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Abstract — Reliable positioning of CDMA cellular
users in a mobile environment relies on accurate knowl-
edge of the time-of-arrival (TOA) and angle-of-arrival
{AOA) of the first arriving ray. In this paper, an adap-
tive procedure is developed for AOA estimation under
multipath and multiuser conditions. Simmulations illus-
trate how the adaptive solution improves location ac-
curacy.

[. INTRODUCTION
Antenna array beamforming helps improve the signal-to-
interference-noise ratio in CDMA cellular systems (1], {2]. An
array of antennas can filter the signal in the direction of the
desired user while suppressing interferences from other users.
In addition, multiple antennas help increase the inherent ca-
pacity of the transmission link {4]. Generally, ACA estimation
using subspace methods (e.g., MUSIC) [5] for CDMA systems
is not practical when the number of users exceeds the number
of antennas. Moreover, antenna array estimation in multjuser
environments can be demanding depending on how the estima-
tion is performed [5], [6]. Qur proposed adaptive AOA esti-
mation method uses knowledge of the users’ CDMA spreading
sequences and integrates this knowledge into the CDMA RAKE
receiver in order to mitigate co-channel interference and fading.

II. PROBLEM FORMULATION
Consider an uplink D3-CDMA system with an A -element an-
tenna array at the base station. We assume N, active users in
the system so that the received signal at time n is an M x 1
vector:

r(n) = Y wuln) + oln) 1)

k=1

where ®x(n) is the M x 1 received signal vector from the kth
user, and #(n) is M x 1 additive white Gaussian noise with co-
variance matrix equal to o2d »;. Fach user has a unique spread-
ing sequence of length L. so that {see Fig. 1)

Ng—1L-1

xi(n) = Z z skickin — 1Le — T )i (2)

i=0 =0

where N, is the number of transmitted symbols, L is the number
of multipaths, sk ¢ is the ¢th symbol transmitted by the kth user,
cx(n) is the kth user unique spreading sequence, and 7. is the
channel delay from the %kth user to the base station due to the
Ith multipath. Moreover, k¢ is an Af x 1 vector that contains
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Figure 1: Received signals from two multipaths and two
users over a single antenna.

the Ith channel tap from user & to the base station antenna
array angd it has the form (Fig. 2):

hep = oritry (3)

where o is the Ith tap channel attenuation from the kth user
to the base station, and ax; is the M x 1 array response as a
function of the ACA of the ith multipath of the kth user and it
is given by

T
iy, d o (M —1)d
apy = [1’ 832:': < COS(BJ.._J)’ e j2n < cns(ak_i):l

Here, 8 is the AQA of the kth user measured over the {th path,
d is the antenna spacing, and ) is the wavelength corresponding
to the carrier frequency. Substituting (2) and (3) into (1) we
find that the expression for the received signal from N, users
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over M antennas with an L-multipath channel is

Ny Ng—1L-1

r(n) = Z Z Z skack(n —ile — Te)okars  (4)
k=1 i=0 (=0
+  wu(n)

The expression for #{n) can be rewritten In matrix form as
follows:

r(n):Jzﬂi ApHC(n,i)s; +v(n) (5)

i=0

where Ag is an M x N.L block diagonal matrix defined as

Ag = [ A Ao Ay, | (all users)

and each Ay 3 an M x L matrix given by

Ap = [ QLo @k Qp.r-1 ] (user k)

Moreover, H is the N, I x N L diagonal matrix

Py
P,
(all users)
Py,
where each Py is an L x L diagonal matrix given by

k.0
Py = (user k)
Qg p—1
Also, C{n,#) is an NyL x N, L block diagonal matrix given by

J]{n, f)
R Jz(ﬂ,i)
Cin,i) =

-INu (T‘l, i)
where each Jx(n,i) is the L x L diagonal matrix

ex(n —ile — Tr0)
Jk(na 1) =

ex(n—ile — 7h.n—1)

Finally, 8; is the N, L x 1 vector that contains the transmitted
symbols from all users to the base station:
T ]T

