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Abstract

This article proposes the design of a wideband coupled feed dipole antenna for Passive Coherent Location (PCL) systems. The
proposed antenna consists of an internal direct feed dipole and an external coupled feed dipole. This coupled feed mechanism,
which is often used in microstrip patch antennas, is applied to the dipole element for a wide matching bandwidth. To verify
the operating principle of the proposed antenna, an equivalent circuit model is investigated along with some parametric stud-
ies of the coupling effect. The proposed antenna is then extended to an eight-element uniform circular array to confirm the
beamforming performance for PCL systems. The results demonstrate that the coupled feed dipole element is more suitable
to enhance the matching bandwidth compared to a conventional dipole antenna.
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1 Introduction

Passive coherent location (PCL) systems are bistatic radars
using commercial broadcasting signals including FM radio
[1, 2] analog TV [3], digital TV [4—7] mobile communica-
tions [8], and satellite [9, 10]. PCL systems do not require
additional transmitters unlike other typical active radars,
which has the advantages of minimizing the exposure of
observation sites while increasing the detection accuracy
by multiple observation sites at a low cost. In addition,
the use of the VHF frequency band allows PCL systems to
detect long-range targets and counteract stealth technolo-
gies, such as RCS reduction and low altitude flight [11-13].
Many studies have been extensively conducted and reported
to improve the PCL system performance in various ways.
Among them, there have been several efforts to enhance
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detection performance by improving the signal processing
algorithms. Techniques for enhancing the detection effi-
ciency using Doppler-sensitive cross-correlation has been
studied [1], and recently, methods of mitigating interfer-
ence, such as the multipath and clutter echoes by cance-
ling sequential zero-Doppler signal components have also
been proposed [14, 15]. On the other hand, some studies
have focused on deriving the proper transmitter waveforms
by checking self-ambiguity [16, 17], and efforts have also
been made to increase received information in various ways,
such as using polarization diversity [18, 19], spatial diversity
[20], multistatic transmitters [6, 21], and multistatic receiv-
ers [4, 22]; however, these previous efforts mainly focused
on performance improvement in terms of algorithms and
software—not the hardware of antenna elements that can
further improve system performance. In particular, the PCL
system should be able to receive a variety of commercial
radio sources so that the broad matching bandwidth of the
receiving antenna with an omni-directional pattern is one of
the key factors in determining overall system performance.
Although there were some previous studies on broadband
dipole antennas [23, 24], they were not suitable for PCL
system applications in terms of frequency or outdoor instal-
lation. The dual-band antenna of PCL systems has recently
been reported to improve the system detection area, but the
bandwidth of each band is limited, and the work is mainly
focused on ARD maps through the ambiguity function [6].
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In this paper, a novel design of an array element that can
achieve a wide matching bandwidth by applying a coupled
feed mechanism to a dipole antenna is proposed. This cou-
pled feed, which is often used in microstrip patch anten-
nas [25-27], is applied to the broadband dipole element for
PCL systems. The antenna element consists of an internal
direct feed dipole and an external coupled feed dipole. These
internal and external dipoles are fixed by the housing struc-
ture that employs the circuit board of a balun. The proposed
structure allows two adjacent resonances to be placed close
to each other to achieve broadband characteristics, and it
can also adjust the operating frequency by simply replacing
the external dipole according to the system requirements.
To verify the feasibility of the proposed design, the coupled
feed dipole element is fabricated, and the antenna character-
istics, such as the bore-sight gains and reflection coefficients,
are measured. In addition, to analyze the operating principle
of the proposed antenna design, an equivalent circuit model
of the antenna is investigated along with some parametric
studies of the coupling effect between the internal and exter-
nal dipoles. The proposed antenna element is then extended
to an 8-element circular array, and the beamforming per-
formance of the array is examined. The results demonstrate
that the proposed coupled feed dipole achieves better array
antenna characteristics compared to the conventional basic
dipole array.

