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Abstract: In this paper a new method for estimating the direction of
arrival of Asynchronous DS-CDMA signals is proposed. In this
method we have assumed to have a frequency-selective fading
channel with correlated multipath. In the proposed method first for
removing effects of undesired paths we apply the coherent signals of
the undesired paths perpendicularly to the under process signal, next,
signal is passed through a filter bank and then using the “beam
space” idea direction of signal is discovered. Since beam forming
filters are used, effects from other users on the desired users signal is
also decreased which in turn increase the efficiency of the algorithm
and search area decrease almost to one tenth. In this algorithm it is
not required to search all angles as in conventional methods like
MUSIC. Besides, this algorithm does not require information criteria
like minimum description length minimum description length (MDL)
and Akaike’s information criterion (AIC) for estimating the number
of sources. Another advantage of this method is that number of users
can exceed the number of antenna arrays contrary to many of the
conventional methods. At the end, some simulation results are
illustrated to confirm the efficiency of the method.

Keywords: Direction of arrival estimation, MUSIC
algorithm, MDL, orthogonal projection, beam forming,
frequency-selective fading channel.

1. Introduction

In recent years, estimating the direction of arrival has been
an attractive area of research because of its important
application in radar and wireless location finding. Among the
methods proposed, the signal subspace algorithms have
attracted a lot of interest due to their high resolution.
However, in a highly correlated or coherent environment due
to multipath propagation, the direction of coherent signals
cannot be detected via conventional subspace methods like
the MUSIC algorithm [1], [3] and ESPRIT [2] since the
spatial signatures cannot be resolved in the signal subspace.

Furthermore, in order to estimate DOA by conventional
methods, the number of array elements must be greater than
the number of users; this is impractical in CDMA systems
with a large number of active users. A DOA estimator
employing code matched filters and parallel MUSIC is
proposed in [4]. In this method other user except of active
users models to Gaussian noise as a interference.

In this paper, we propose a method for DOA estimation
with an array of antennas at the receiver. First, we decorrelate
the received signal of each path by orthogonal projection and
then apply a bank of 2M beam forming filters to the
received 2-D signal which results in 2A/ time domain
sequences. The total energy of interfering signals is reduced
after each beam forming filter. The energy of desired signalis
also reduced, since the DOA is still unknown at this stage.
However, the proposed algorithm, together with this receiver
structure is able to control the loss of energy while
maintaining the SNR level.

The paper is organized as follows. In Section 2, we
describe the mathematical model of the system, set the
underlying assumptions and define the problem objectives. In
Section 3, the proposed model is developed for synchronous
single path and asynchronous multipath cases. In Section 4,
performance of the proposed method is evaluated by
simulation, and Section 5 concludes the paper.

2. Mathematical model
Consider a DS-CDMA system with K active users
transmitting binary information sequences of b1 ,bz 3"'abK

with normalized spreading waveforms 155 5---5Sk that are

randomly distributed in space. A O bit transmitted baseband
signal from the k-th user is:
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x, (1) = Aka b ()s,(t—iT,) k=12,.,K (1)

Where 7, is the bit interval, b, (()€{=1+1} is the i-th bit of
a sequence of i.i.d random variables transmitted by the k-th

user and 4; denotes the amplitude of the k-th user. S, (¢) is

defined as follows and its energy is limited to [0,7,] :
et

B

s; ()= c,(Hw(t—jT,) 0<t<T, )

=0
T,
where N = T—” is the processing gain; and () is a chip
n=N -1 . .
waveform of duration Tc and {Ck (n)}n:1 is a signature
code sequence of +1s assigned to the k-th user that can be
T
represented as C; = [c;(0) ¢, (1) .. ¢, (N.—D]" where
T denotes the transposition operator.
At the receiver an antenna array of M elements is employed
and the baseband multipath channel of the k-th user can be
modeled as a single-input multiple-output channel with

M X1 yector impulse response kk (t ) given as [5]
L

h (1) = Z gu0(t-1, ), (3)
=1

where L is the number of paths in each user’s channel, &y

and 7j; are gain and delay of the /-th path of the k-th user’s

signal respectively, 6(.) is the Dirac delta function and

a - [aekl aekl ]T .
=6y 1 oYM 1s the array  response vector

corresponding to the /-th path of the k-th user’s signal with

DOA of 6.

