these loci forms a MS location estimate [:
Such a method requires accurate synchronization between
BS’s and MS clocks. Many of the current wireless system sta
dards only mandate tight timing synchronization among BS
(see, e.g., [18]). Another widely-used technique that avoids t
need for MS clock synchronization is based on time differen:
of arrival (TDOA) of the MS signal at two BS’s. Each TDOA
measurement forms a hyperbolic locus for the MS. Combinit
two or more TDOA measurements results in a MS locatic

beam 3
80

estimate that avoids MS clock synchronization errors, whic 270

are cancelled when obtaining TDOA measurements (see, e.g.,

[19]_[22]) Fig. 1. Measured AmpOA level patterns (in dB) for a three-beam antenna
) versus the AOA(G).

In both TOA and TDOA methods for wireless location in cel-

lular environments, three or more BSs are involved in the MS ] o
location process. In situations where the MS is much closerAccurate wireless channel parameter estimation is also a

to one BS (serving site) than the other BSs, the accuracy @fat challenge for mobile stations moving at a high speed.
these methods is significantly degraded due to the relatively IS iS due to the rapid change in the received signal amplitude
signal-to-noise ratio (SNR) of the received MS signal at one 8Pd Phase that prohibits long signal averaging and accurate
more BSs. Such accuracy is further reduced due to the us¢¥WiPOA estimation. _ _
power control, which requires the MS to further reduce its trans- FTom the above discussion we conclude that in order to
mitted power when it approaches a BS, causing what is kno@fni€ve high location accuracy, it is necessary to develop an
as thehearability problem [23]. In these cases, an alternate |@ccurate _est|mat|on' technlque for.the received signal time
cation procedure is to obtain an angle of arrival estimate (AO&'d amplitude of arrival. This technique needs to be robust to
from the serving site and combine it with either a TOA estimaPth 1ow SNR levels (encountered at BS’s far from the MS or
of the serving site or another AOA estimate from another site gfjacent antenna beams) and to fast channel fading conditions.
only two BS’s have reasonable received SNR) (see, e.g., [9])" the remainder of the paper, we develop one such technique.
AOA estimates can be obtained using multibeam antennas,
which already exist in current cellular systems, using the tech- lll. PROBLEM FORMULATION

nique described in [24].1n this technique an estimate of the Thus consider the problem of estimating an unknown delay

AOA is obtained based on the difference between the measuredhf 3 known real-valued sequen€n, 7°)} transmitted over

signal amplitude of arrival (AmpOA) at the main beam (beam B single path time varying chanrfeffom a measured sequence

and the corresponding AmpOA measured at the adjacent begy, )} K_ that arises from the model

(beam 2% This difference is denoted by; — A, in Fig. 1,

where A; and A, are the measured amplitude levels in dB). r(n) = Az®(n) s(n, 7°) + v(n) )

The measured AmpOA at the third beam may be used t0 (gherew(n) is additive white Gaussian noise, anéi(n) is a

solve any ambiguity that might result from antenna side lobegsmplex ergodic random process of known autocorrelation

One main challenge facing this technique is the relatively lofinction R, (i) defined as

SNR of the received MS signal at the adjacent beam, especially ) )

in cases where the AOA is close to a null in the adjacent beam Ry (1) = Ex®(n)a®(n — i)

field pattern (e.g.¢ close to O degrees in Fig. 1). This signif-The sequencéz®(n)} accounts for the time-varying nature of

icantly limits the AmpOA estimation accuracy at the adjaceffie fading channel gain over which the sequereén, 7°)} is

beam. transmitted, whiled is a constantinknowrreceived signal am-

plitude that accounts for both the gain of ts@tic channel if

IAlthough other methods for estimating the AOA using antenna arrays exf@ding were not present and the antenna beam gain. Without loss

inthe literature (see, e.g., [25]), we do not discuss them here as we focus onlyfiyenerality, we will assume that the seque{w%(n)} has unit
wireless location methods that rely only on the current cellular infrastructure.