— T
8; = [ 81,4 8Ny

where

TR =[ Sk Sk . ]T

L

HI. ArRraY RESPONSE ESTIMATION USING
CONVENTIONAL MATCHED FILTERING

The problem we are interested in is estimating Ay from the re-
ceived signal r{n) in (5}. In conventional matched filtering, we
would first correlate the received signal v(n) with the spread-
ing sequence of the desired user. Let ngs and n,,, denote the
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Figure 2: Transmissions from multiple users to multiple
antenna over a mullipath channel,

beginning and the end of the 7th symbol correlation interval for
the kth uger and Ith multipath, respectively, i.e.,

no.i 4 L. + Tk i
ni 2 (4 VLot ey 1 (6)
Then the correlation gives
Y4
Yeri = 9 er(n—ile—mei)r{n)
n=ng.4
n1i Na—1
= 2. 2 ciln—ile=me)
n=ng; j=0
% (AeHC(n,j)s; + v(n)) (7

where ¥, ; ; is the output of the matched filter. Equation (7)
can be written as

n1.i

Yeri = Z c; (TI, — L — TkJ)AeHC(n, i)si
nEng.E
L W Ne—1
+ > Y ci(n—iLe — mea)ApHC(n, j)s;
n=ng ; 7=0,j7#8
1.
+ Z cx(n — il — Tei)v(n) (8)
A=ng.

When L. is large enough, we have

N4

2

n=ng.q

C;c(n —iLe — Tk.t)ck’(n - ch - Tkr|gr) =0 (9)

when { # I'. Using {9}, we can simplify the derivation by treat-
ing inter-symbol interference as noise. Thus sum of the second
and third terms in (8) define the post correlated noise vector
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Vit
LS W Ng—1
veaa = 3. 3. ci{n—ile ~ Tet) AsHC(n, )85
n=ng.q §=0,j7#1
nié
+ Y ciln—iLe —maduin)
n=ng.
80 that
N1
Yraa = . il(n—ile — ) AgHC(n,1)s; + vis
=g
ny.q
= AgH Z ce(n—iLe ~ .)C(n, )8 + Vg
n=ng

The above expression can be simplified into matrix form by
introducing the following Ny, L x N, L matrix:

(1)
Gk_i =
T{Ny)
where
ny.q
Feddrar = Z c;’;(n — il — Tk_g)ck'(ﬂ — iLe — Tkl,p)
n=ny.{
Letmpa—1
= Z ex{n — Tiadep (n— 1o 1)
n=7Tui 1
Le—1
= Z c{.(n)ckﬂ(n+n,; -ka_1;)
n=0
gkik'0
Tk} = (L x L)
Jrdkr L1
Then
Ypr: = AeHGr8i+ Vi (10}
Let zr1s = HGi 8;, where zp,,; I8 NyL x 1, so that
Yiri = Aezpli+tria an

Collecting all post-correlated vectors g, ,; into a matrix Y,
and collecting the {zx.::} inte a matrix Z;, we get

[y],o‘z e yNu,L—I,i] = Ag[210: 2NuL-14]
+ (oo -ON, L—1.4)
That is,

Y, = AgZ;+V;

This equation can be vectorized using Kronecker product nota-
tion:

vee(Vi) = (Z7 @ Ix, 1) vec(Ag) + vec( V)
Y Z; ag H

In other words,

where vec(X) denotes the vector obtained by stacking the
columns of X into a vector. Moreover @ denotes the Kronecker
product and Iy, r is the Ny L x ML identity matrix.

(12)

IV. LEAST-SQUARES ADAPTIVE ESTIMATION

Least-squares estimation can be used to estimate ag, which con-
tains the AQA and array response information for all users and
all multipaths. Collecting N, realizations of the correlation re-
sults from AN, symbols into a vector gy, the block LS estimation
of ag from y is defined by

o Za o
by Z, R
y = ! , Z2 , w2
Y va—1 2;\'6—1 GRS
y = Zaetw
G = (2°2)7'Z'y (13)
This solution can also be obtained adaptively by using a

bank of adaptive filters. We shall denote the entries of the
successive {#;} by {d(m)}. The solution (13) can be estimated
by training an adaptive filter with reference sequence {d(m)}
and regressors given by the rows of the {Z i}. We shall denote
these rows by {um}. Since Z has N M N, L rows, the adaptive
filter is cycled repeatedly through these regression rows untik
sufficient convergence is obtained. The adaptive algorithm
would be as follows:

1. The received signal r(n) is applied to & bank of matched
filters in order to generate the vectors {#,}.

2. A parallel to serial converter is apptied to %, in order to
form the reference sequence {d(m)}.

3. An adaptive filter of weight vector w s used to estimate
as at the m'* iteration (i.e., w.y, is the estimate of ap at
iteration m}). The regression vector u., is obtained from
the rows of Z;. The adaptive filter is iterated repeatedly
in a cyclic manner over the rows of Z until sufficient
performance is attained.

