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Abstract—Location finding for CDMA subscribers using an an-
tenna array at the base station and deploying multiple base sta-
tions is studied in this paper. Two methods are considered for ra-
dio location: measured time-of-arrival (TOA) and angle-of-arrival
(AQA), and algorithms to estimate them are presented. The esti-
mated TOA and AOA from different base stations are combined
via data fasion to estimate the user’s location by exploiting the
topology of the cellular network,

I. INTRODUCTION

The U.S. Federal Commumnications Comsmission (FCC) has
made E911 a mandatary requirement for wireless communica-
tions services {1]. E91I requires all 911 calls from mobile tele-
phones in the U.5. to be located with a certain accuracy in order
to route the call to the appropriate emergency service provider.

There are several approaches for implementing a radio lo-
cation system including those based on TOA, AQA, Time-
Difference-Of -Arival (TDOA), and signal-strength [2]-[5].
This paper presents algorithms for estimating the TOA and
AOA in a multiuser CDMA systemn, and uses interference can-
cellation techniques for accuracy improvement. To further im-
prove the location estimation, muzltiple base stations are used to
provide independent estimates. The TOA and AOA estimates
conducted by different base stations are combined by a central
processor via data fusion to estimate the user’s lecation by ex-
ploiting the topology of the cellular network.

II. MAXIMUM LIKELIHOOD ESTIMATION OF TOA
Consider a base station using an M -element antenna array.
The received signal at time n over a single-path channel is then
an M x 1 vector given by:

r(n) = Ageln)s(n — 7) + v(n) M

where c(n) and T are respectively the unknown channel gain
-and delay, s{n) is a known sequence transmitted by the user for
training purposes, and v(n) is additive white Gaussian noise.
Moreover, Ay is the array response defined by:

] AG e COI{ 1 ejﬁni{casG ej?wLM—;—lMcose } (2)
The maximum likelihood estimates of 7 and € are given by:
{#,8) =arg max[P(r(1)---r(K))|{r.6}] &
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Fig. 1. Top level block diagram of the location finding structure.

in terms of the conditional probability of K vector measure-
ments. It was shown in [4], [5] that this optimization problem
can be reduced to maximizing a function of the form
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where F is the length of the non-coherent correlator, and ng =
(m — 1}K + 1. Thé resulting receiver structure is shown in
Fig. 2. The use of an antenna array increases the SNR of the
receiver by the beamformer gain and results in higher accuracy
in 7 compared to a single-antenna receiver.

I1I. MULTI-USER LEAST-SQUARES AOA ESTIMATION

The channel model (1) can be modified to accommodate a
multi-user multi-path scenario. The receiver observes a lin-
ear combination of all transmitted data sequences by all active
users, each distorted by ISI under white Gaussian noise. As-
suming the maximum number of channel taps to be L, and the
number of active users 1 be IV, the received signal r(n) of size
M x 1 at time n is now

N L .
r(n) =3 Y hirln)si(n — k) + v(n)

i=1 k=1

(5)

where s;(n) is the transmitted sequence by the ith user and
h; »(n) contains the kth channel tap from user < and can be
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Fig. 2. Receiver structure for TOA and AOA estimation using antenna arrays,

written as
h; x(n) = Ag, .cik(n) (6)

" where e; x(n} is the kth tap of the channel from the 4th user to
the base station, and A, , is the array respense as a function of
the AOA of the kth multipath of the ith user given by (2).

The received SNR at the base station is generally low due
to multiuser interference, which makes the channel estimates
directly derived from the received samples not accurate. In
CDMA systems, the training sequences s; () for different users
are designed to have good orthogonality properties. This prop-
erty can be used to increase the SNR at the receiver by corre-
lating r(n) with the known sequence transmitted by each user.
The correlation results for each specific user and muitipath can
be used to estimate the AOA for that user and multipath. As-
suming constant channe! taps during the estimation period, the
correlation results , x; &, for user i and multipath k can be writ-
ten in vector form :

Xk = Gihy g + ik + v
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where p; . k.t is the normalized cross-correlation between the
known training sequences of users i and m, received on mul-
tipaths k and !, respectively, G; is the identity matrix of size
M x M scaled by the power of the signal s;. Equation (7) can
be used to form a least-squares estimator for h; ; and, conse-
quently, the AOA for user ¢ and multipath £, i.e., 8; .. Collect-

ing R realizations of the correlation results x; , into a vector
d; r, for a block LS problem can be formulated as (assuming
constant-magnitude training sequences):

