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ABSTRACT

A Postbeamformer Interference Canceler (PIC) is a beam
space processor that processes the signals derived from an ar-
ray of antennas by forming a signal beam and an interference
beam. The paper presents a PIC processor using the orthog-
onal interference beam (OIB) and studies its performance by
deriving the analytical results for the output signal to inter-
ference plus noise ratio (SINR) when an array is situated in
the near field of broadband directional sources. A number of
examples are presented to support the analytical results.

Index Terms— Smart antennas, near field PIC processor,
orthogonal interference beam, broadband array processing

1. INTRODUCTION

Most of the literature assumes that the array is situated in
the far field of the directional sources and thus plane wave
propagation is assumed. There are circumstances where the
sources are located very close to the array and the assumption
of plane wave propagation results in errors. These situations
arises, for example, in the application of microphone arrays
to mobile telephony, video or teleconferencing in small en-
closures where the source is located in the array’s near field
and the spherical wave propagation is applicable as discussed
in [1-11] and references therein.

The majority of array literature using PIC processor deals
with far field case only as discussed in [12—17]. This paper
proposes a method by extending the technique of [12, 13]
to study the performance of PIC processor when an array
is situated in near field of broadband acoustic sources. The
work [12] discusses narrowband and [13] discusses broad-
band with plane wavefront by considering only the directions
of the sources. While the present study is related to the model
of near field broadband with spherical wavefront where the
directions and distances are considered in all derivations. The
proposed method processes signals, after transforming the re-
ceived broadband signals using DFT, at each frequency bin
over the band of interest using narrowband PIC with OIB.

The contribution of this paper is to introduce a new
method using OIB with projection technique for near field
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broadband PIC processor. It derives the analytical expression
for output SINR by considering two scenarios a) direction of
arrival (DOA) and b) distance discrimination. The processor
does not require the steering delays as usually is the case for
broadband beamforming [18]. A number of examples are
presented to verify the theoretical results.

The paper is organized as follows: In the next section the
near field signal model is discussed. Section 3 contains the
proposed method. Derivation and analysis are provided in
Section 4. Results and discussion are included in Section 5
and Section 6 concludes the paper.

2. NEAR FIELD SIGNAL MODEL

For an array of identical omnidirectional elements in the near
field of M uncorrelated sources, let the origin of the coordi-
nate system be taken as the time reference as illustrated in Fig.
1(A). Thus the time taken by a spherical wave arriving from
the i*" source in the direction (6;, ¢;) situated at a distance 7;
and measured from the £*" element to the origin is given by

Tie(ri, 0iy $i) = w ¢y
with d; = r;[& § 2][cos 0; sin ¢;, sin 0; sin ¢, cosg;]T de-
noting the position vector of the i*" source, d, similarly de-
noting the position vector of " element and c is the speed of
propagation of the spherical wavefront.

In this paper, two scenarios a) DOA and b) distance
discrimination are considered using a uniform linear array
(ULA) geometry with element spacing d whose elements
are positioned along the x-axis such that the first element is
situated at the origin as shown in Fig. 1(B).

Consider an array of L isotropic elements emerged in the
near field of two uncorrelated broadband acoustic sources
plus uncorrelated background noise. One source is the de-
sired signal source located at (g, fs) and the other one is an
undesirable interference at (1, 6;). Let the induced signals
on the array elements be denoted by an L dimensional vector
z(t), given by

z(t) = [o1(t), 22(t), ..., 2 (B)] " @
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Fig. 1. Near field model.
with z,(t) denoting the signal induced on the ¢*" array ele-

ment and the superscript 1" denotes the transpose of a vector
or a matrix.

Accounting for the fact that the magnitude of a spherical
wave falls off as % and energy falls off as T%, assuming that
the ¢t element is situated at a distance of 7, from the "
source, 2 (t) is given by [3]

Mo
xo(t) = Z —si(t — 7ie) + ne(t),

Tie

3
i=1

where ny(t) denotes the random noise component on the oth

element and s;(t) denotes the signal of the i*" source.

