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SIGNAL SUBSPACE TRANSFORMATION FOR
DIRECTION-OF-ARRIVAL ESTIMATION OF
WIDEBAND SOURCES IN NEAR FIELD

L ena Chang*

Key words: signa subspace transformation, tracking, direction-of-
arrival (DOA) estimation, near-field, wideband sources.

ABSTRACT

A novel adaptive signal subspace transformation for
direction-of-arrival (DOA) estimation of wideband sourcesin
the near-field is proposed in this paper. The method is com-
posed of two transformations: signal subspace focusing (SSF)
and far-field transformation (FFT). SSF aligns the signal sub-
spaces for different frequencies in the bandwidth of the sources
based on focusing matrices. FFT transforms the near-field
steering vector to be the far-field steering vector with same
direction-of-arrival (DOA) dlocation. By the way, we simplify
thelocation estimation of wideband sourcesin the near-field to
be narrowband sources in the far field. The proposed method
can track the DOA s and ranges of near-field wideband sources,
simultaneously. Simulation results and water-tank experiments
confirm the feasibility and efficiency of the proposed adaptive
DOA estimation method in underwater environments.

. INTRODUCTION

The estimation of direction-of-arrival (DOA) has been
widely applied in the field of radar, sonar, communications
and seismology. Most of DOA estimation algorithms are re-
stricted to the narrowband sourcesin far-field. Recently, there
has been growing interest in developing wideband source lo-
cation estimators in the near-field, in which both the angles
and the ranges are required to be estimated simultaneously.
In this study, we present an efficient adaptive DOA estimator
based on the recursive signal subspace transformation for
wideband source estimation and tracking.

Two-dimension (2-D) MUSIC method and the maximum
likelihood estimator (MLE) [3] determine the range and the
angle of sources, which can be considered to be the modified
versions of far-field cases. Some other methods based on the
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second-order statistics have been proposed in the literature,
such asthe weighted linear prediction method [2], and the gen-
eralized ESPRIT method [12]. [8] introduced an underwater
acoustic eigenstructure ESPRIT-based agorithm which de-
rived closed-form DOA estimates for near-field sources by us-
ing a single vector hydrophone. To overcome the multipath
underwater acoustic problem, [7] proposed a non-iteration
deconvolution algorithm for shallow water multipath channel
estimation in near range. [5] developed a far-field approxi-
mation (FFA) method which constructs a FFA covariance
matrix from the measured covariance matrix to approximate
the ideal covariance matrix associated with the far-field sig-
nals whose bearings are the same as those of the near-field
signals. Recently, [11] estimated the DOA and range of near-
field sources based on joint diagonalization, which obtained
the azimuth and range parameters without 2-D parameter search.
These methods deal with the narrowband assumption.
Furthermore, [4] proposed the coherent signal-subspace
method (CSM) for the direction estimation of wideband sources.
Although the CSM is very effective in the wideband signal
detection and estimation, it suffersfrom the construction of the
focusing matrices which require a set of preliminary DOA
estimates vialow resolution methods, such as beamforming or
spectrum paradigm. If these preliminary DOA estimates are
inappropriately selected, the CSM often results in an estima-
tion error in the focusing matrices. [10] transformed the re-
ceived data to the frequency domain, and each frequency bin
can be represented by the narrowband model. These methods
are proposed for the estimation of far-field wideband sources.
In the study, we propose an estimator to solve the problem
of joint range and DOA estimation for multiple wideband
near field sources. To aleviate the performance degradation
caused by wideband and near-field sources, we develop an
adaptive DOA estimator which combines signal subspace
focusing (SSF) and far-field transformation (FFT) based on
the adaptive eigen-decomposition algorithm [1]. We first es-
timate the signal subspace corresponding to each frequency
bin of the received wideband signals by using an adaptive
eigen-decomposition agorithm, which can calculate the eigen-
components of the signal subspace in real time. Then, the
FFT is applied to near-field direction and range estimation.
The proposed FFT utilizes a far-field transformation matrix
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to transform the near-field steering vector into the far-field
steering vector with same DOA allocation. By using the FFT,
we simplify the near-field DOA estimation as the far-field
estimation. Finally, we propose a SSF method for the DOASs
estimation of wideband sources. The SSF transforms the signal
subspace, which corresponds to the spectrum density matrix,
at each frequency bin onto the focusing subspace (usually the
signal subspace at receiver center frequency) by using focus-
ing matrices. The focusing matrix is formed without a priori
knowledge of source angles. Thus, the SSF avoids the sensi-
tivity problem caused by preliminary angle estimate. The pro-
posed method can track the DOAs and ranges of the wideband
sources in near-field, simultaneously.