X.'Jc(l) G.‘
Xi,k(z) G;
di,ké . ) Hié .
X; k(R) G;
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This LS estimation is repeated for all users and multipaths,
i=1.. N k=1...L

As the number of users and multipaths increases, Multiple-
Access-Interference (MAI) and Inter-Symbel-Interference (ISI)
in equation (7) become stronger. In practical scenarios with a
large number of active users in a ceil, the accuracy of the LS
estimation of AOA is limited by MAI and ISI. One solution
for reducing the effect of MAI in (7) is to increase the coher-
ent correlation length K. This is due to the fact that the cross
correlation terms p in equation {7) are in the order of % for
well designed training sequences. However, the correlation or
estimation length cannot be increased indefinitely in order to
achieve a higher estimation accuracy. The limit on the correla-
tion length is set by the Channel Coherence Time.

We propose a joint least-squares estimation followed by a
multiuser interference cancellation technique to provide an ac-
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curate AOA estimation even in the presence of a large number
of interfering users. This joint technique takes advantage of the
following two facts:

» A base station decodes the signals from all users simul-
tancously(the base station knows the training sequences
used by the users).

» The LS estimation of the channe! taps for all users
(hes,,,i=1...N,k =1...L)areavailable at the base
station.

The above information is then used in a secondary stage to fur-
ther increase the accuracy of the estimation by canceliing the
MAI in (7). The following are the steps performed in the pro-
posed architecture:

1) Use equations (7) and (8) to calculate the LS estimation

of the channel taps for all users and multipaths.

2) Use the estimaied channel taps to regenerate (estimate)
the MALI in equation (7), i.e.,
N L i
L= Z Z PikamiGmhirs,,, 9)
m=1 =1
m#L £k

3) Subtract the estimated interference in step (2) from the
correlation results in equation (7).

TJse the new x; ;. in the LS estimation to calculate a new
estimate for channel taps referred to as MU-LS estima-
tion.

5) Repeat steps 2-4 for all users and enultipaths.

4)

IV. COMBINING LOCATION ESTIMATES FROM DIFFERENT
BASE STATIONS
Now assume » BSs estimate the AOA and TOA of the MS.
We shall define the cellular system features as follows. See
Fig. 3.

T
L]
Ym
ETAN R .
. :1th base station location.

« 7;:the distance from the MS to the ith BS.
‘o the angle of arrival from the MS to the ith BS.

« 74 the time difference of arrival of the ith BS.
The location of the mobile station can be determined from
knowledge of these features. For instance, we know that r;
7 x C, where C is the speed of light {3 x 10°m/s) and, more-
over,

) : mobile location.
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Fig. 3. Using the ropology of the celiular network to improve location accu-
Tacy. .
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If we choose the first BS as the origin of the coordinate system
(i-e., if we set 1 = gy, = 0), then the [ocation of the MS can be
estimated via the least-squares solution:

(Im) (HTH)"'H™b (10)
Ym
where
x3 13 Kz—ré4+r
H = : “1. b= % 3 '3 1
Tn YUn Krzz, - T'ﬁ + T%
K} = zf+yl

We can improve the measurement accuracy by incorporating
the angle measurements. These measurements provide addi-
tional equations of the from:

) = G+ ()

which can be incorporated into the least-square solution (10) by
redefining H and b as

A L3 73 + )

I3 Y3 3(K3 —r3 +1})

Tn  Yn %(Kﬁ ~12 41}
H = 1 0}l,b= Ty 47 cos o

0 1 y1 +risingg

1 Ty + T'n COS Oy

0 1 k Yn + Tnsinan )

Measurements are subject to errors. These errors consist gen-
erally of two components: a ling-of-sight (LOS) term that
arises from measurement neise, and a non-line-of-sight term
that arises from the femporal and spatial vartations of the chan-
nel, and the distribution of scatterers. The work [8] presents
an algorithm for equalizing the NL.OS problem by using a con-
strained optimization formulation that exploits the topology of
the cellular network. This formulation can be used to improve
the accuracy of the location estimate.