Let the induced signals be sampled at the sampling fre-
quency fs. Let an LN dimensional vector X (¢) denote N
sampled signals. It is given by

X(t) = [zT (@), 2Tt -T),....,2T¢t - (N-1)T)" @

where sampling interval 1" = %
Letan LN x LN dimensional matrix R denote the array
correlation matrix given by

R=E[Xt)X"(t)]. )

The correlation between two signals from channel ¢ and
k before m'" and n*" delay respectively, for the i** source of
autocorrelation p;(7), is given by [3]
2

re
(Runn)ee = ——pi((m —n)T + 730 — Tig), (6)
TieTik
€7k:1727"' aL; m7n:172a"' aNa
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where 7;, and r;;, denote the distances from the i*" source to
™" and k'™ element respectively.

Let R,,¢(k) denote the near field array correlation matrix
at the k*” bin given by

Ry (k) = E[z(k)z" (k) (M)

where Z(k) denote the signals at k** bin after using DFT and
the superscript H denotes the Hermitian transpose of a matrix
or a vector. B

It can be shown that R and R, ¢(k) are related by [19]
li=1,..L

R (K)o = e™ (k) (Re)e(k), 8)

where

2w
-7 mk
e FmE

)

3. PROPOSED METHOD

The structure of the near field PIC processor at the k" fre-
quency bin is shown in [1]. The output g(k) of the near field
processor in vector notation is given by

q(k) = VT (R)Z(k) —w(k)U" (K)Z(k),  (10)
where V (k) and U (k) denote L dimensional complex weight
vectors for signal and interference beams respectively.

The mean output power of the processor for a given w(k)
is given by

P(w(k)) = Elq(k)q* (k)] = V" (k)R ;(k)V (k) + w*w
U™ (k)R ;()U (k) — w* V¥ (k)R,, ; (k)U (k)

n

QY

The optimal weight which minimizes P(w(k)) is given
by

Loy 0Pw(k)
w(k) = dulk) 0 (12)
which along with (11) implies that
(k) = V(k) By (k)U(K) (13)

U™ (k) oy (6)U ()
In this paper the signal beam weight V (k) is formed as
V(k) = Sy(k)/L (14)

with S, (k) denoting the near field steering vector associated
with the desired signal position at k** frequency bin given by

Ts ion o
(So(k)), = ;eﬂ (k/N)fs(Tes—7s) 15)



where 45 and 74 respectively denote the distances from the
desired signal position to the £** element and reference point,
Tys and 75 denote the propagation delays from the desired po-
sition to the £*" element and reference point respectively.

The interference beam weights of the near field processor
are selected as [12]

U(k) = P(k)S,; (k) (16)
where P(k) is a projection matrix given by
P(k) = I - S,(k)Sg (k)/L (17)

with I denoting an identity matrix and S;(k) denoting the
steering vector associated with the near field undesired inter-
ference position at k" frequency bin.

4. DERIVATION OF ANALYSIS

In this section analytical expressions for the mean output sig-
nal power, interference power and the noise power at var-
ious frequency bins for near field processor are derived to
study their behavior and to show how these quantities vary
as a function of relative positions of two broadband acoustic
sources, their power and background noise level.

In [12, 13] the PIC processor for far field model is ana-
lyzed where only the direction of the sources is considered.
We significantly modify this to take into account for the near
field system model, in all the derivations we consider the di-
rections and distances. The mean output signal power Pg(k),
interference power Py(k) and noise power P, (k) for near
field processor are derived as

pr(k)[1 — (k)]

Ps(k) = ps(k), Pr(k) = :
s(k) = ps(k), Pr(k) [1+ (k) (Lpr/o2(K))] "
o oAk) [}, (L—&R)y(k) (19)

L (v(k) + (o7 (k)/Lp1))?
with ps(k), p;(k) and o2 (k) denoting the input power spec-
tral densities of signal, interference and background noise at
the k*" bin respectively,

(k) =1 - S (k)S,(k)ST (k)So(k)/L*  (20)
and
~UM(k)S, (k)ST (k)U (k)
(k) = LU (R UR) ) 1)

Let Q(k) denote the output SINR of the near field proces-
sor at the k% bin. When the interference beam is formed by
(16), it can easily be shown that (k) = (k) and it follows
from (18) and (19) that

7, (k)
Q) = Ps(k)  _ Lps(k) §0F) + ooy
Pr(k) + Po(k)  on(k) | 1+ zjf5$

(22)
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Fig. 2. SINR (k) versus interference directions with L = 4,
N =125, rs = r; = 5y, 0s = 70% 0; = [0 — 180,
ps(k) = pi(k) = 02 (k) = 1 and bandwidth=[0.22 - 0.44].