1. PROBLEM FORMULATION

Consider a p-element linear array illuminated by q near-
field wideband sources. The source signals are limited to a
common frequency band with bandwidth B and center fre-
quency f,. The signal received at the mth sensor can be ex-
pressed as

q
X (1) = D (0= Ti) + 1, 1) ®

where a;, isthe complex gain of the mth sensor with respect to
theith source. 7, isthe propagation delay for theith source at
the sensor m with respect to the reference point of the array.
s(t) is the amplitude of ith source and ny(t) is the additive
noise at the sensor m. The received signal X(t) can be repre-
sented by its Fourier components X( f,) in the frequency do-
main. Thek-th Fourier components corresponding to the array
measurements xp(t), m=1, ..., p, can be expressed as a vector
form,

Xl( fk)

X, ()

X(f,) = =A@.d, £)S(F)+N(F) (2

XPkfk)

where S(f) = [Si(f), S(f), Ss(fi) -..S(f)]" and N(f) =
[N2(f), No(f), Na(f) ...Ne(f)]". S(fJ) and N(f,) denote the
vectors formed by the Fourier components of signal and noise
at frequency fy, respectively. A(4, d, f) isap x g matrix and
represents the array direction matrix corresponding to fre-
guency fy, given by

A(0.d, f)=[a(6,,d, f,) a(b,.d,, f,) a(e,.d,, f)l

©)

In (3), a(@;, d;, f,) represents the near-field direction vector
of the ith source located at direction 6; and range d, at fre-
quency fi,

0.d f)= _j2nf _j2nf, —j2rfen, " 4
a(g.d, ) =| o€ 105, re O 4

and 7, :[\/(di -y, sin8)*+(y, cosé)’ —d, }/c where yi,

is the mth sensor location and ¢ is the propagation velocity.
Suppose the noise N( f,) isindependent of the signal S(f,) and
has zero mean with known noise spectrum density matrix
Pu(f) = EIN(fON"(fJ] = o°P,(f). The spectrum density
matrix of the array output is given by

Px(fk): E[X(fk)XH(fk)]
=A(0,d, fk)Ps(fk)A(Hidl fk)H +PN(fk) ©)

where Py(f) = E[S(f)S(f)"] is the source spectrum density
matrix and Py(f,) = ol for white noise.

[1l. FAR-FIELD TRANSFORMATION (FFT)

In the section, we propose the FFT to transform the near-
field direction vector a(d,, d;, f) to be far field with the same
signal direction. In (4), a(é,, d;, f) can be approximated to be

a.d, f,)=Q(,d, f,)a@, f,) (6)

where a(é, f,) isthe far-field steering vector of source located
at o,

) ! ) . ) ! T
a(el ’ fk) _ |:e]27rfkylsm6, /C,e]27[fky25m9,/c' m’eJankypsma /c:| (7)

and Q(4,, d,, fi) represents the transformation between the far-
field and near-field steering vectors,

Q4,.d, f,)=diag(a, ¢, .. @)
with g = @ 127 f (yno0s6) /(2dc) ®)

in 2D-MUSIC, the steering vector a(é, d, f,) is projected onto
the noise space E(f,) and the parametric search in angle and
range revealing the true directional vectors as the spectrum p(6,
d, f) achievesthe null values. The null spectrum is defined as

p(o,d, fk) =a" 0.,d, fk)En(fk)E: (fk)a(H,d, fk)
=a’(6,d, f)ll -EJ(f)E (f)la@.d,f) (9

