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Abstract—Light-weight antenna arrays require utilizing the
same antenna aperture to provide multiple functions (e.g., com-
munications and radar) in separate frequency bands. In this
paper, we present a novel antenna element design for a dual-band
array, comprising interleaved printed dipoles spaced to avoid
grating lobes in each band. The folded dipoles are designed to
be resonant at octave-separated frequency bands (1 and 2 GHz),
and inkjet-printed on photographic paper. Each dipole is gap-fed
by voltage induced electromagnetically from a microstrip line on
the other side of the substrate. This nested element configuration
shows excellent corroboration between simulated and measured
data, with 10-dB return loss bandwidth of at least 5% for each
band and interchannel isolation better than 15 dB. The measured
element gain is 5.3 to 7 dBi in the two bands, with cross-polar-
ization less than 25 dBi. A large array containing 39 printed
dipoles has been fabricated on paper, with each dipole individually
fed to facilitate independent beam control. Measurements on the
array reveal broadside gain of 12 to 17 dBi in each band with low
cross-polarization.

Index Terms—Dual band antenna, dual frequency, inkjet
printing, multifunctional antennas, nested antennas, phased
array, printed dipole, shared aperture design.

I. INTRODUCTION

I N AEROSPACE communications, there is a pressing need
to minimize the size, weight and power requirements of

antenna arrays, while simultaneously implementing multiple
radiation functions within the same physical aperture, a concept
referred to as multifunctional arrays [1]. For example, the array
may require shared aperture capability to facilitate full-duplex
operation with polarization diversity, or to support multiple
isolated frequency bands for communications, telemetry, radar,
etc. [2]–[5]. This paper presents the design of a novel dual-band
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planar antenna array comprising interleaved folded dipoles of
two different resonant sizes, but similar shapes, sharing the
same physical aperture. The array is inkjet printed on photo-
graphic paper using a low-cost process [6].
Several researchers have investigated planar antennas for

multiband operation, using a single feed to excite all the bands.
A T-shaped planar monopole antenna with two asymmetrical
horizontal strips to produce the lower and upper resonant
modes is reported in [7] to cover the 2.4/5.2 GHz ISM bands.
The authors in [8] present the design of a planar L-shaped
monopole antenna fed by a microstrip line, which utilizes
parasitic coupling between the driven elements and a shorted
wire to excite two resonant modes for tri-band operation. The
concept of adjusting reactive coupling between parasitic and
driven elements to produce dual-band operation has been used
extensively in planar patch antenna geometries, including the
use of flat-plate radiator above a ground plane with a shorted
parasitic strip on the same face [9], printing two dissimilar
coupled monopoles on either side of a substrate [10], and the
use of slots and shorted pins on patches to produce modes with
widely separated resonant frequencies [11], [12]. However,
none of these design approaches are suitable for multiband
array operation, because they are all based on single feed
design, and depend on either shaping the radiating elements or
adjusting parasitic coupling to produce multiband operation. A
few design approaches exist for multifeed dual band antennas
using stacked dielectric layers [13]–[15]. A microstrip patch
antenna design with dual-band dual circular polarization is
discussed in [13], where high-permittivity dielectric bars are
inserted under the radiating edge of the patch in order to minia-
turize the antenna and generate circularly polarized waves. Two
stacked patches, one coax-fed and the other aperture-coupled,
are used in [14] to produce closely spaced dual-band operation.
As the two bands are tightly coupled, these designs introduce
significant mutual coupling when integrated into an array.
Mutual coupling between elements needs to be controlled
in a shared aperture array to prevent excessive interchannel
interference, and it may not be used for simultaneous tuning of
the elements.
The concept of multifunctional array antennas with widely

