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2. DATA MODEL

In uplink DS/CDMA communication system, users transmit their informa-
tion asynchronously. Each user is assigned a unique signature waveform {c(t)} ,Ile
with finite support, cx(t) = 0, t ¢ [0,T], k = 1,..., K, where K is the num-
ber of active users and T is the bit (symbol) duration. The information bits,
bp(i), k = 1,...,K, i = 1,...,P, are stationary white sequences. That is,
{bk(i)},[c(:1 are i.i.d. and E{bg(i)bx(j)} = d(i — j). Under BPSK modulation,
bi(i) € {+1,—1}. The receiving front end is composed of an array of M anten-
nas (sensors). In mobile communication system, the time taken for the wavefront
to pass through the array is much smaller than the chip interval T, and there-
fore, the narrowband assumption is valid. Hence, the response of the antenna
elements to an arbitrary source is characterized by an array response vector (or
steering vector). The steering vector can also be regarded as the spatial signature
uniquely specified for each source that is emitted from a different direction. It
should be noted that the steering vector depends on DOA of the received signal,
array geometry and carrier frequency. Assuming that ULA is applied and the
spacing between adjacent antenna elements is A/2, then the normalized steering
vector can be expressed in the Vandermonde form
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where 0y, is the k-th user’s DOA. By the aid of antenna, the M-by-1 normalized
steering vector {ag (0k)},—; _j that is referred to as the spatial signature, is
unique and user-specific. The baseband data model of the antenna array output
can then be written as

K
(22) x(t) = >3 Vwr()be(i)ex (t — iT — mi)ar+v(t),
k=1 =ik
where x(t) = [z1(t), ...., zam(t)]T stands for the sensor array’s output vector

process. 7k € [0,T], is the k-th user’s associated timing offset, k-th user’s ampli-
tude during i-th bit is \/w(¢). The zero-mean background noise v(t) is assumed
to be uncorrelated with the signal and is both temporally and spatially white.
Sampling the antenna array output data chip by chip, then for one bit interval,
the discrete-time model is

(Vwi (@ — 1)b (i — Vagek, + Vwi(3)be(i)akeky) + V(5),
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where we have assumed that the delay spread is small enough, i.e.,
{Tk}g=1,x < T, such that only the effects of the most recent two bits are
considered. 7 is assumed to be positive multiples of chip time to simplify the
analysis. The matrix X(i) is with dimension M x N.

i = [ek(me) e(me+1) - (N=-1)00 - 0],
cko=[00 -+ 0 ck(0) ex(l) - ex(m —1)]"

is the signature sequence vector associated to the k-th user that bx(i—1) and bg(z)
is modulated onto, respectively. Hence, cg; +cCko is equivalent with the k-th user’s
signature sequence vector ¢, permuted by the time offset 7. In this paper, we
attempt to extract (estimate) the multiuser parameters of DOA {j},_;
time delays {7x},_;  without the training sequence. Obviously, from the data
model of (2.3), {0k};—, g are contained in the spatial signature {ax},_, x
while {7x},_, g are carried by the temporal signature {ck1s erotpar, . k-
Theoretically, the multiuser parameters can be estimated using the maxi-
mum likelihood (ML) method [12]. In ML method, data X(i) are expressed as
a function of parameters to be estimated as depicted in (2.3). The ML estimate
of {Ok}r=1, x and {7k}, g given X(i) is determined by the following rule:

(2.4) {9;6,@}’6:1’.“’1{ sare  guax | (X(i) ‘{ak,Tk}k:L,_,K) )

{gvak}lc=1,...K
where f (X(z) ’{Ok, ’Tk}kzl,mK) is the probability density function (pdf) of X(%)
conditioned on {0, 7k}, x. Though the performance of ML estimator has

been proven to approach theoretically the optimum result, it still suffers from
some difficulties in implementation:

1. It turns out that f (X(z) ‘{Hk, Tk}kzl’“_K) is a highly nonlinear function of

the parameters to be estimated; and {6, Tk}k:l,...K inf (X(z) l{ek, Tk}k:th>
is hard to separate what leads to a difficult optimization problem.

2. To solve the problem of (2.4) generally involves multi-dimensional iterative
searching. The computation load is prohibitively expensive.

In what follows, it is desirable to develop a realizable approach with lower
complexity and acceptable performance.

3. PROPOSED ALGORITHM

3.1. ESPRIT-based DOAs estimator

Based on the data model of (2.3), we exploit any two consecutive rows of
the matrix X(7) to perform DOA estimation. The first row of X(i) can be ex-
pressed as
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K
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where Cy, Cy are both N-by-K matrices. C; = [c1; ... ¢k1], Co = [€10 -.- CKo],
C = [C; Cy]. W2(i — 1), W!/2(i) are K-by-K diagonal matrices with di-
agonal elements given by the amplitudes of (: — 1) and -th bits of K users,
respectively. b(z — 1), b(i) are both K-by-1 vectors that account for the (i — 1)

and ¢-th data bits vectors, respectively. We can also express the second row of
X(7) as

K
(32) x() =Y (\/wk(i 1) (i — 1) exp (jm sin 8) ek

k=1

+ /@b (i) exp(j sin G)exo ) + V(i)

=l Gl | o a5 8] [ S | 0

= CW!2®b + v, (i),

where ® and ® are K-by-K and K-by-2K diagonal matrices, respectively.
© = diag (exp (jmsinf;) exp (jmsinby) --- exp (jmsinfk)),® = diag(® ©).
Note that x;(z) and x2(7) can be regarded as data vectors received from dif-
ferent subarrays, respectively. Consider the 2NV x 1 augmented data “snapshot”
vector

(3.3) 2(i) = [ B } .