E{f) and E,(fy) are the signal and noise subspace corre-
sponding to spectrum density matrix of the array output Py ( fy).
Substituting (6) into (9), the null spectrum becomes
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P, f)=a" (6, f Il - EJ(f)ES (f)la@, f,)  (10)
where E.(f,) = Q"(, d, f)E(fY). From (10), we know that
the two-dimension parametric search in angle 8 and range d
can be reduced to one-dimension angle search, as the signal
subspace E4(f,) corresponding to the near-field sourcesistrans-
formed to be the associated far-field signal subspace E(f,) .
However, the transformation matrix Q(6, d, f,) is required to
construct E.(f,). It meansthe signal direction ¢ and range
d should be known previously. In the study, we propose an
adaptive far-field transformation approach which utilizes the
forward-only adaptive elgen-decomposition (FOAE) algorithm
[1] to adjust the signal subspace E4fy), and E4(fy) is trans-
formed to be E_(f,) by atransformation matrix Q(A(n), d(n),
f) with 8(n) and range d(n) estimated in the previousiteration.

IV. SIGNAL SUBSPACE FOCUSING (SSF)

By the proposed AFFT, we have transformed the near-field
source estimation to be far-field. Then, in the section, we in-
troduce a signal subspace focusing (SSF) method for wideband
source estimation. Our method is based on the transformation
of the signal subspace at frequency f, into a focusing subspace
at frequency f,. The transformation is done by using the fo-
cusing matrix, which satisfies

E,(fo) =T(f)E(f) (11)
[4] has shown that a good focusing matrix is unitary. Hence,

the focusing matrix in (11) is chosen to be unitary and satisfies
the following constrained minimization problem

min[E.(f)-T(RIE(RI],. k=L..K (@2

subject to T™(f,) T(f,) = I. Thesolution of (12) can be obtained
as

T(f) = V(RJU"(fo) (13
In (13), V(f,) and U(fy) are the matrices containing the left
and right singular vectors of E_(f,)EM(f,), respectively.
The focusing matrix in (13) may transform the steering vector
a(o, f,) of different frequency bin into the central frequency f,,
a0, f,) =T(f)a(@. f,) (14)
Using thefar-field transformation matrix Q(6,, d;, fi) and the
focusing matrix T(f,) in (13), the array output vector X(f,) is
transformed into a new vector,

Z(fk)=T(fk)QH (e!difk)x(fk) (15)

Then, we combine the spectrum density matrices of the

transformed vector Z(f,) over the frequency band by an av-
eraging procedure and construct the smoothed spectrum den-
sity matrix

P, =S T(f)Q" (6.d, )P (F)QE.d, f)T"(f,)  (16)
Using (5), (6) and (14), we get
P, = _Zq:a(‘gia fO)ES a'@,f,)+o’l (17)

_ K
where Ps = > P, (f,). Equation (17) shows the smoothed
k=1

spectrum density matrix Pz has the same form as the correla-
tion matrix corresponding to far-field and narrow band sources.
If we perform the transformation in (15), the DOA estimation
of the near-field wideband sources can be obtained by utilizing
any super-resolution signal subspace methods for the DOA es-
timation of far-field narrowband sources. To estimate the
DOA, we average the null spectrum, defined in (10), over fre-
guency band and obtain the smoothed null spectrum which is
given by

BO) = Y. 6. 1,) (18)

Substituting (10) into (18) and using (11) and (14), we obtain
0 =%gaH (6, 40T (FT(1,)

[ = EL(R)EX (BT (FIT(£)a(6, ,)
= (6, ) T - EL(LE (BT (11866,

=a" (0, f,)[l - E(f,)E" (f,)]a, f,) 19
By searching the smoothed null spectrum, we can estimate
the DOAss of wideband sources in near-field.
The proposed adaptive DOA estimator, called adaptive sig-
nal subspace and far-field transformation (ASFFT) is sum-
marized as follows:

1) Set the initiad DOA and range, 6;(0) and d(0), for each
source and the initial eigenvectors Egf,) for each fre-
quency components.