2Here, the main beam denotes the beam with the highest received signal levéBy a known sequencgs(n, 7°)} we mean one for which théependency
and the adjacent beam refers to the beam that receives the second highest signaland 7 is known. The actual sequence itself does not need to be known.
level. This means that only the parameteris unknown.
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variance, i.e.R,(0) = 1. The maximum likelihood (ML) esti- In this case, the value of the cost function becomes
mates of{7°, x2°(n)} are defined by (see, e.g., [26]) N 2
[, s, 72)s(n,7)]

A A _ A 1 M 21w 2
{7,2(n)} = arg {ﬁ&(xg)} [P(r(1),...,7(K)|{r,z(n)})] Jo(7) = e mz_lA |z*(m ET:A”D ),

where the likelihood functio®(r|{r, z(n)}) is of the form If we assume the sequen¢e(n)} to be ergodic and thaV is

K large enough such that
1 g g
C1exp <—C2E Z |r(n) — ) s(n T)|2) mN
o=t _ > s*(n,7) = NR,(0) foreverym
andC, andC, are positive constants that are independent of the —

unknowns{r, z(n)}. Thus, the ML estimates ¢*, +°(n)} are the maximization of/,(7) over r reduces to maximizing the

given by following cost function ovetr:
{7,2(n)} = arg max [J (7,2(n))] M N 2
T,z(n A o
where the cost functiody, is defined by = E Z [ Z s(n, 7 )s<n’7)] :
24 & 5.
Jup (1, 3(n)) = = s(n, 7)Re (r(n)z* (n)) We can now move the factot?|z*(m)|” inside the squared
=1 correlation term in the expression f6(7) above. Thatis, using

A.1l) and (1), we easily find that
2

2
4 Z|a: (n.7) @)

M mN
Ji(t) == Az°( 7°)s(n,T)
This construction requires an |nf|n|te dimensional search over K ,,Z n;
{r,z(n)}, and is not feasible in practice even wheandz(n) N 2
are evaluated over a dense grid, which is generally the approach Z Z ,7) — v(n)s(n, 7))
adopted in ML estimation over single path static channels (see, K 1 lnzns '
e.g. [16]). To arrive ata feasible algorithm, we further make assumption
A.2).

V. PROPOSEDESTIMATOR A.2) The partial cross correlation ofn) ands(n, 7) over N

We now develop an efficient ML estimator that requires samples is considerably smaller than the partial autocorrelation
finite number of search bins. To arrive at this estimator, we maké s(n, 7) over the same interval.
assumption A.1) in the case of slow channel variation as follows. This assumption is practical sineén) ands(n, 7) are inde-

A.1)z°(n) is piecewise constant over intervalsiéfsamples. pendent. In fact, it becomes true &sand K — oo. However,

This means that fading is constant for every consecutive if N is small, the cross-correlation ofrn) ands(rn, ) can in-
samples. In other words, the firéf samples have the sametroduce an additive bias term in the cost function. This bias will
fading coefficient, while the followingV samples have a dif- be studied in the next section. Note also that for practical values
ferent fading coefficient and so on. Her,is a parameter that of M (which do not go to infinity), that bias will be stochastic
should clearly depend on the environment conditions. An oj+ nature and will have a variance that decreases WithThis
timal choice for/V that is based on the available knowledge dftochastic nature can lead to errors in the TOA estimation. For
the channel autocorrelation functid®, (i) is discussed in the optimal estimation accuracy, the value 8fshould be chosen

next section. such that this bias variance (or power) is minimized with respect
Now introduce a sequende*(m)} thatis anV under-sam- to the signal power. In the next section, we will select an optimal
pled version of{z°(n)}, i.e., value of N based on this criterion.