separated frequency bands, such as PCS, GSM communications
bands, L, C, and X radar bands, sharing the same physical aper-
ture, is a challenging problem, and has been largely unexplored
[1]. The avoidance of grating lobes places an upper limit on
the element spacing for each band, which in turn increases the
array size for a wide scanning range. One established design
approach is to utilize wideband (i.e., one band encompasses all
the individual narrow bands of interest) antenna elements, such
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as Vivaldi slots, with each element connected to a wideband
feed [16]. Wideband elements are not convenient for electronic
scanning, because a single interelement spacing, typically im-
plemented at the highest frequency, will not provide a symmet-
rical lobe structure over the entire frequency range of interest. In
addition, the associated complexity of receiver design escalates
considerably for wideband operation in a phased array system,
requiring expensive, heavy and bulky front-ends to channelize
signals from the wideband feed into multiple narrow frequency
bands typically allocated for communications and radar. Alter-
natively, an interleaved element layout can be used to accom-
modate widely separated (in frequency) narrow-band channels,
utilizing a different interelement spacing for each band to avoid
grating lobes. A major problem in such a layout is the electro-
magnetic (EM) interference between channels, which can cause
undesirable cross-polarization and mutual coupling.
Considerable effort has been devoted to determine an inter-

leaved element design with minimal interchannel interference.
Interleaved microstrip patches for C-band operation and printed
slots for X-band are used in [2] to form a shared aperture, dual-
band dual-polarization (DBDP) array. Good isolation between
the bands is observed because the feed networks for the two
bands are separated by two dielectric layers. The bidirectional
radiation pattern of the X-band slots necessitates a reflecting
ground plane, increasing the thickness and weight of the an-
tenna. The slots also contribute to increased cross-polarization
and side-lobe levels at X-band. Instead of interleaving the ele-
ments in alternate substrates as in [2], the design in [3] utilizes a
dual-band coplanar element comprising one L-band perforated
patch symmetrically enclosing four C-band patches. To increase
the bandwidth, stacked patches are used in both bands, with the
bottom layer of patches fed by direct-coupled microstrip lines or
slots, and the top layer of patches electromagnetically coupled to
currents on the bottom layer patches. Considerable attention has
been given to maintaining geometrical symmetry and good iso-
lation of the feed lines, resulting in low cross-polarization over a
scan range of 20 degrees in each principal plane. A variation of
this design is implemented in [4] using proximity-coupled per-
forated microstrip patch elements at L-band, with X-band aper-
ture coupled patches inserted below the openings of the L-band
patches. However, the scan range is limited and the cross-polar-
ization levels are relatively high. A novel design of DBDP mi-
crostrip array, with a frequency ratio of about 1:3, is presented in
[5], wherein stacked, proximity-coupled microstrip dipoles and
probe-fed square patches are used as the radiating elements at
S- and X-bands, respectively. The prototype array depicts mea-
sured impedance bandwidth (VSWR 2) of 8.9% and 17%,
and cross-polarization levels of 26 dB and 31 dB, for S- and
X-bands, respectively.
In this paper, we present a novel antenna design for a shared

aperture dual-band array, comprising interleaved printed folded
dipoles resonant at octave-separated frequency bands (1 and
2 GHz), with individual feeds for each element. Similar to the
design in [3], we enforce geometrical symmetry in the array
configuration for low cross-polarization and interchannel iso-
lation, and electromagnetically couple the dipoles to feed lines
printed on the other side of the substrate. However, unlike the
previous design approaches for a shared aperture array [2]–[5],

Fig. 1. Nested element dipole array with self-similar elements for dual-band
operation. The wavelengths at 1 and 2 GHz are denoted as and , re-
spectively.

we use self-similar antenna elements for direct scaling to other
frequencies. Both the feed lines and antennas are printed on
photographic paper (dielectric constant of 3.1) using low-cost
ink-jet printing technology [17]–[20]. This nested element con-
figuration has been simulated, fabricated and measured, and
excellent corroboration observed between simulated and mea-
sured data. Measurements on a 39-element dual-band array (9
low-band and 30 high-band) printed on paper reveal broadside
gain of 12–17 dBi in both bands, with cross-polarization less
than 25 dBi. This is the first practical demonstration of a large
array printed on paper.
Section II introduces the layout of the dual-band array and

discusses the design of self-similar nested folded dipoles. The
fabrication of the antenna on photographic paper using inkjet
printing is treated in Section III. Simulated and measured results
of the element pattern as well as the fixed-scan broadside array
pattern are discussed in Section IV, and the losses incurred by
antenna fabrication on paper are addressed. The paper concludes
with a brief summary in Section V.