2) Perform DFT on the array output signals x.(t) for each
snapshot and get Fourier components, X fi).

3) Adjust the signal subspace E((f,) for each frequency
bin from X.(fy) by the forward-only adaptive eigen-
decomposition algorithm (FOAE).
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4) Transform the near-field signal subspace E4 f,) to be far-
field signal subspace E_(f,) for each frequency bin by
using the transformation matrix Q(6(n), d(n), fi).

5) Transform the far-field signal subspace E.(f,) at each
frequency bin to the signa subspace at receiver center
frequency E,(f,) by using afocusing matrix T(f).

6) Employ E.(f,) to do the far-field bearing estimation
6(n + 1) by using root-MUSIC.

7) Adjust the range d(n + 1) under MM SE of the smoothed
null spectrum by using the gradient searching method.

d(n+D) =d(n)-xp'(6(n),d(n), f,) (20)
where u is the step size and p’(6(n),d(n), f,) isthe gra-
dient of smoothed null spectrum which is derived from

(19),

B e, d(n), 1) =%Hmm 21)
In(21), P(6,d, f,) defined in (19) is rewritten as
B©.d. 1,)
~BO) =" (6, 1,)(1 - Ex(1,)E" (1,)a(®, f,)
= a0, 1, 0)(1 ~E()E (I )a@. ) (22

8) Repeat steps 2 to 7 till the gradient of the smoothed null
spectrum in (21) approaches zero.

In the future study, the proposed adaptive method will be
further modified for coherent sources by combining spatial
smoothing and the adaptive eigen-decomposition algorithm.

V.EXPERIMENT RESULTS

Simulations are performed to demonstrate the efficiency
of the proposed method ASFFT. We conducted experiments
based on alinear array of sixteen sensorswith equal spacing of
half-wavelength at central frequency f, =100 Hz. The source
signals were band-pass zero-mean white Gaussian processes
with same central frequency 100 Hz and band-width 40 Hz.
The sampling rate at each array element was chosen to be 160
Hz and the total observation time was 96 s. We divided the
observation time into 120 segments, such that each segment
(“snapshot”) was 0.8 s. With this sampling scenario, we apply
128-point DFT of the array output signals on each snapshot
and get X(fy), k=0, ..., 127. In addition, 33 frequency com-
ponents X(fy), k = 64, ..., 96, corresponding to 80-120 Hz
were selected in the simulation.

We first considered two near-field wideband sources lo-
cated at direction 6; = 5° and 6, = 10° and range d; = 154 and

30
---- Source 1
25 Source 2
o 201 T
I
en A
g3 5 tL 0,=12.74° -
()
ED LO rermmsmmemr s -
<
%D 5 ]
]
A 0f 6,=3.78° |
5 F 4
-10 LSS
10 20 30 40 50 60 70 80 90 100 110 120
Sample Numbers
(a) DOA Estimation by ASSF
---- Source 1 |
—— Source 2
,g i
o ]
)
2 0,=9.81°
OD ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =
)
<
RN e o -
§ ‘\‘ 0, =4.85°
m 0 ! .
|
sEo ]
—— ] |
-10 e
10 20 30 40 50 60 70 80 90 100 110 120
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(b) DOA Estimation by ASFFT
30
-=== Source 1
25+ — Source 2
gb 20—~ \\\ . ]
S d, = 14.87°
(5]
2 eeeemeee e e SN e e e rsesrar s s s s nacar o]
g
9]
en
g - =
= d, =10.24°

10 20 30 40 50 60 70 80 90 100 110 120
Sample Numbers
(c) Range Estimation by ASFFT