2 Proposed Antenna Structure

Figure 1 shows the proposed broadband dipole antenna with
an electromagnetically coupled feed structure. The antenna
consists of internal and external dipoles with a radius of R;,
and R, respectively. The internal dipole is fed directly from
the circuit board with the embedded balun, and the external
dipole is electromagnetically coupled to the internal dipole
to achieve the broadband matching characteristics. This cou-
pled feed structure is conceptually similar to the coupling
feeding mechanism often employed in dual-band microstrip
patch antennas; however, for this work, the feeding mecha-
nism is applied to the design of broadband dipole antennas
for the FM frequency band. The coupled feed mechanism
used for the broadband dipole element can dramatically
improve the matching characteristics, which can enhance
the overall performance of PCL systems. The internal and
external dipoles have an indirect feeding structure with a
separation gap of S, and an air gap without a dielectric
material is filled between the two radiators to ensure no die-
lectric loss. The lengths of the internal and external dipole
radiators are denoted by H,,, and H,,, respectively, and each
of these parameters determines the resonance frequency. The
resonance characteristics can also vary slightly depending

on the parameters of R;, and R, as well as S, that is the
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Fig. 1 Geometry of the proposed coupled feed dipole

Table 1 Parameters for the

Parameters Values (mm)
proposed antenna

H,, 750
H,, 670
R, 62.5
R, 15
S 42.5
S 1.6
F, 45
F, 68
F, 49

gap between the upper and lower dipoles. To derive the opti-
mal parameter values of the proposed antenna, the FEKO
EM simulator [28] in conjunction with a genetic algorithm
[29] are used. The detail optimized parameters are shown
in Table 1.

Figure 2 shows the photographs of the proposed coupled
feed dipole antenna. The major five components are shown
in Fig. 2a, and the housing including the circuit board with
the balun is shown in Fig. 2b. The two conducting sticks
of the internal dipole, which are surrounded by external
dipoles, are firmly attached to the housing by the screw
type connectors as shown in Fig. 2¢. The fully assembled
antenna, including the internal and external radiators, is
shown in Fig. 2d. Additional advantage of this design is that
the operating frequency of the antenna can be easily adjusted
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(b) Feed structure

External dipole,

Internal dipole

(c¢) Assembly process

(d) Assembled antenna

Fig.2 Photographs of the fabricated antenna

by simply replacing the external dipole according to the sys-
tem requirements. The antenna characteristics, such as the

reflection coefficients and bore-sight gains are measured at
an outdoor calibration test site.

Figure 3 shows the reflection coefficients of the proposed
coupled feed dipole antenna, where the dashed and solid
lines present the simulated and measured results, respec-
tively. The — 10 dB matching region is displayed in gray. In
addition, the simulated and measured reflection coefficients
of the conventional thin dipole, whose geometry informa-
tion are listed in Table 2, and geometry is shown in Fig. 4,
are also provided to compare the proposed feed mecha-
nism. As can be observed, an additional resonance caused
by the external radiator occurs beyond the FM region,
and the matching characteristics of the proposed antenna
show a wide matching bandwidth from 87 to 147.4 MHz
(60.4 MHz,I'< —10dB) .
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Fig.3 Matching characteristic

Table 2 Parameters for the

Parameters Values (mm)
reference antenna

H, 670

R, 2

G 5
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RF connector
Chip balun

Fig.4 Geometry of conventional reference dipole

Fig.5 Outdoor test site supporting CIS16-1-5 standard

The radiation characteristics of the fabricated antenna were
measured at an outdoor test site, as shown in Fig. 5.

Figure 6 shows the measured bore-sight gains com-
pared with the simulated data. The average gains from 80 to
160 MHz of the proposed antenna are 2.07 dBi by simulation
and 2.28 dBi by measurement, which are above 0 dBi over a
wide frequency band. In terms of the 3-dB gain bandwidth, the
operating frequency range is from 79 to 162 MHz. There are
some differences between measurement and simulation. Part
of the reason for this difference is that the antenna was meas-
ured in an outdoor test site instead of a full anechoic chamber
due to the low operating frequency. Another reason for the
difference is that the circuit board of the feeding system was
not fully included in the EM simulation.

Figure 7 shows the 2-D radiation patterns of the proposed
antenna compared with the conventional thin dipole antenna.
The proposed antenna has half-power beam widths (HPBWs)
of 75.8° and 62.7° at 100 MHz and 140 MHz, respectively,
while at the same frequency bands, bore-sight gains of 1.95
dBi and 2.65 dBi are observed. On the other hand, the con-
ventional thin dipole antenna has HPBWs of 79.8° and 70.1°
with bore-sight gains of 0.62 dBi and —4.1 dBi, respectively.
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Fig.7 2-D Radiation patterns in the zx-plane