II. ANTENNA DESIGN

The proposed antenna design involves using coplanar nested
or interleaved printed dipoles to provide adequate isolation be-
tween channels, as depicted in Fig. 1 for a dual-band phased
array application. The folded dipoles are assumed to be resonant
at 1 GHz and 2 GHz for the design reported herein, but can be
scaled easily due to self-similar pattern. It is noted that channel
separation at integer multiples of the fundamental frequency is
necessary only if self-similarity in element shape is to be pre-
served. In order to reduce the backlobe level and also to improve
the impedance bandwidth, a ground plane is inserted 0.25
below the antenna substrate, where is the wavelength at
2 GHz. In future design iterations, however, frequency selec-
tive surfaces will be designed to bring the ground plane closer
to the antenna and reduce the overall antenna thickness. Each
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Fig. 2. Feed configuration for the dual-band element (dipole arms exaggerated
in width for clarity). The ground plane is supported by a foam layer in the fab-
ricated prototype.

dipole is gap-fed by voltage induced electromagnetically from
a microstrip line on the top side of the substrate (see Fig. 2).
The feed line for each antenna element also includes a series
stub for independently tuning its impedance. Two high-band el-
ements are nested inside the low-band folded dipole, one in each
leg, with a spacing of half-wavelength (at 2 GHz) to provide
grating-lobe-free operation in the array environment. In order
to provide identical scan performance in the orthogonal plane, a
pair of high-band elements are inserted vertically half-way be-
tween two low-band elements. Likewise, the low-band elements
are spaced by half wavelength at 1 GHz, both horizontally and
vertically. This self-similar dual-band element design and place-
ment offers the capability to use the single physical aperture for
multiple antenna functions, and can also be integrated with in-
dependent elements (such as patches) in stacked layers if more
than two bands are desired.
Using EM simulation software (CST Microstripes—www.

cst.com), the length of each dipole in the array is optimized in an
infinite array environment to tune the low-band dipole to 1 GHz
and the high-band one to 2 GHz. The optimized dimensions of
each dipole are shown in Fig. 3. After tuning, the mean path
length of each arm of the dipole is found to be about two-third
wavelength at the corresponding resonant frequency. Notice the
difference in folding between the dipoles for each band, neces-
sitated by nesting two high-band dipoles within one low-band
dipole. The latter is folded only once while the former is folded
twice to miniaturize within the form factor required to maintain
half-wavelength spacing between the elements. The series stub
on each feed line is adjustable in length for impedancematching,
independently for each element at any specific array location.
The substrate has the dimensions

, and a dielectric constant of 3.1. The ground plane
reflector is of size 200 mm 160 mm. As shown in Fig. 2, the
center conductor of the coaxial feed cable is connected to the
microstrip feed line, which induces by EM coupling a voltage
at the gap between the two dipole arms on the other side of the
substrate. One end of the cable shield is connected to an antenna
arm, and the other end is terminated on the reflector. In order to
minimize perturbation of antenna currents at the junction with
the shield, we use SSMA connectors, with one feed per antenna.
EM coupling to the dipole minimizes the feed line radiation and
the associated spurious interaction between antenna elements.
Since the substrate is thin, the coax-microstrip transition is pre-
dominantly capacitive and can be inductively compensated by
adjusting the length of the microstrip stub. The tuning of the an-
tenna to its resonant frequency is controlled by symmetrically
adjusting the overall length of each folded arm of the dipole.

Fig. 3. Optimized dimensions (in mm) of the nested dipole geometry and the
feed lines. Note the scalability in design.

III. ANTENNA FABRICATION

In this work, we utilized inkjet printing of conductive inks to
pattern the antennas on photographic paper sheets. Paper pos-
sesses a number of attributes that makes it amenable for envi-
ronmentally compatible or “green” electronics. It is cellulose in
nature, thus considered as a renewable resource. Additionally,
it can be processed in a reel-to-reel fashion potentially enabling
low-cost manufacturing solutions. Inkjet printing has been re-
cently enhanced with the capability of printing conductive inks
based on emulsions of silver nano-particles, leading to an in-
creased deployment in printed electronics, such as flexible dis-
plays, RFIDs, sensors, solar panels, fuel cells, batteries, and an-
tennas [17]–[20]. Inkjet printing for RF applications is a chal-
lenging endeavor, where precise control of the achieved con-
ductivity and surface roughness of the printed trace is required.
We utilized a DMP-2800 ink-jet printer, a table-top unit avail-