The total received baseband signal at the i-th antenna
denoted by r, (r) is the superposition of the signals from all

users plus the additive ambient noise and the M X1 vector
r(t) =[r,(t),...,r, (t)]" canbe expressed as:
K

r(t) = X, ()*h,(t)+on(r)
0-1 K L

= Z A by (’)z a(0,)gu @)
i=0 k=1 =1

Xs(t—iT, —7,) +on(t)

where * denotes convolution, O ? is the variance of the
ambient noise at each antenna element and
n(t) =[n,(t),...,n,, (t)]" is a vector of independent zero

mean complex white Gaussian noise processes with unit
variance, 1.e.

En(t)n(t)"y=1,0(~t) (5)
Where E is the expectation operator, / denotes the
conjugate transpose and /,, is the M X M identity matrix.

We also assume that the noise processes and transmitted
sequences of users are statistically independent.

To find the directions of the received signals from the /-th
path of the k-th user, the receiver's chip matched filter is

synchronized with the delay of 7}, . The receiver works at the

discrete chip rate. The sample of m-th antenna is:

L. il + Ty +(j+D T * . .
Vum @)= L OV (t=iT, =7, ~ jT.)dt (©)

M samples of antenna output can be represented by a M X1
vector as:

Y @)= [Vk/,l(iaj), Yo (i, j)""’ykl,M (laJ)]T (7
s Or:

T+t +jT.

ykl,l(i:j)
o | V@G | e ,
v = = [ o (=it g, = T )
ykl,M(iaj)

By combining the vectors y ., we define the M X N, matrix
BL,, (i) as follows:
BLy) =Ly, 00y Dy, N -D]  ©)

The contribution of k-th user at m-th antenna ( 7, (1) )is:
0-1 L

()= 42 b 84,05 (t=qT, —7)  (10)
q=0 =1

Therefore the contribution of &-th user at Vitom (i i ) is:
BL,,()=y4,(.j) 0<j<N, -1

0-1 L
= Ak Zbk (Q)Z gkpam (6kp)
q=0 p=l1

J‘fTh*(jJrl)TL +Tu
i

(11

Sk(t_qu_Tkp)w*(t_in_jz-_sz)dt
Due to ¥(¢) waveform at [0,7.] and s,(¢) at[0,7,],
product of s, (¢ —¢T, —17;,) and W(¢t—iT, —jT,—-1,)

is always zero except in two cases:
i];7+j];+z-kl+7;2q];7+rkp (12)

Ty +jT.+y

iT,+jT,+7,<qT, +7,,+1T, (13)

Since the effect of i-1, i, i+1-th bits in integral, y,];’m @)

simplifies to:

L
ylfl,m (lﬁ .]) = Akbk (l - 1)2 gkpam (6kp )gic:n_l
p=1

L
+A4,.b,() g,,a,(6,)c;) (14)

p=1
4 1,+1
+ Akbk (l + 1)2 gkpam (6kp )gk})
p=l1
Where g;’; isaIXN,.

1, !
Qk,; =[c;
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-1 ()47
kT

st +T, -7, W (- jT.—7,)dt  (16)

1Ay,
(DT 7y * .
c/;)o =1. Sk(t_Tkp)l// (t—JjT,—1y,)dt (17)
JT 4Ty
l (+DT,+74
ckp+l =1 s (11, Tkp)l// (t—jT.—7,)dt (18)
JT 47y

As a result, the contribution of n-th user at BL(i) matrix is:

L
BLY (i) = 4,b(i- 1)) ga(6,,)® ¢}’

p=1

L
4,63 ga(8,) ®cly )

p=1
+ A,b(i + 1)2 ga(6,)®c,'

p=1
Where ® is Kronecker matrix product.
3. The proposed method

3.1 Proposed method for synchronous single path case

First we consider the case where all users are transmitting

synchronously in a single path fading system, ie. L=1.
Without loss of generality, assume 7, =7, =...= T . In this

case BL matrix is independent of indices k& and / and
simplifies to:

BLI;CI ()= 4,5,()g,a(6,) ®c¢, (20)

A bank of 2M beam forming filters W, is applied to BL.
The beam forming bank W _ is of the
Woon] Mx2M

dimension. Each beam forming filter steers at a different
direction. The normalized m-th beam forming is set up as:

filter

form [w ,, W, ,,... where it has

5,1

1 L (m1) (M=)
W, =l e Mo e m Y @1
The ﬁlter output has 2M X M dimension is:
w.BL (i) %
X =w."BL(i) = : = (22)
ﬂgz wBL (i) Xom
The filter response for direction of k-th user is:
L, =w"a,) (23)
And if we use ULA antenna, then:
- Z
Z e—jv/z'sinb?
1 v=0 X
r,=—: : (24)
M M-l —jVﬂ'(Sll‘lg—i)
Z e
The signal in i-th block is:
K
SW=> A4,g,Td (), (25)
k=1

If the direction of k-th user is desired and assuming:
{E[dk () (G)I=0 i # j,
Eld,(j)d,(j)]=0 k#m

The correlation matrix for the m-th row (i.e. the m-th beam
forming filter output) is:

(26)

R, = Efex" j= Ef: x| @7)
Where:
K M -1 — jzv (sin Hk—L_I) ,
= Z Akgkdk(i)z e Cy (28)
k=1 v=0
Thus:
K K -
R, = (z 4,84, (i)rk,mgk)(z 4,84, O ,c;) (29
k=1 k=1
Where:

_1 —Jjmv(sin 6, —7)
2 e (30)

(e,f)-th element of this matrix is:
14,84, (i)r &)+ 4,8,d, (i)r wCr(@)t.+Apgidy (i)FK,mCK (e)}x

14,g.4d, (l) WG () +4,8,d, DT, mCZ (N +.+Acgidy (i)r;,mck (N}
R, stands for the MAI plus noise covariance matrix:

R, =Ry, +|4,g,L,,[ccci (32)

m N.,m

The direction finding algorithm first identifies a section that
desired signal may fall in. for determine the desired section we
use the largest responses that belonging to the beam forming
filter. To receive this goal we use following function that is
constructed for each row [6]:

T p-1
gk Rm gk

,m

Now we can compute equation 33 for each row then select
tow largest value of them witch named M1 and M2. For a
given sin @ value in the desired section, we can compare two
response values into a vector represented as:

M1 2

Z e—j/zvsin( 9)

v=0

1

— (34)

b(sin(8)) =

2
M-1

Z e—.im(sin(ﬁ)—ﬁ)

v=0

Where sin & ranges from 0 to . After identification of

target section, fine search is performed. b (sin(@)) can be
treated as a steering vector to

sin6’=0~l—.
2M

search in the range
By collecting the two largest soft

values from (33) to form a vector and constructing an
orthogonal projector, we obtain:
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¢ = (’%f‘“ (35)
gM 2
gp'
s = (36)
@
. 2
e o, Gsin 0)]
sin( @) = arg max 37

sin@) b (sin )" (I — P,)b, (sin 6)

Let sec stands for the estimated section, then the angle 6,
can be obtained by :

- 1
in” (sin(6) + (sec—2M —1)— is odd
sin™ (sin(@) + (sec )2M) sec is o (38)

k
1 A 1
. . .
sin” (—— —sin(@) + (sec—2M —1)——) sec is even

3.2 Proposed method for asynchronous multipath case

The algorithm for asynchronous multipath fading is an
extension of the method for the single-path synchronous case.
In this case, we collect the signals of the desired user from all
L different paths. The method of DOA estimation for the
single-path case (relation (38)) is not applicable directly since
the correlation between signals from different paths of the k-th
user will hinder its applicability. We should try to decorrelate
the received signal of each path from other paths of the k-th
user. Without loss of generality we assume that the different
paths of users are numbered in increasing order of path delays,

ie. 7,,<7,<..<71, for for ke {l,.., K} . The
received vector of N_ samples of chip matched filter

synchronised with 7,, (the delay of the /-th path of the k-th

user) at any antenna will contain interference of the same
symbol from the m-th path of the k-th user, which can be

represented by a N, X1 vector as:
t, =, (0), ...t (N =D (39)