u o, B Using A.2), our maximization problem is equivalent to max-
z¥(m) =2 ((m —1)N +1) imizing the cost function

form = 1,2,..., M, whereM = K/N is assumed to be an 2

mN
integer. Using A.1) and (1), expression (2) becomes é
| M J(7) M Z n}; n)s(n,T) 3)
— 21( ok o s * °
I = 7 Z AT [(@™ (m)a(m) + 2" (m)a”(m)) Thus, the optimal ML estimate for’, when A.1 and A.2 hold,
,1:;1 N and for sufficiently largeK, becomes
X <Z s(n,'r”)s(n,T)) —|z(m)|? (Z 52(71,7'))] mN 2
M n=n, T = arg max — Z Z s('n,77-> (4)

wheren, = (m — 1)N + 1. Differentiating.Jyr, with respect . _
to z(m) and setting the derivative equal to zero we arrive at theA practical scheme fOF |mplement|ng (4) involves the fol-

conclusion thab.Jyyr, /82(m) = 0 for lowing operations. A grid of values, say{7y,72,...,Tr}, iS
mN chosen and the correlation of the received sequén@e) } with

2(m) = 2in=n, ]‘i(n"r )s(n,7) 2 (m). replicas{s(n, ;} are computed. We can see that this scheme

Yon,. 8% (n,T) only requires a one dimensional search, which is dramatically
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Doppler Fading
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Fig. 2. The proposed time-delay estimation scheme for single-path fading channels.
simpler than the original ML estimator given in (2). We will quires the searcher parameters to be adapted to an esti-
term the correlation operation mate of the channel maximum Doppler frequency as we
N will show in the next section.
1 Z 3) Furthermore, we will introduce a bias correction tech-
r(n)s(n,T) _ ’ HOUU ;
N = nique for amplitude estimation that is not needed for
) ) o channel searchers due to their relatively short estimation
coherent integration or coherent averagisgice the p_hase_of period during which the channel changes are not sig-
the samples of the sequente(n)s(n,7)} is kept during this nificant. The correction step, however, is necessary for

averaging process. In contrast, we will term the averaging oper-  \uireless location applications

ation over thelM partial correlations After all is said and done, we shall arrive at the structure

1 & shown in Fig. 2. Here, we see that there are two bias estima-
i STIP tion blocks and the value a¥ is adapted in accordance with
m=1 the fading nature of the channel. We shall show in the next sec-
noncoherent integration or noncoherent averagisigce the tion how these blocks are designed and hévs chosen. Sim-
phase of each of the correlation samples is removed by squaritigfion results that we provide in Section VI will show a very
before performing the averaging operation. significant performance enhancement of such scheme over con-
While this is not the ultimate scheme that we shall propogé€ntional channel searchers.
in this paper (see Fig. 2), we should mention that similar
schemes have been used before in implementing CDMX PARAMETER OPTIMIZATION AND AMPLITUDE ESTIMATION
chan_nel searchers [27]. These schemgs were desllgned tBptill now, we have shown that the maximum likelihood esti-
provide prompt channel es_tlmates for (_)nllne b'F depodmg ariquate of the TOA7°, can be obtained using (4). We now finalize
they cannot be u§ed for wireless location applications for t'{}?e proposed algorithm by providing a design equation for the
following reasons: parameterV. We also show how to estimateby a simple peak
1) The coherentintegration period was limited to the symbg|cking operation, having the estimate fo, from (4), in hand.
period (Number of samples per Walsh symbol, for IS-9, the following analysisassumptions..1 andA.2 are not used
standards), which corresponds¥oequal to the number jthough these assumptions were used in deriving the estima-
of samples per symbol is equal to 64 multiplied by the tjon scheme, ignoring them in the following analysis will help
number of samples per chip for 1S-95 systems). In wirgrs achieve the following goals: 1) Performance evaluation of
less location applications, coherent averaging can be gz estimation scheme when assumptions A.1 and A.2 do not
tended far beyond the symbol intervaurthermore, we o|q. 2) Arriving at an optimal value of the design paraméer
will show that in order for A.1) and A.2) to hold simul- 3y periving an accurate estimation scheme for estimating the re-
taneously, a careful choice &f should be made. In the ¢ajyeq signal amplitudel.
next section, we derive an optimal value férthatwould  \we will consider the case of an infinite received sequence

maximize the estimation accuracy of the algorithm.  |ength(17 — o0)5 Thus, J(r) in (3) becomes, by the law of
2) Channel fading can be assumed constant during the figkye numbers

atively short estimation period of channel searchers, and
is therefore totally ignored. On the other hand, location
searchers use a much longer estimation period, which re- J(r)=FE