Fig. 1. Theestimation results of two near-field wideband sources located
at [64, di] =[5°, 154] and [0, d;] =[10°, 104].

d, = 104, respectively, with the same SNR = 10 dB. / isthe
wavelength at central frequency, 1 = c/f,. In the simulations,
we compare the proposed ASFFT with adaptive signal sub-
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Fig. 2. Satistics analyses of two near-field wideband sources located at
[6., di] = [5°, 152] and [0, d] =[10°, 104].

space transformation (A SSF) which combine the the forward-
only adaptive eigen-decomposition (FOAE) algorithm [1] and
the signal subspace focusing (SSF) method for far-field
wideband source estimation. Furthermore, to validate the
efficiency of FFT, we didn’t perform FFT, the step 2 of the
proposed ASFFT, in the first 20 samples. Figure 1 show the
estimated bearings and ranges for 120 samples. The simula-
tion curves were averaged from 100 independent Monte Carlo
trials. Theresultsin Fig. 1 indicate that the proposed method

can estimate the DOA s more accurate than the A SSF approach.

Moreover, we observe that the proposed method can improve
the estimation accuracy significantly after 20 samplesat which
we began performing FFT. The estimated source directions
are 6, =4.85° and 0, = 9.81°, and rages are d, = 14.871 and
d, = 10.24) after 120 samples. Figure 1 validates that the
proposed method can estimate the source directions and ranges
simultaneously, with a faster convergence rate and achieves

20 T T T T T T T

—-—-- ASSF
— ASFFT (with true range) -
—— ASFFT (with est. range)

spatial spectrum (dB)

0 10 20 30 40 50 60 70 80 90
DOA (degree)
Fig. 3. Inverse of smoothed null spectrum. Two near-field sources lo-

cated at [0, di] = [17°, 204] and [6-, dp] = [20°, 154], and two
far-field sourceslocated at 39° and 42°, respectively.

high estimation accuracy. We then examine the estimation per-
formance of the proposed ASFFT. The performance is meas-
ured by the root mean square error (RMSE) for the DOA and
the normalized root mean square error (NRM SE) for the range
defined in [2]. The statistics analyses are conducted by 100
independent trials. Figure 2 showsthe RMSE for the DOA and
RNMSE for the range with SNR varied from -10dB to 25 dB.
The RMSE for the DOA and RNM S for therange are smaller
than 0.3° and 0.374, respectively, even for SNR =-10 dB. In
Fig. 2, we observe that the root mean square error for the DOA
and range of the source located [6,, do] =[10°, 10/] are larger
than those of the source located [6,, di] =[5°, 15/]. Theresults
come from that the near-field effect of source located [0, d,] =
[10°, 107] is stronger than the source located [0y, di] = [5°,
154]. From Fig. 2, we aso observe that the performance of
ASFFT becomes better as SNR increases. The result is rea-
sonable since the estimation of signal subspace is more accu-
rate for larger SNR.

Next, we consider the case of multiple arrivals of which
some arrivals locate at near-field and others are at far-field.
The impinging four wideband sources are two near-field
sourceslocated at [01, di] =[17°, 204] and [0, d,] =[20°, 154],
and two far-field sources located at 6; = 39° and 6, = 42°,
respectively. The four sources are with the same SNR =10 dB.
Figure 3 shows the inverse of smoothed null spectrumin (22),
D(6,d, f,)=1/p(6,d, f,) from 100 samples. The peak lo-
cations of the spectrum D(9, d, f,) correspond to the DOAS of
the arrivals. In the simulations, we compare the estimation
property of the proposed ASFFT with estimated ranges
[d;,d,] =[20.74, 15.92] and with known true ranges [d;, d;] =
[204, 154], respectively, to that of the ASSF method. From
the spectrum in Fig. 3, we observe that resolution property of
the proposed ASFFT is better than the ASSF for two near-field
sources. The estimation biases of the ASSF with estimated
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Fig. 4. The tracking results of two moving near-field wideband sour ces:
0,: 5° — 11°, di: 104 — 162 and 62 30° — 36°, dp: 154 — 214.

ranges are 0.1° and 0.3° for near—field sources 9; = 17° and
6, = 20°, respectively. Where the ASSF with estimated ranges
can estimate the DOAs of far—field sources accurately. The
resultsin Fig. 3 also indicates the proposed ASFFT with known
ranges can estimate the DOAs of near-field sources more
accurate than ASFFT with estimated ranges.