able from Dimatix Inc. (www.dimatix.com), to fabricate the an-
tennas. To ensure good RF properties of the printed device, an
in-house recipe has been developed to print the antennas using
Dimatix 1 pL ink cartridges (DMC-11601) [6]. The printer head
is first adjusted to achieve a print resolution of 2540 dpi, which
ensures good RF conductivity up to several GHz. Cabot conduc-
tive ink CCI-300 (www.cabot-corp.com) is then jetted through
the cartridges at a temperature of 40 , with the paper substrate
maintained at 60 . Each printed antenna is then cured in an
oven for two hours at 120 .

IV. RESULTS AND DISCUSSION

A. Nested Element Measurements

The dual-band antenna has been designed using the commer-
cial time-domain simulator, CST Microstripes, and optimized
for good match (VSWR better than 1.5) at 1 GHz and 2 GHz.
Antenna losses are not considered in the simulation. The op-
timized antenna (see Fig. 3) has been fabricated and its radia-
tion pattern, as well as S-parameters, have been characterized
experimentally. Fig. 4 shows the antenna trace comprising the
dual-band elements printed on photographic paper substrate.
For clarity, the feed configuration and the ground plane are not
shown.
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Fig. 4. Fabricated nested antenna element.

Fig. 5. Comparison between measured and simulated scattering parameters.

The comparison of simulated andmeasured scattering param-
eters is depicted in Fig. 5. The antenna elements are numbered as
indicated in Fig. 4. Excellent agreement is observed between the
two sets of data, with the measured return loss of the low-band
(1 GHz) at 19 dB and that of the high-band (2 GHz) at 17 dB.
Because the ground plane is located at a depth of quarter wave-
length (at 2 GHz) below the substrate, the bandwidth of the
high-band is larger than that of the low-band. The measured
return loss of the two symmetrical high-band elements show
similar variation with frequency, and only S22 is plotted. The
measured isolation between the low-band element and either of
the two high-band elements is observed to be around 17 dB
around 2 GHz, and 25 dB at 1 GHz. Therefore, it is antici-
pated that the interference between the two bands in an array
environment will not be significant.
Radiation pattern of the antenna has been measured in an ane-

choic chamber at Georgia Tech Research Institute. Fig. 6 com-
pares the simulated and measured E-plane patterns at 1 GHz.
The measured peak gain is 7 dBi whereas the simulated direc-
tivity is 8.2 dBi. Considering the losses in the element and the
systematic as well as random measurement errors attributed to
chamber and test equipment, which are collectively estimated as
0.5 to 1 dB, it is evident that the simulated and measured gain
values are in good agreement. The measured cross-polarization
is better than 30 dB relative to the main beam level. In gen-
eral, the absolute measured cross-polarization levels are higher
than the simulated levels because losses are not considered in

Fig. 6. Comparison of simulated and measured E-plane patterns at 1 GHz.

Fig. 7. Comparison of simulated and measured H-plane patterns at 1 GHz.

the simulation, and the measurement accuracy degrades at the
lower gain amplitudes.
Fig. 7 compares the simulated and measured H-plane pat-

terns at 1 GHz. The measured peak gain is 6.9 dBi whereas
the simulated directivity is 8.2 dBi. Considering the losses in
the antenna and the measurement errors, it is evident that the
simulated and measured gain values are in reasonable agree-
ment. The beamwidth is broader for the H-plane pattern than the
E-plane pattern. This is typical of printed dipoles because of the
uneven influence of ground plane currents in the two principal
planes. The measured cross-polarization over the extent of the
main beam is higher in the H-plane, but still lower than 25 dB
relative to the beam maximum. In summary, the agreement be-
tween the simulated and measured patterns in both planes is
within the measurement accuracy.
Fig. 8 compares the simulated and measured E-plane patterns