V. SIMULATION RESULTS

An uplink DS-CDMA system is used to evaluate the perfor-
mance of the algorithms. We use the cdma2000 standard (9]
to model the users within the cell and simulate the link (any
DS-CDMA standard can be used). For simplicity, we assume a
processiag gain of 64 for all users. The known pilot sequence
transmitted by each user is used for training purposes at the
base station. The CDMA chip-rate in the simulation is 4MHz,
and a 4-element antenna array is employed at the base station.
The antenna spacing is assumed to be half a wavelength. The
mobile users are uniformly distributed in a 120 degrees sector.
This is due to the fact that in current cell designs, the cell is
divided into 3 sectors of each 120 degrees. We choose the co-
herent correlation length (K} to be equal to the processing gain,
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Fig. 5. Distribution of the error in TOA estimation at E¢/Ng of -30dB

A. TOA Estimation

In this subsection we evaluate the performance of the TOA
estimation techaique presented in Sec. II. Therefore, in this
part, we assume a single path channel with Rayleigh distribu-
tion and Doppler frequency of 100Hz. This doppler frequency
corresponds to a velocity of about 40mph at the carrier fre-
quency of 1.8GHz. The error in TOA estimation versus the chip
energy-to-noise ratio (£./Np) is shown in Figure 4 for single
antenna and multiple antenna scenarios. As shown in the fig-
ure, using antenna arrays at the base station improves the TOA
estimation significantly. In the multiple antenna case, two dif-
ferent beamformers are simulated, One is the ideal beamformer
using the real value for AOA, and the other is using the LS es-
timation of the AQA to form the beam. As shown in Figure 3,
the degradation in performance due to AOA estimation error is
small. This also validates the accuracy of the AOA estimation
algorithm for chip energy-to-noise ratios as low as -30dB.

_In addition to the variance of the TOA estimation error, there
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Fig. 6. Location of estimated points using two different methods. The SNR
at base stations are 2.44.-4.64.7.52.2.96 and 1.92 dB. The simulation is over
400 different channels and the processing gain is 16. The actual mobile station
station location is at (793.810).

is another criterion to evaluate the performance of location es-
timation algorithms, called Failure Rate. Failure rate is defined
as the probability at which the algorithm fails to estimate the
location with an acceptable accuracy. The simulation resuits
for single antenna and multiple antenna receivers are shown in
Figure 3. In this plot, an accuracy of | CDMA chip duration
space (0.25u5) in TOA estimation is assumed as an acceptable
estimation. This amount of TOA estimation error translates into
75 meters error in lecation estimation. As shown in the figure,
using an antenna array decreases the failure rate in TOA estima-
tion significantly. At E. /Ny = —30dB, using an antenna array
improves the failure rate from 82 percent down to 41 percent.

B. Locartion Using Multiple Base Stations

In this subsection, we consider the complete location esti-
mating architecture. First, we simulate CDMA transmissions
of a MS in the presence of interfering users for different scenar-
ios, then we simulate the proposed TOA and ACA estimators
on each BS, and finally we use results of the Sec. IV to com-
bine the individual estimates provided by each base station to
find the MS location. Fig. 6 shows the estimated points by us-
ing two different methods. In this figure we simulated the case
of five BSs and line-of-sight channels for all BSs and four an-
tennas for each BS. Fig. 7 shows the corresponding estimation
error for 65 and 95 percent outage using two different methods
for line-of-sight and non-line-of-sight [8] situation. In this fig-
ure, distance between BSs is 1200 meter and 4-element antenna
arrays are used by each base station. Fig. 8 and Fig. 9 show the
outage values for different scenarios. Fig. 9 depicts the effect of
processing gain and Fig. 8 illustrates the effect of NLOS using
multiple antennas. In all the plots, MU and MA denote multi-
user-cancellation and multiple-antennas. Moreover, LS and SA
stand for least-squares and single-antenna.

V1. CONCLUSIONS
Combining multiple-antennas reception with' non-line of
sight equalization, and exploiting the topology of the cellular
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Fig. 7. Outage bar vs. different methods in location estimation for 3 active
users. For the top figure the SNR at the base stations are -1.71.-1.71.4.8.-0.40.
and -1.34 dB. The simulation is over 600 differznt channels and processing gain
is 64. For the lower figure there are four BSs and three of them are NLOS. The
simulation is over 300 different channels and processing gain equals 64. The
NLOS equalization proposed in (8] is used.
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Fig. 8. Outage curve vs. four different metheds in location estimation for
4 active users. Three BSs out of four are NLOS. The simulation is over 300
different channels and processing gain is 32.

network, can lead to significant improvements in wireless loca-
tion accuracy.
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