3 Verification of the Proposed Antenna
3.1 Parametric Study and Analysis

Figure 8 shows the simulated parametric studies of the
reflection coefficients according to the heights of the
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Fig.8 Reflection coefficients according to the height of the dipole

internal and external dipoles. Figure 8a illustrates the
characteristics of the reflection coefficient according to
H,, when H,, is fixed to 0.67 m. As H,,, decreases from
850 to 750 mm, the 1st resonance frequency shifts from 85
to 95 MHz, and 2nd resonance frequency shifts from 135
to 137 MHz. As can be observed, the reflection coefficient
at the lower resonance frequency changes more, while the
higher resonance frequency is relatively less affected. Fig-
ure 8b illustrates the reflection coefficient according to
H;, when H,, is fixed to 0.75 m. As H,, increases from
600 to 670 mm, the 2nd resonance frequency shifts from
144 to 137 MHz, and 1st resonance frequency shifts from
97 to 95 MHz. Here, in contrast, the reflection coefficient
at a higher resonance frequency shifts rapidly, while lit-
tle change is observed at the lower resonance frequency.
These results show that each internal and external dipole
generates two adjacent resonances independently, and the
broadband characteristic can be achieved by adjusting
these two resonances.
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Fig.9 Equivalent circuit model and its input impedance

To analyze the operating principle of the proposed cou-
pled feed dipole antenna from a circuit perspective, an equiv-
alent circuit model is developed using a data fitting method,
as shown in Fig. 9a. The internal dipole can be expressed
by a shunt circuit of R, L;, and C,, and is directly fed by the
inductance Lyand capacitance Cj, which represents the feed
line [30, 31]. The lumped elements of the external dipole are
specified as R,, L,, and C,, and it is fed indirectly through
the series coupling capacitance C, and the inductive cou-
pling coefficient k. The values of C, and k can be adjusted
by gaps (S, and S,,) and heights (H,, and H,,,). The circuit
model parameters are adjusted iteratively to minimize the
impedance difference between the circuit model and the sim-
ulation. Detailed values of the lumped elements are listed in
Table 3, and the input impedance of the equivalent circuit is
compared to that of the EM simulation in Fig. 9b.

3.2 Design of 8-Element Uniform Circular Array

To verify the beamforming performance, the proposed
coupled feed dipole element is extended to the eight-ele-
ment uniform circular array (UCA) as presented in Fig. 10.
The array distance from the center to the antenna element
is 0.5A, with a height of 8 m, and the detailed parameters
for the array are listed in Table 4. The PCL system detects
the target by using the correlation between the reference
and surveillance channels. The reference channel steers the
beam to the base station to obtain the commercial broadcast

@ Springer



Journal of Electrical Engineering & Technology

Fig. 10 Array configuration of the PCL system

Table 3 Parameters for the

circuit configuration Parameters Values
L 181.5 nH
G 8.18 pF
L, 111.9 nH
R, 397 Q
¢ 1.26 pF
L, 39.76 nH
R, 9220
& 46.57 pF
C. 14.7 pF
k 0.74
L 181.5 nH

signals, while the surveillance channel has a radiation pat-
tern that includes a deep null towards the base station to
collect echo signals reflected from targets. Therefore, the
steered beam and null patterns are essential performances
for the PCL system.

Figure 11 illustrates the reference and surveillance radia-
tion patterns at the center frequency of 100 MHz in the FM
band. The beam and null patterns are obtained by extract-
ing the active element pattern (AEP) of each antenna ele-
ment for the array configuration. The feed weightings for the
required steering are optimized using the least-mean-square
(LMS) algorithm to derive a narrow half-power beamwidth
(HPBW) and a deep null depth. The average peak to side
lobe ratio (PSLR) of the reference beam is 18.4 dB, while
the average null depth of the surveillance beam is —37.3 dB.

@ Springer
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Fig. 11 Optimized radiation patterns

Table 4 Parameters for the array configuration

Parameters Values

Number of array element 8

Array distance (D) 0.51

Mast height (4,,) 8m

Array type Uniform
circular
array

4 Conclusion

The design of a wideband coupled feed dipole antenna
for PCL systems was investigated. The proposed antenna,
which is composed of internal and external dipoles, can
derive the wide matching bandwidth by using an electro-
magnetically coupled feed mechanism. Antenna character-
istics were measured at an outdoor test site to compare the
results with the simulation. The reflection coefficients were
under — 10 dB from 87 to 147.4 MHz, and the 3-dB gain
bandwidth for boresight direction had an operating fre-
quency range from 79 to 162 MHz. To verify the operating
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principle of the proposed dipole element, the equivalent
circuit was built and analyzed. The results demonstrate
that the proposed coupled feed structure can derive the
wide matching characteristics by using the series coupling
capacitance (C,) and the inductive coupling coefficient (k).
The proposed dipole element was then extended to the
8-element UCA, and it was confirmed that the proposed
array had suitable beamforming performance for PCL
systems.
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