Specifically, the adaptive filter weight vector w,, is up-
dated as follows:
W = W1 + p(M)p, [A{M) ~ U Win 1] (14)

Figure 3 shows the proposed system model for the array re-
sponse estimation.

V. JOINT ESTIMATION OF CHANNEL ATTENUATION AND
ARRAY RESPONSE

In the proposed array response estimation we have used all
users’ spreading sequences to form the matrix Gr,;, and we have
also used the channel attenuation matrix H. We can use con-
ventional adaptive CDMA channel estimation methods [3] for
single antenna systems to estimate H. Equation {10) can be
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Figure 3: An adaptive multivser CDMA RAKE receiver
and AOA estimator

revised to have both Ag and H as unknown parameters as fol-
lows:

Ypow = AsH Grasi+ve: (1)

Bo.H =pa

where z,; is an N, L x 1 vector and Ba.y is an M x N,L
matrix. So we have

Ypoi = DBeHZkli+ Uk (16)
As in (12), we can write
vee(Ys) = (27 ® In, 1) vec{Be) + vec(V,) (17)
—————— e e et
i Z; by H By
(18)
Let
B Zo o
y = g{l . Z = ?1 , wE v.l
Tn.—1 ZNQ rm;_l
Then
y = Zbsuy+w (19)
bonw = (2'2)7'Z7y
Let
BG.H = unvec(ﬁg_y)

which we decompose as

From Rake receiver ¥,
and correlators of  @= z
Fig. 3.
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Figure 4 A model for estimating angle of arrival without
prior knowledge of channel attenuations.

Since H is a diagonal matrix, and all the elements in the first
row of Ag are 1, the first row of By y contains the diagonal
elements of H, so that

H diag(be 1)

: r1

AG = BG.HH

i

(20)

where bg, 1,1 denotes the first row of B gr. Fig. 4 illusteates
the block diagram of the proposed method.

V1. SIMULATION RESULTS

An uplink DS-CDMA system is used to evaluate the perfor-
mance of the algorithm. We use the cdma2000 standard (8] to
model users within g cell and simulate the link {any DS-CDMA
standard can be used). We assume a processing gain of 64 for
all users. The known pilot sequence transmitted by each user
is wsed for training purposes at the base station. The CDMA
chip-rate in the simulation is AMHz, 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 uni-
formly 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 120 degrees each. We simulate the performance of the pro-
posed ACA estimator in a multiuser multipath scenario. The
propagation model used for each user is a 4-multipath chan-
nel with independent taps and random AOA. The Outage (or
Cumulative Distribution Function) as a function of the error
in AOA estimation is plotted in Figure 5. The figure depicts
the simulation results for a cell with 2,4,8 and 16 active users
and it compares the result of the proposed method to the max-
imum likelihood LS estimation of [9]. The FCC mandatory
requirements [7] of location accuracy {using AQA estimation)
are indicated in Figure 5 by the x symbol, for 67% and 95%
outage. A cell size of 1 mile has been considered to translate
the location accuracy in meters to AQA accuracy in degrees-—
see Figure 7. The circle and star markers are the FCC Network-
Based and Handset-Based requirements respectively. Figure 6
demonstrates the standard deviation of AOA estimation error
for 2,4,8 and 16 active users and compares the results with the
method of {9] when no multiuser interference cancellation is per-
formed. We may add that the algorithm for finding the mobile
location in the fading environments in the single antenna case
is from [10].

VII. CoNCLUDING REMARKS

In this paper we presented an array response identification al-
gorithm that extracts a priori channel information. The AQA
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estimator proposed in previous works for single-path single-user
receivers has been generalized to multipath multiuser receivers.
For AOA estimation, an adaptive estimator has been developed
for a multi~-user multi-path scenario. The estimator of AOA
exploits the users’ spreading code orthogonality to cancel inter-
ference and to increase the accuracy of the AQA estimation in
the presence of a large number of users. The performance of the
proposed architecture meets the location accuracy requirements
on AQA estimation.
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Figure 5: Outage curves vs. error in AOA for £,4,8 and
16 active users.
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