2

1 N
< - r(m)s(n.7)
n=1
4In wireless location applications, the received bits can be assumed to be

known. This could be achieved by using known transmitted training sequence&This is a reasonable assumption for wireless location applications, where the
as in [23]. Another way is to use only received frames of perfect cyclic reduastimation period can be on the order of a fraction of a second.
dancy check (CRC) or to use the output decoded bits of the Viterbi decodsnte that in practice the total integration period, i&.= N M is fixed. How-
which are at a high level of accuracy. This results in a delay of one frame perieder, in this paper, we have only analyzed the case for the optiviwalue. In
(20 ms for 1S-95 systems), which is affordable for wireless location applicgeneral jointly optimizingV and A/ for a fixed durationk” needs to be done.
tions. However, for largd{ values our method for determinidg becomes optimum.
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in terms of the expectation operatbr Using (1), one obtains
2

N
T(r) = B|5 3 (42°(n)s(n,7)s(n,7) + 0/ (n, 7)) (5)

wherev'(n,7) = v(n)s(n, ).

For mathematical tractability of the analysis, we impose tt
following assumption: g

A.3) The sequencés(n,7°)} is identically statistically in-
dependent (i.i.d), and is independent of the channel fading gg
sequencgz°(n)}.

Then, it can be shown (see Appendix A) that-at 7°, the
cost functionJ(7°) is given by

oy o [Be(0) RN 2AN —i)R, (i) | o .
J(r) = A ( i +ZT>+N (6)

i=1

18

[as]
216
c
©
O

12

1 1 1 1
2000 4000 6000 8000 10000 12000 14000 16000

9 . .
wherec; is the variance of the noise ternin). N o)
A. Optimal Coherent Integration Fig. 3. SNR gain versus the coherent integration pefibébr a single-path

. Rayleigh-fading channelf in Hz).
Equation (6) shows that a&® — oo, the value of the cost yiel 9 ve )

function atr = 7 is composed of two terms. The first terrnfading phase rotation, the SNR gain does not go to zero. This is

. . 9 : . ;
is proportional toA”, while the second term is proportional tobecause the noise power at the output of the estimation scheme

o . R
o, Thus, a performance index that we can maximize is tha SO goes to zero at the same rateh\agjoes to infinity. Thus

S|gnal—t_o—n0|se ratio (SNR)’. defined as th_e ratio of the SI9NMe SNR gain, which is the ratio between the signal and noise
and noise terms at = 7°. This SNR(S) is given, from (6), by ; " X
powers becomes insensitive to increasivig

A2 V-1 2(N — )R, (4) The optimal value of the coherent averaging pe(idd,:) is
S=— | B(0) + Z N obtained by maximizing the SNR gain given in (7) with respect
! =1 to N. Thus, N, is computed by equating
The SNR at the input of our scheme4s /o2. Thus, the SNR Nope—1 . . .
gain introduced by the algorithiis) is given by dSe _ 3 2(Nopt = i) Ra (i) = 2Nopt R (1)
S iNGS Nope
S = 42 to zero, which directly leads to the equation
N Nopt—1
N-1 . .
_ 2(N — 1) Ra(i) iR, (i) = 0. 8)
=R+ 3 2y ™ 2

This shows that the coherent integration interiakhould be

Fig. 3 is a plot of the SNR gain given by (7) versiysfor a .
Rayleigh-fading channel, for which the autocorrelationfunctio‘?ﬁd‘fjmtEdbaS(ad on the available knowledge of the channel ac-