(J+DT+7y * .
L) =] s (=T, W (= T~ )dt (40)

T4y
In fact ¢, is the interference of m-th path of the k-th user on
the /-th path of the k-th. We define the N _ X (L —1) matrix
C,, with columns ¢, for {m=1,...,L m #1[}

Cy=lt ity iy i tiy (1)
The column space of matrix C,, (space spanned by columns

of C,, ) is in fact the interference space caused by the

different paths of the k-th user on the /-th path of the £-th user.
To decorrelate the received signal from the /-th path of the 4-th
user and the other paths of the 4-th user we just need to project

the received vector of NV, samples of the chip matched filter

into a space orthogonal to the column space of matrix C, .

The projection operator into the orthogonal space of C, is

[7]:
szL =1y - Ckl(Cng])fle}l[ (42)

In other words, the vector BL /,‘d . (i) = Py BL ’,‘d (i) is not

effected by other paths and is totally decorrelated from that
user's other paths signals, and then we can apply the previous

1 . . . .
method to BL ];d and estimate direction of arrival.

4. Simulation

In this section, the performance of the proposed method is
evaluated in a multipath DS-CDMA system using gold code
sequences of length 31. In all simulations, the receiver has a
uniform linear array with half wavelength spacing between
adjacent antennas and the antenna elements are assumed to be
omnidirectional. There are eight active users (K=8) and three
paths for each user. The real and imaginary parts of the
complex channel gains have been generated randomly by a
zero mean Gaussian distribution with unit variance.

8 user, 3 path

S |
| | | | ] ]

! ! ! !'| —&— 1th Path
N T _
2nd Path
| | | | | | —®— 3rd Path
| | | | | T T
1 _N___bL__ . ____4t________1___
! ) | | | | ] |
> | T . | | | | |
§ | | 5'_13;29 | | § | |
Ed I | o [ L psis2 | |
2 | | ‘I\,\J\‘ Y:1.196 ‘ T x 193
= | | | | | ‘I\"\L Y:1.06
=Tt I O A O A o N
:'410 | | | | I | | | i

e e - =
100 110 120 130 140 150 160 170 180 190 200

The Number of data samples

Fig 1. RMSE versus the Number of data samples (M=3)

The root mean square error (RMSE) and bias versus
number of data samples, SNR and number of array elements
are evaluated for the first, second and third path of 1-th user
and plotted in Fig 1-6. To compare the performance of the
algorithm, we compare this method with algorithms proposed
in [8] [9] and [10].
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Fig 5. RMSE versus Number of Array Elements
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Fig 2. Bias versus the Number of data samples (M:
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Fig 3. RMSE versus SNR (M
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Fig 6. Bias versus Number of Array Elements
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|
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|
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|
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Fig 8. Comparison of RMSE against SNR for three methods
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ST(proposed method) | _|
Z Z| —*— Capon =

- -_-_-_----”-tT--”-””IZ7 —e— CMF+MUSIC

Number of Array Elements

Fig 9. Comparison of RMSE against Number of Array Elements for three
methods

5. Conclusion

In this paper a new method for estimating the direction of
arrival of signals in frequency-selective fading channel with
correlated multipaths is proposed. In this method first, we
decorrelate the received signal of each path from other paths,
and then pass it from a beam forming filter. In this approach
contrary to other DOA estimation approaches, it is not
required to search all angles, and it does not require EVD.
Because the scenario is equivalent to a DOA estimation of
single source in the noise environment, AIC and MDL
criterions are not required for estimating the number of
sources. Since beam forming filters are used, effects from
other users on the desired users signal is also decreased which
in turn increase the efficiency of the algorithm and search area
decrease almost to one tenth some of the other advantageous
of the proposed method are, forming of correlation matrix
including vectors with smaller dimension which result to
lower complexity of calculation. Also, number of users in this
method can exceed the number of antenna arrays. Simulations
have shown that suggested approach works properly in the
case that the number of sources exceeds the number of array
elements
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