of Element 2 at 2 GHz. The pattern is asymmetric for both sets
of data because of mutual coupling with the other high-band ele-
ment located half wavelength away along the E-plane. A similar
result, showing asymmetry in the E-plane pattern, has been ob-
served for Element 3. The mutual coupling between the 2 GHz
dipoles is higher in the E-plane than in the H-plane, and there-
fore, the pattern is much less asymmetric in the H-plane (see
Fig. 9). The measured peak gain (see Fig. 8) is 6 dBi whereas
the simulated directivity is 7.8 dBi. This discrepancy is larger
than that in the low-band pattern in Fig. 6, because of the higher
metallization and dielectric losses at 2 GHz. Nonetheless, the
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Fig. 8. Comparison of simulated and measured E-plane patterns at 2 GHz for
Element 2 (Element 3 terminated).

Fig. 9. Comparison of simulated and measured H-plane patterns at 2 GHz for
Element 2 (Element 3 terminated).

agreement between measured and simulated radiation pattern
data is gratifying given that the two high-band elements are sep-
arated by only a half wavelength, and are completely interleaved
within the low-band element.
Fig. 9 compares the simulated and measured H-plane patterns

of Element 2 at 2 GHz. A similar result (not plotted) has been
observed for Element 3. The measured cross-polarization ratio
is better than 25 dBi and is considerably better than that in the
E-plane due to lower mutual coupling. The measured peak gain
is 5.3 dBi whereas the simulated directivity is 6.2 dBi. The lower
cross-polarization at 2 GHz results in good agreement between
the two sets of copol data.

B. Array Radiation Pattern

The array layout shown in Fig. 1 has been fabricated by
ink-jet printing the pattern on sections of paper and
joining them using Kapton tape. The fabricated array, shown in
Fig. 10, consists of 39 elements (9 1-GHz elements, 30 nested
2-GHz elements) mounted on 39 mm thick foam layer backed
by an aluminum ground plane. The wooden support is only for
mechanical interface with the antenna positioner. The dipole
antenna elements are on the back side of the (white) paper
substrate, and the microstrip feed lines, numbered sequentially
per the corresponding radiators, are shown on the front side.
Coaxial connections are made using room-temperature con-
ductive silver epoxy (H20E from Ted Pella, Inc., Catalog No.

Fig. 10. Fabricated dual-band array.

Fig. 11. Comparison of simulated andmeasuredH-plane patterns for the 1GHz
array (9 elements).

16014), with the shield terminated on a dipole arm and the
center conductor on the microstrip line (see Fig. 2). In order to
eliminate parallel plate modes, one end of the coaxial shield is
connected to the ground plane. Silver epoxy has considerable
conductive loss at microwave frequencies compared to solder,
and thus will affect the radiation efficiency of the array. In
addition, epoxy contacts to the antenna elements can be brittle,
causing potential disruption in current flow and affecting the
radiation pattern.
The gain of the array has been measured in an anechoic

chamber, exciting each 1 GHz element separately. The thirty
high-band elements are measured in interleaved pairs at 2 GHz
using Narda 4372-2 3 dB power dividers. The elements which
are not excited are terminated in 50 . All the elements are
assumed to be fed with equal amplitude and constant phase.
The measured gain patterns of all the elements are coherently
added to compute the broadside array pattern.
Fig. 11 compares the measured and simulated H-plane gain

patterns for the 1 GHz array. Reasonable agreement is observed
for themain lobe amplitude and beamwidth, with peakmeasured
gain of 12 dBi and peak simulated directivity of 15.3 dBi. The
discrepancy in peak gain is attributed to the fact that losses in
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Fig. 12. Comparison of simulated andmeasured E-plane patterns for the 1 GHz
array (9 elements).