" N i . cording to (8). For a Rayleigh-fading channel, we need only
of the sequencex”(n)}, R (i), is given by (see, e.g., [28]): to estimate the MS speed, which can be obtained using many
R, (i) = J, 27 fpT5|i|) well-known techniques (see, e.g., [29]).

whereJ,(-) is the first order Bessel functioffi, is the sampling
period of the received sequenig€n) }, andfp is the maximum
Doppler frequency of the Rayleigh-fading channel, which is di- We will now use this analysis to obtain an accurate estimate of
rectly related to the MS spegd) and the carrier frequencf. ~ the amplituded. Equation (6) shows that the amplitude of the

B. Amplitude Estimation

by output of our proposed estimation algorithm suffers from two
. biases. The first bias is an additive noise bias that increases with
fp= vfe the noise variance. This bias is caused by noncoherent integra-

’ C tion. Had we not squared the correlation term in (3), the effect

whereC denotes the speed of light. The plot of Fig. 3 is showsf this noise bias would have been averaged out. This noise bias
for several values of p. It can be seen that, for eagh, there is 1S given by

avalue of the coherent integration peridd,., that maximizes

the SNR gain. Increasing/ beyond this optimum value, the B, =
SNR gain oscillates and then asymptotically approaches a fixed ) o o
value that depends ofy,. We can also see that the optimal valu@nd it vanishes a&/ — oo. The second bias is a multiplica-
of N decreases monotonically witfp. Here we may add that tive fading bias that arises from coherent averagingV Mvere
although one would expect the signal power aF the_OUtpUt of theHere we assumed to be a continuous variable. The optimal valNig,; is
estimation scheme to go to zero wh&¥ngoes to infinity due to then chosen to be the closest integer to the zero crossih§of dN .

)

=zl
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{s(n,7°)}. We now specialize our algorithm to the case of
1,=80Hz CDMA systems. In this case, the transmitted sequence is a
12r 1 pulse-shaped pseudo noise (PN) binary sequence.

/ - fp=70Hz The value ofC; can be found from (11) by using the values
1 of the channel auto-correlation sequefddoreover, since for

// fo=60r CDMA signals the received SNR (chip energy-to-noise ratio
E./N,) is typically small and ranges from17 dB at the main

beam of the serving site t640 dB at other sites or beams in-

7
-
o yd - /// = fb=éohz | volved in the MS location process, the valuei)f can be esti-
// mated as follows. First, the noise varianggcan be estimated

directly from the received sequenée(n)} as

Fading Correction Factor
\\\

1 K,
_ .
=g, 20

for some valueK,, < K. Here, we focused on reverse-link
. wireless location, where the MS signal parameters are estimated

O 1 1 1 1 1 1 L
R A P by various BSs. Then, an estimate 8y, is given, from (9), by
-3 K
R 2 1 n
Fig. 4. Fading correction factaf’; versusfp for a single-path Rayleigh- B = v _ O 12
fading channel. " N NK,, 2;| ( )| (12)
P

one, this term would have been constant and equal to unity (i.Wlth {Bn, Cy} so computed, we obtain an estimate fowia

By = R,(0) = 1). This fading bias is given from (6) by fhie expression

N-1 . . A= Y- B
~ R.(0) 2(N — i) R, (i) A \/ Cy [J (%) Bn} (13)
By = + Z 2 : (10) i i i i
N Pl N Table | summarizes our estimation algorithm for the case of

Itis clear that this multiplicative fading bias is less than or equsiPMA location finding.

to unity (it is unifty for sta_tic channels, V\_/hich explains_ WhyA_ Simulation Results

previous conventional designs ignored this bias as fading was _ o

not considered in these designs—see [16]). The valug,ait Figs. 6 and 7 show the estimation mean absolute TOA error
also unity forN = 1. This bias is due to phase misalignmen@”d the AmpOA mean square error versus the received signal
of the complex channel coefficients at different time instant§hip energy-to-noise ratio over a Rayleigh-fading channel
which leads to a degradation in the coherent integration outpl@® M = 128 and various values of the maximum Doppler
This multiplicative bias decreases with increasjiag In other ~ frequency.