From (22) it can be seen that the results of the proces-
sor not only depend on spectral densities of noise, interfer-
ence and signal, Q(k) also depends upon £(k) which in turn
depends upon array geometry and positions of two sources.
Plots of (k) for various interference directions and distances
are shown in Figs. 2 and 3 respectively for an equispaced ar-
ray of 4 elements with half wavelength (Af) spacing at high-
est frequency using N = 125 and signal bandwidth from bin
28 to 55 corresponding to normalized frequency [0.22 - 0.44].

Fig. 2 shows Q(k) as a function of interference DOAs
when signal source makes an angle of 70° with the line of
the array and coming from the same distance as that of the
interference of 5\ . One observes from the figure that when
B is close to 07, (k) is very small. As fg moves away from
61, (k) varies monotonically with k whereas when 6 is far
away from 6, (k) attains the highest value and the variation
with £ is not monotonical.

Fig. 3 shows (k) as a function of interference distances
when signal source is assumed to be situated at a distance of
5\ g away from the reference point and coming from the same
direction as that of the interference. One observes from this
figure that it agrees with the results of Fig. 2, (k) depends
upon the distance of the interference. For example when r; is
at about 6, (k) increases monotonically between about
0.4 to 5.2 dB whereas when r; is at about 2\ g the variation
with £ is not monotonical.

5. RESULTS AND DISCUSSION

The analytical derivation for the output SINR Q(k) assumes
that the sources are sinusoidal at the &*" bin. This implies an
assumption of infinite samples for broadband sources whereas
when N is finite the SINR at the k" frequency bin is given
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Fig. 3. SINR Q(k) versus interference distances with L = 4,
N = 125,75 = 5y, r1 = [0 — 10]Ag, 05 = 0 = 70°,
ps(k) = pr(k) = 02 (k) = 1 and bandwidth=[0.22 - 0.44].

by
_ Ps(w(k))
Pr(w(k)) + Po(w(k))

with Pg(w(k)), Pr(w(k)) and P, (w(k)) denoting the mean
output signal, interference and background noise power given
by (11) for given (k). It should be noted that in the limit as
N — o0, Af = % — 0, i.e. each bin becomes a sinusoid
and thus SINR(k)— Q(k).

In this section a number of examples are presented to
show the effect of various parameters on the results. The re-
sults are obtained by computer simulation for the configura-
tions used in the previous section.

Fig. 4 shows SINR(k) and 2(k) as a function of bin num-
bers for different interference DOAs for the same configura-
tion of Fig. 2.

One observes from Fig. 4 that the analytically derived
value of the SINR at the kth bin is higher than the actual
value for the finite bandwidth scenario and almost the same
when 6; = 60°. The SINR increases with k for interference
DOAs of 60° and 85° whereas for 140° the SINR is almost
constant with k. The processor has also less SINR when the
interference is closer to the signal source. These are expected
from the variation in (k) shown in Fig. 2 and from inspec-
tion of (22). This confirms the analytical study in the previous
section that the output SINR varies with & and the variation
depends upon the relative DOAs of two sources.

It is also observed that an increase in number of samples
makes the simulation results closer to the analytical ones as
expected and the figure is not shown here.

Fig. 5 shows SINR(k) and (k) for different interference
locations for the scenario of Fig. 3. One observes from this
figure that it agrees with the results of Fig. 4 and confirms the
theoretical results that the output SINR varies with &£ and the

SINR(k) (23)
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Fig. 4. Output SINRs versus bin numbers for different inter-
ference directions for the same configuration of Fig. 2.
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Fig. 5. Output SINRs versus bin numbers for different inter-
ference distances for the scenario of Fig. 3.

variation depends upon the distances of the two sources.

It is also observed that for small 02, Q(k) o &(k) and
the SINR is very small for large o2. These are expected from
studying (22).

6. CONCLUSION

This paper has presented for the first time a method to analyze
the performance of PIC processor for near field broadband
acoustic sources by deriving expressions for output SINR. It
has discussed how the results are affected by various param-
eters especially the relative positions of two sources and has
been compared to simulation results. A close match has been
achieved between the two cases.
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