Fig. 13. Comparison of simulated andmeasured H-plane patterns for the 2GHz
array (30 elements).

the antenna, comprising silver epoxy ohmic loss, substrate loss,
and the mismatch loss due to slight detuning of the fabricated
array, are not accounted in the simulation. Gain measurement
error on the large array has been estimated at 1 dB. Fig. 12 plots
the measured and simulated gain patterns for the 1 GHz array
in the E-plane. A similar agreement as in the H-plane pattern is
observed, with the simulated results tracking the measurements
closely after taking into account the estimated antenna losses.
The cross-polarization in each case is measured to be lower than
25 dB.
Before we performed pattern measurements on the 2 GHz

array, we measured the frequency-dependent insertion loss of
Narda 4372-2 3 dB power divider used in data collection. The
frequency-averaged insertion loss over 200 MHz span, mea-
sured at the two output ports, is found to be 0.76 dB. This loss
is added to the measured element pattern before coherent array
summation to compute the broadside fixed scan pattern.
Fig. 13 compares the measured and simulated H-plane gain

patterns for the 2 GHz array, comprising 30 dipoles nested
within 9 low-band dipoles (see Fig. 1). Reasonable agreement
is observed for the main lobe amplitude and beamwidth, with
peak measured gain of 16.2 dBi and peak simulated directivity
of 20.2 dBi. This discrepancy of 4 dB is attributed to higher
conductive and dielectric losses at 2 GHz compared to 1 GHz,
as well as mismatch loss due to detuning, which are not ac-
counted in the simulation.

Fig. 14. Comparison of simulated andmeasured E-plane patterns for the 2 GHz
array (30 elements).

Fig. 14 compares the measured and simulated gain patterns
for the 2 GHz array in the E-plane, showing a similar agreement
as in the H-plane pattern. The cross-polarization in each case
(not shown for clarity) is about 26 dB for the H-plane pattern
and 22 dB for the E-plane pattern.

V. CONCLUSION

We have presented a novel self-similar antenna design for
a dual-band phased array configuration, comprising nested
printed dipoles with individual feeds to independently control
the element amplitude and phase in each band for adaptive
beam-forming and MIMO applications. The folded dipoles
are resonant at octave-separated frequency bands (1 GHz and
2 GHz), and fabricated on paper using eco-friendly, low-cost
ink-jet printing technology. Each dipole is gap-fed in an un-
balanced mode by voltage induced electromagnetically from
a microstrip line on the other side of the substrate. The feed
line includes a stub for improving the impedance match. This
nested element configuration has been simulated, fabricated and
measured, and excellent corroboration observed between sim-
ulated and measured data. The return loss shows well-centered
dual bands with 10-dB bandwidth of at least 5% for each, and
measured interchannel isolation better than 15 dB.Themeasured
copolarized element gain is about 5.3 to 7 dBi in the two prin-
cipal planes, with cross-polarization less than 25 dBi in the
H-plane, and slightlyhigher in theE-plane. It hasbeen shown that
shielding provided by the interleaved design reduces coupling
between the high-band elements in theH-plane.The light-weight
nested antenna elements have been integrated into the first fully
functional dual-band array on paper substrate. Without the
39 mm spacer below the substrate to minimize the backlobe, the
39-element antenna array weighs less than 500 grams, and is
suitable for conformal installation on unmanned aerial vehicles.
The peak gain of the array at broadside has been measured
to be approximately 12 dBi and 16 dBi at 1 GHz and 2 GHz,
respectively, with cross-polarization better than 25 dB.
It is worth noting that paper substrate has higher dielectric

loss (loss tangent 0.07 at 2 GHz) than typical flexible sub-
strates used in antenna design, such as liquid crystal polymer.
Furthermore, conductive silver epoxy connections to metalliza-
tion pattern on paper, necessitated by preclusion of solder due
to its high melting point, are relatively brittle and contribute
significant loss in amoderately large array. Thus, the advantages
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of inkjet printing on paper are offset by several limitations: (a)
relatively high conductive and dielectric losses, (b) vias and
plated-through-holes cannot be reliably fabricated using inkjet
printing, and (c) considerable mechanical warping that we ob-
served on a relatively small array precludes paper as an antenna
substrate in array applications. Nonetheless, printing antennas
on paper makes it easier to develop prototypes compared to wet
etching.
We are investigating high impedance periodic surfaces for the

groundplane to reduce theantenna thickness.Anotherpossibility
for a thinner antenna is to use slot dipoles [21] and slot loops [22]
instead of printed strip dipoles, which also results in better isola-
tion between the bands and lower cross-polarization. The ground
plane below a printed slot element can be brought closer to the
radiator by using an electromagnetically coupled stripline feed,
which minimizes feed line radiation significantly [23].
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