words, the effect of this bias is enhanced with increasipg Fig. 5 compares the mean absolute time-delay estimation
For our purposes, it is more convenient to work with the inver§&ror of a conventional 1S-95 searcher [16] with our proposed

of By, sayCy = 1/By, i.e., location searcher. The cqnvgntional sear.cher obtains an festi—
N1 _ mate of the TOA by multiplying the received sequence with

o, R.(0) — 2(N —i)R.(7) 1 replica of transmitted code sequence at various delays. The

= N + 2_; N2 (11) output of each despreading operation is coherently averaged

. . . over the symbol interval (Walsh symbol period), squared to
We shall refer taC’y as the fadmg (;orrectlon factor: Fig. 4 plots et rid of bit ambiguity and noncoherently averaged afterwards
Cy versusfp for a Rayleigh-fading channel. It is clear tha ver a frame duration (20 ms for 1S-95). The searcher then
the need for this correction factor increases for higher DOpplEircks the maximum of the various outputs and assigns its

frequencies. . corresponding delay to the TOA estimate, and the square root
. If {B,., 'y} were known, thent could be obtained from (6) of its \?alue tg the ),Z\mpOA estimate. The simulatiog results
via are given forfp = 40 Hz, and various values df./N,. It
A= /Cs[J(r°) - B.). is clear from these resul.ts. _that the mean.abg,oll_JFe TOA error
of the conventional acquisition technique is significant and in

Obtaining accurate estimates By, andC/ is actually fea- fact does not meet the FCC requirements. It is also clear from
sible in practical applications. A successful application for thi§€ figure that our proposed location searcher outperforms
correction technique is given in the next section in the contextéfe conventional technique significantly even for very low

CDMA location finding. We may also add that neither of thes¥alues ofM . We can also notice that increasing the valud/bf
correction factors is needed for the estimatior-af increases the accuracy of our technique considerably. However,

"Here, we may add that many location techniques for other TDMA cellular
VI. THE CDMA CASE systems (see, e.g., [30], [31]), and which were originally designed for static
. . channels, can directly be extended to fading channels by using our proposed
In the algorithm derivation we have presented so far, wemework.

did not pose any restrictions on the transmitted sequenc@wheny,, is estimated, we actually end up with an estimatedgr
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TABLE |
LISTING OF THE PROPOSEDALGORITHM FOR ESTIMATING TIME AND
AMPLITUDE OF ARRIVAL; OVER A SINGLE-PATH RAYLEIGH-FADING
CDMA CHANNEL

Conventional Acquisition
(M=1)

(M=16)

(M=64)

(M=128)

><oox o
><oox o

Given a received sequence {r(n)}X_;
r(n) = A z°(n)s(n, 7°) + v(n)

an estimation algorithm for the time and amplitude of
arrival (7°,A) that maximizes the signal-to-noise ratio
gain at the output of the estimation scheme is given as
follows:

Elt- res|| (u sec)

1. Use the auto-correlation sequence R, (¢) of the channel
to determine the value N, that satisfies

Nop¢—1 L & L

. . -50 -45 -40 -35 -30 -25 -20
E ’LRZ (Z) =0 Chip Energy-to-Noise Ratio E_\N_

=1

Fig. 5. Mean absolute TOA estimation error verdug N, for fp = 40 H=

This may require an initial step for estimating the Doppler | ,yqn — Nope = 4608 chips.

frequency fp if R;(z) is not known.