Then, we examined the tracking capacity by estimating the
locations of two moving sources, one moving from 6,: 5° —
11° and d;: 104 —164, and the other moving from 6,: 30° —
36° and d,: 151 — 214. Figure 4 validates that the proposed
method is effective in tracking the locations of wideband
SOurces.

Moreover, to examine the robustness of the proposed ASFFT
in the multipath environment, we conducted the simulation with
sources similar to those in Fig. 3, but the first two signals s;(t)
and s,(t) are coherent with s,(t) = s3(t — 0.125s). The results
in Fig. 5(a) show that the proposed ASSFT iseffective only for
non-coherent sources. To overcome the multipath problem,
we employ the spatial smoothing technique [6] to decorrelate

spatial spectrum (dB)

0 10 20 30 40 50 60 70
DOA (degree)
(a) ASSFT

spatial spectrum (dB)

-15 L L L L L L
0 10 20 30 40 50 60 70

DOA (degree)
(b) ASSFT with spatial smoothing

Fig. 5. Inverse of smoothed null spectrum. Simulation scenario same as
Fig. 3, but two near-field sources are coherent, s,(t) = s,(t — 0.125s).

the coherence of sources. We divided the array into two over-
lapped subarrays with 15 elements sensors each. The fre-
guency components of each subarray, Xy(f) and X,(fy) are
both used to adjust the signal subspace E4(f,) in the step 3 of
ASSFT. Simulation results in Fig. 5(b) validate the ASSFT
combined with the spatial smoothing technique is effective in
DOA estimation for coherent wideband sources in near-field.
Finally, we examine the efficiency of the proposed method
in underwater environments. The water tank experiment with
structure shown in Fig. 6 is performed to simulate the under-
water environments. In the experiment, a sine wave with am-
plitude +5 V and radiating frequency 5 K Hz was generated by
the signal generator. The transmission hydrophone was lo-
cated at direction 6 = 10° and range d = 150 cm = 51. The
bearing estimation results are presented in Fig. 7. We observe
that the proposed method converges at around 200 samples.
The results indicate the real-time estimation ability of pro-
posed approach. The estimated locationis 8 =10.5°and d =
4.9) at 500 samples. The estimation bias may be caused by
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3m . the reflections from water tank and the small size of receiving
/ antenna (with 3 sensorsin the experiment). Inthefuture study,

we will improve the estimation accuracy by using a larger
antenna and do experiments in real underwater environments.

1.5m

| f—c VI. CONCLUSIONS

Ihohone Ihonhone In this paper, we proposed the ASFFT method for DOA and
range estimations of wideband sources in the near-field. The
ASFFT combines SSF and FFT. SSF transforms the signal
subspace corresponding to each frequency bin on to the fo-
Charge Amplifier Power Amplifier cusing subspace by using a focusing matrix. FFT transforms
Nexus 2635 Bk 2713 the near-field steering vector to be the far-field steering vector
i T with the same DOA. By performing the SSF and FFT adap-
tively, we simplify the location estimation of wideband sources
in the near-field to be narrowband sources in the far field.
Simulations demonstrate the estimation accuracy and track
P efficiency of the proposed ASFFT which can estimate the
DOAs and ranges of near-field wideband sources, simulta-
Fig. 6. Block diagram of water tank experiment. neously. And the water-tank experiments confirm the feasi-
bility and efficiency of the proposed ASFFT method in un-
derwater environments.

Recoder

SIR-1000 Signal Generator
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