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ABSTRACT This paper discusses the design of a high gain right-hand circularly polarized millimeter-
wave frequency reconfigurable antenna array. The 16-element antenna array is designed to reconfigure its
operating frequency over both K- and Ka-bands. More specifically, the reconfigurability is ensured through
the integration of a modified ring resonator along with the array’s sequentially rotated stacked feeding
network. The ring resonator is designed to reconfigure its operating frequency over four distinct bands with
center frequencies at 25 GHz, 26 GHz, 27.75 GHz and 29 GHz, respectively. Such integration enables the
proposed millimeter-wave antenna array to exhibit unique radiation characteristics by maintaining circular
polarization with an Axial Ratio (AR) < 1 dB in a fractional bandwidth of 37.5% between 21.2 GHz and
31 GHz. A Figure of Merit that takes into account the array’s axial ratio, sidelobe levels and fractional
bandwidth is developed to highlight the unique performance of the presented millimeter-wave circularly
polarized array in comparison to available work in the literature. The fabricated antenna array shows good
agreement with the simulated data where it is found that the measured realized gain exceeds 12 dBic with
sidelobe levels of less than —17.5 dB over the various frequency bands of the frequency reconfigurable

antenna array.

INDEX TERMS Frequency reconfiguration, PIN diodes, filtenna, band pass filter.

. INTRODUCTION
REQUENCY reconfigurable circularly polarized
antenna arrays are required for future millimeter-wave
based communication systems. Frequency reconfiguration
can be mainly achieved by manipulating the surface currents
on the antenna [1]-[4] or by tuning the feeding network
through the integration of a reconfigurable bandpass filter
(BPF) [5], [6]. Such integration eliminates the incorporation
of active components on the radiating surface and accord-
ingly reduces the effects of the DC biasing network on the
antenna radiation characteristics.
Several reconfigurable BPFs are introduced in the liter-
ature using cross-shaped and loop-shaped resonator struc-
tures [7]-[9]. These BPFs share the common principle

of odd/even mode analysis and are designed to enable a
change in their operation either from narrowband to wide-
band or from band-stop to band-pass. The enhancement in
the filter’s selectivity is achieved by implementing ring res-
onator designs with additional transmission zeros through
the incorporation of stubs, inter-digital capacitors, filter cas-
cading, or by adopting the transversal signal interaction
principle [10]-[12].

The design of circularly polarized antenna structures is
also widely covered in the literature [13]-[17]. One of the
techniques relies on dual-band elliptically polarized curl
patches that are aperture-fed using a substrate integrated
waveguide (SIW) feeding network [13]. In [14] and [15],
circular polarization is achieved by utilizing narrowband
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circularly polarized truncated rectangular patches. The
patches are orthogonally oriented with respect to each other
and fed using a combination of a sequential rotation and a
parallel feeding network to form a single layer N-element
antenna array. In [16], a wideband linearly polarized element
placed in a cross configuration is fed by a double sequential
feeding network in order to excite circular polarization.

In this paper, a bandpass filter (BPF) composed of a mod-
ified ring resonator that is terminated by tunable loads for
operation at both K- and Ka-bands is proposed. The change
in the load impedance enables the filter to reconfigure its
band-pass range. More specifically, the load impedances
are formed by relying on shunt open stubs that can be
dynamically extended using RF PIN diode switches (i.e.,
MA4AGP907). The BPF is designed to cover the span of
frequencies between 23.75 GHz to 30.1 GHz, with four tun-
able bands. The proposed reconfigurable filter structure is
then integrated into the double sequentially rotated feeding
network of a broadband right hand circularly polarized 16-
element patch array. Such integration enables the array to
reconfigure its operating frequency while maintaining a cir-
cularly polarized behavior. A figure of merit is provided to
highlight the novel features of the proposed millimeter-wave
array in achieving high gain (>12 dBic), circularly polarized
radiation with sidelobe levels less than —17.5 dB, and an
axial ratio < 1 dB for a fractional bandwidth of 37.5% (i.e.,
21.2 GHz - 31 GHz).

Section II of this paper details the design of the recon-
figurable BPF. Section III describes the 16-element antenna
array design along the integration of the filter within the
antenna array feeding network for frequency reconfigura-
tion. The measured assessment of the fabricated prototypes
for both the antenna array and the frequency reconfigurable
structure are presented in Section IV. Section V concludes
the paper.

Il. MODIFIED RING RESONATOR FILTER DESIGN

A ring resonator can be implemented as a band-pass filter
when the two filter’s RF ports are capacitively connected
to the ring. The corresponding operating frequency of the
filter is defined by the wavelength that matches the circum-
ference of the ring. Thus, if the circumference is altered, a
change in the filter’s operating bandwidth is obtained. Such
alteration can be achieved by terminating the ring with reac-
tive loads in the form of open or short stub sections. The
extension of the length of these stubs entails a change in
the load impedance and accordingly a change in the filter’s
operating band-pass range. The change in the stub’s reac-
tive impedance is controlled by extending the stub’s length
through the activation of RF PIN diode switches.