2. Let M = K/Nop: and evaluate the cost

10,
o f =80 H
1 M 1 mNopt 2 9 D z |
X f =70 Hz
J(1)=— E _ E r(n)s(n,7) °
M Nopt 8 + f=60Hz [
m=1 no=(m—1)Nopt+1
. * fD=50Hz i
. . . . . 4
over a grid of values {r;}. Pick the maximizing value O fy=40Hz
© 6 fy=30Hz |
A 0
7 = arg max J(7) = A e20mz ||
T“’ v fD=10 Hz
and the resulting maximum cost J(7). w4 1
3. Choose K,, < Nop: M and compute the estimates 8 1
) ]
K, =5 q
— 1 L ~ o2
— -\ |2 _ v
2 = =Y IOF  Ba=yt 1 -
Ly opt
Nopt =1 . . % 45 v —40 * * s
C _ Rﬁt (O) + 2(N0Pt — z)RI (Z) Chip Energy-to-Noise Ratio E_\N
f = N § : N2
opt =1 opt

Fig. 6. Mean absolute TOA error versus, /N, over a Rayleigh-fading

4. Then set channel with noncoherent integration interval length= 128.
A=,/cy (J(%) - En)
our technigue. We can also notice that increasing the value of
M increases the accuracy of our technique considerably.
) o ) ~In order to appreciate the effect of the amplitude bias cor-
this value is dictated by the duration the 911 caller stays onlingction technique, the AmpOA MSE is plotted in Fig. 9 versus

Furthermore, it is also limited by the speed at which the callgc/No with and without each of the two correction factors at
is moving. The total estimation time should be chosen such that _ go Hz. It is seen that noise correction only is not enough

the position of the caller does not significantly vary during thgyr high chip energy-to-noise ratios. This is due to the fact that
estimation period causing parameter drift. at very low noise levels, the noise bias becomes negligible with
Fig. 8 compares the amplitude estimation MSE results of tihespect to the fading bias. Itis also seen that for very low chip en-
conventional channel estimation technique used in current IS-®gy-to-noise ratios, the uncorrected amplitude estimate is more
searchers and our proposed location searcher for various valpieise than the corrected estimate. This is explained as follows.
of (V, M). The simulation results are given ffip = 80 Hzand At very low chip energy-to-noise ratios, the error in noise es-
various values off. /N, with fading correction only. We can timation is boosted up by the fading correction factor causing
see from the results that the amplitude MSE of the conventiomabre errors in the estimate. However, the estimation error in
channel estimation technique is considerably larger than thatbis region is very large and is not of interest. It is clear from the
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No correction

Noise correction only
Fading correction only
Fading & noise correction

oo x o |
< O x O

Amplitude MSE

Amplitude Normalized MSE (dB)

_40 1 L I I

I
-50 -45 -40 -35 -30 -25 -50 -45 -40 -35 -30 -25 -20 -15 -10
Chip Energy-to-Noise Ratio Ec \ N0 Chip Energy-to-Noise Ratio Ec\ No

Fig. 7. AmpOA MSE error versu¥. /N, over a Rayleigh-fading channel Fig. 9. Effect of Doppler estimation errors on amplitude estimation.
with noncoherent integration interval lengith = 128.

for precise amplitude estimation. This is due to the need for the

% ' ' ' amplitude fading correction factor.

(36,64)
(36,128)

e} o Conventional Acquisition . . .

< x @) The amplitude estimation errofAAs, |, due to an error
20 oo (@4 |Afp| in the maximum Doppler frequency estimate, is given

o ¢ (36,16)

" . from (12) by

* *

Y v

g (36,128) Uncorrected |AAfD| — ‘A . /C} [J(TO) . Bn] (14)

c OF

E whereC} is the fading correction factor calculated for an es-
g-10f timated maximum Doppler frequen€yp + Afp), andfp is

%;i the actual maximum Doppler frequency. Here, we assumed no
< b errors in the TOA estimate. The absolute normalized amplitude

estimation error is then

=|1—4/=L (15)

AAyg,
A

—40 I L 1 1 I I 1
250 45 —40 -35 -30 25 —20 -15 -10
EJN, (dB)

whereC is the fading correction factor calculated at the ac-
tual maximum Doppler frequencfp . Fig. 10 shows the abso-
lute relative amplitude error percentage versus the relative max-
imum Doppler frequency error percentage for different values
figure that the proposed correction technique improves the pgg-7,,. It is shown in the figure that the absolute relative am-
CiSion Of the AmpOA estimate Signiﬁcantly. F|e|d tl‘ial result%"tude error increases by approximate|y 0.5% for every 1% in-