x2(1)

Vi (’L)
ce | Wb+ [ 45} } )

where the 2N-by-2K matrix[ ] is referred to as the augmented spatial-

C
(of 5
temporal signature matrix. The correlation matrix of z(i), E {z(i)z(i) }, can
then be obtained from (3.2)

C

(3.4) i [ 5t

]W[CH ®7CH | + oIy,

where Iy is the identity matrix with dimension 2N. From (3.1)—(3.4), several
observations can be made:
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1. The parameters of DOAs to be estimated are contained in the diagonal
elements of &®.
2. Since @ is a full-rank diagonal matrix, hence, the column (range) space of
C is equivalent to the column (range) space of C®.
Since the signal subspaces on the two subarrays, x;(7) and x(z), are related by
a unitary transformation @®, it is plausible to exploit the ESPRIT algorithm to
estimate ®. Performing EVD on R,,,, we have

2N
(35) Rzz o Z )\ieieiHv
3=l

where {)\i}?ivl, {ei}?ivl are the eigenvalues and eigenvectors, respectively. The
2K eigenvectors corresponding to the largest eigenvalues span the column space
of the augmented spatial-temporal signature matrix. Construct the 2N-by-2K

signal matrix E; = [e1 ey -+ ek | and 2N-by-(2N — 2K) noise matrix

B, = [e2K+1 €K 42 - egN], then we may diagonalize R,, and rewri-
te (3.4) as
H
As; O E;
(36) Rzz:[Es En][os An] E,IL{ )

where A, = diag{\i,..., \ax} and A, = diag{A\2k+1,..., A\on} are 2K-by-2K
and (2N — 2K)-by-(2N — 2K) diagonal matrices, respectively. From the signal
subspace theory [13], we have

(3.7) R{EQ:R{[&}}

where R{} means range space of the matrix inside {}. From (3.7), we can
partition Eg according to two subarrays:

(3.8) B = [g;} = [CCQ ] -

where T is a unique 2K-by-2K matrix and the submatrices Eg, Eg are of
dimension N-by-2K. Note that T is nonsingular from the fact of (3.7). In what
follows, R{E;1} = R{C} = R{C®} = R{Ej}, or equivalently, E4, Esy share
a common column space. It can be easily derived from (3.8) that E,y, Ego admits
the following equality:

(3.9) E T '®T = E,».
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Define matrix Q = T~ !®T, then Q can be obtained by solving the least-squares
solution of (3.9)

=4
(3.10) Q = (EZE,;) " EHE,,.

Furthermore, the fact that T is nonsingular implies that the diagonal matrix
@ is the eigenvalue matrix associated with Q. Performing EVD on Q, we can
obtain its eigenvalues {uz}ffl Based on the data model of (3.2), the DOA for
each user can be obtained:

" 1
(3.11) 0 = sin™? (—,— lnuk> s T E =1 IR,
qm

3.2. MUSIC-based timing estimator

In this subsection, we develop the MUSIC-based timing estimator by ex-
ploiting some of the results in the DOA estimator. Since the signal subspace is
orthogonal to noise subspace, we have

(3.12) R{ [ ol } }l = CSP {E,},

where CSP{} means the column space of the matrix inside { }. From the structure
r

of the augmented spatial-temporal signature matrix , we can define the

Co
k-th user’s augmented signature vectors, with size 2N-by-1 as:
1 [ Ck1 ]
KL= gy X exp(jmsinby) |°
- .
1 [ Cko ]
k0= 1 cro x exp(jm sin 6)

Thus, by constructing the 2N-by-2N projection matrix:
(3.13) P, = E,EY = (E,Ef)" = P},

the timings {7x},_, x for each user can be found by performing “spectral
search” on the “MUSIC spectrum” for each user

1 1
3.14) 4= oy ma.x{ + };
( A B 1 (76) Palgy () 1L (75) Prlio (7k)

k=1,2... K.
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In summary, the ESPRIT-MUSIC based joint DOA-Timing estimation algo-
rithm can be generalized as follows:
Step 1: Applying eigendecomposition (EVD) on R,,, we have

o A D EA
R”‘”[ . "] B A LT Lo
i o Esl
Step 2: Construct Eg = and E,,.
Es2

Step 8: Solve E;1Q = Eg9 to obtain Q.
Step 4: Perform EVD on Q, we can obtain its eigenvalues {u;}
Step 5: The DOA for each user is

2K
g1

. 1 .
0y = sin™! (,—lnuk); RESS A U0,
jm

Step 6: Construct P,, = EnEff f

Step 7: Construct lg; (7x) = [ Ck1 (7k) ]

ck1 (k) X exp(jm sinék)

Yy Ck (Tk)
and lgo (1) = [Cko (1)) % (()exp(jﬂ sin 0y, ] '

Step 8: Search for the peak of “MUSIC spectrum” for each user

1 1
Tk = arg max + }; k=1,2,..., K.
i {li’l (k) Prliy (%)~ 1 (7) Plko (1)

4. PERFORMANCE EVALUATION AND DISCUSSION

In this section, several simulations are conducted to demonstrate the per-
formance of the proposed DOA-Timing estimator. In all the simulation ex-
amples, three subscribers that are modulated by BPSK and spread by Gold
code with N = 15 are received by an ULA. We first assume that the arriving
angle and timing for each user is {6) = —45°, 71 = 3T,}, {02 = 25°, 7o = 4T},
{03 = 50°, 73 = 5T, }, respectively; the signal-to-noise-ratio (SNR) for each user
is fixed and equals 10 dB. Under ideal conditions, where we use Eq. (3.4) to
account for R.,,, the DOAs are perfectly estimated and timings estimation are





