Fig. 8. AmpOA estimation MSE error versi. /N, for fp = 80 Hz and
various values of{/, M) over a Rayleigh-fading channel.

of the proposed algorithm are given in [32]. crease in the relative maximum Doppler frequency error. It is
also seen that the amplitude estimate sensitivity to maximum
VIl. SENSITIVITY TO DOPPLERESTIMATION ERRORS Doppler frequency errors does not change significantly with the

The simulation results given in the previous section assun\%Iue of fp. This indicates that the proposed estimation scheme

erfect knowledge of the maximum Doppler frequerfgy. In IS robust to errors in the maximum Doppler frequency estima-
be ) 9 . PP querey. In tion, so that arough estimate of the MS speed would be adequate
this section, the effects of maximum Doppler frequency estim

tion errors on the precision of the TOA and AmpOA estima% obtain a reasonable accuracy in the TOA/AmpOA estimation

tors are shown. It was mentioned in Section 11l that the SN €S>
gain becomes approximately insensitiveavhen it increases

beyond its optimal value. Thus, onlyc@arseestimate of the

maximum Doppler frequency is needed for the TOA estimation. In this paper we developed an estimation strategy for the time
Of course, a relatively large error in the maximum Doppler freand amplitude of arrival of a known transmitted sequence over
guency would cause an errori,:. On the other hand, a rela-a single-path fading channel in the presence of additive white
tively accurate maximum Doppler frequency estimate is need&aussian noise for wireless location purposes. The algorithm is

VIII. CONCLUSION
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Fig. 10. AmpOA MSE with and without biases correction.
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whereR,,(7) is the autocorrelation function @fn). Rewriting
this term back as a correlation sum, we get

L N
=N Z AR, (T — m°)z°(n)e(n — 7°) - c(n — 1)
n=1

At 7 = 7° and for a binary sequencén ), we have

1 N
B=—Y Az
N; z°(n)

where we assumed, without loss of generality, that the pulse-
shape waveform is normalized such tig(0) = 1. Substi-
tuting in (5), we obtain

2
J(7%)

1 Y )
E v ; (Az°(n) + o' (n, 7))

based on exploiting known channel information and a maximuBxpanding the sum over, squaring, applying the expectation
Doppler frequency estimate to optimize the algorithm parameperator, and using A.3), expression (6) directly follows.

ters in an adaptive manner. We also presented a bias correction
technique for amplitude estimation. The algorithm was further

specialized for CDMA signals and we presented simulation re-py
sults that showed remarkable robustness of the proposed method]
to fast fading and high-noise levels.

[2]
APPENDIX A
Consider a transmitted sequer{egn)} of the form [3]
[4]
s(n) = ¢(n) x p(n)
where the symbol£” denotes the convolution operatios() [5]

is a binary sequence, andn) is the wireless system pulse-
shaping waveform. In order to obtain a compact representarg;
tion, we assume that the variations in the channel gain sequence

z°(n)} within the duration of the pulse-shaping waveform, are
negligible. This assumption is feasible for wireless systems everV]
for fast channels. Then we can write

(8]
Al al
B= v Zl {Az°(n)s(n,7°)s(n,7)} [9]
1 ; :
=¥ Zl {[Az°(n)e(n — 7°) x p(n — 7°)] [10]
< e(n = 1) xp(n —7)]}
. . L . (11]
We can rewrite this autocorrelation in a convolution form as
A [12]
B= Na:o(—n)c(—n—l—T")*p(—n—|—T")*c(n—7) *p(n—T).
(13]
Using the properties of the convolution operation, we have
[14]

A
B = NRP(T

— 1)z (=n)c(—n+ 7°) % c(n — 1)
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