The proposed filter topology that is designed on a 0.5 mm
thick RO3003 substrate (¢, = 3 and tan § = 0.0012) is
presented in Fig. 1 with total dimensions of (12 mm x
14 mm). A ring with a width of 0.1 mm is capacitively
coupled to the two filter’s ports through two 50 €2, 1.3 mm
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FIGURE 1. The proposed reconfigurable modified ring resonator BPF with the
integrated two PIN diodes and the corresponding biasing network.

wide, transmission lines TLj and TL,. Such capacitive cou-
pling is implemented on two sides of the ring through a
0.05 mm gap. The other two sides of the ring are con-
nected to 0.2 mm x 2 mm open loads labeled as Arms in
Fig. 1. To achieve frequency reconfiguration, the lengths of
these two open loads are extended by connecting two PIN
diode switches d; and dy to two additional stubs SL; and
SL,. These two stubs share the same width of 0.3 mm with a
length of 1.7 mm for SL and 2.15 mm for SLy, respectively.

Each PIN diode is activated through the incorporation
of a dedicated biasing network B; and B as shown in
Fig. 1. Each biasing network is implemented as a high
impedance line with a width of 0.07 mm that is termi-
nated by two RF choke radial stubs RF; and RF». The total
length for By and B; is 3.7 mm and 8.6 mm, respectively.
The DC ground for the two diodes is also implemented
through a 0.07 mm biasing line DCgng that is terminated
by two identical RF choke radial stubs RF3. For wideband
operation, the three RF choke stubs have the corresponding
radius and angle: RF; (1.65 mm /60°), RF> (1.5 mm /90°),
and RF3(1.75 mm /60°).

The incorporation of these two PIN diodes along the cor-
responding biasing network enables the filter to achieve
four reconfigurable bands. These reconfigurable bands
are obtained based on the four states of the two PIN
diodes (dj-dp: offj-off,, onj-offy, offj-ony,
onj-ony). The integrated PIN diodes feature an insertion
loss of 0.49 dB when activated. The simulated response
(ISy1! [dB]) of the proposed four-band reconfigurable filter
is presented in Fig. 2(a). The first diode state off1-off,
enables the filter to cover the highest frequency band between
26.6 GHz and 29.5 GHz. A frequency shift is obtained upon
the individual activation of the two integrated PIN diodes.
Accordingly, for the PIN diodes’ state on;-of fj, the oper-
ating band changes to 25.4 — 27.25 GHz. The filter switches
to 24.3 — 25.5 GHz for the state off;-onj;. The lowest
achieved band is obtained for the state onj-on, where
the filter operating bandwidth spans between 23.7 GHz and
24.7 GHz, respectively. The change in the filter’s operating

VOLUME 2, 2021



IEEE Open Journal of

Antennas and Propagation

or 0
_ -5
) o
5. 10 i) 5
= S
-15 [72]
-10
-20 —OFF-OFF —OFF-ON —OFF-OFF —OFF-ON
25! —ON-OFF —ON-ON —0N -OFF —ON-ON A

23 24 25 26 27 28 29 30
Frequency [GHz]
(a)

23 24 25 26 27 28 29 30
Frequency [GHz]
(b)

FIGURE 2. The simulated S-parameters for the reconfigurable filter based on the
four different states of the two integrated PIN diodes: (a) IS11I [dB], (b) IS24! [dB].

bandwidth is obtained due to the change in the length of the
open stubs. The filter’s insertion loss, presented in Fig. 2(b),
is less than 2 dB at the four frequency bands. The quality
factor of the filter for the four states of the integrated PIN
diodes are as follows: 5.12 (offj-offy), 6.4 onj-offy),
8.2 (offi-ony), and 8.3 (onj-ony).

lll. RECONFIGURABLE CIRCULARLY POLARIZED
ANTENNA ARRAY

The design of a 16-element circularly polarized antenna array
is proposed in this section. To obtain the required right hand
circularly polarized radiation, the 16-element antenna array
deploys two stages of sequential power divider networks.
The frequency reconfiguration is then implemented through
the appropriate integration of the modified ring resonator
detailed in the previous section within the array’s feeding
network.

A. CIRCULARLY POLARIZED ANTENNA ARRAY DESIGN
The proposed antenna array, shown in Fig. 3(a), is composed
of three parts. The first part is the 16-element array that can
be decomposed into four identical subarrays.

The detailed dimensions of one of the four subarrays are
depicted in Fig. 3(b). Each subarray employs four 3.3 mm x
3.4 mm truncated rectangular patches. Each radiating patch
has a corner truncation of length 1.4 mm. The elements of a
given subarray are orthogonally oriented with respect to each
other and fed by a sequential power divider. Accordingly,
four identical 1 x 4 sequentially rotated power dividers are
incorporated to feed the four subarrays. Each sequential
power divider has an input impedance of 50 € (point A
in Fig. 3(b)) and four output ports with an impedance of
1352 (points B1 to B4 in Fig. 3(b)). This output impedance
is chosen to match the input impedance of the four truncated
patches in each subarray. Thus, the objective of these four
power dividers is to provide an equal power split between
the four radiating patches of each subarray while ensur-
ing an appropriate impedance transformation from 502 to
1352, respectively. The detailed dimensions of one of the
four sequential power dividers are also included in Fig. 3(b).

The second part of the proposed array is the 0.5 mm thick
RO3003 substrate with a full 34 mm x 32 mm ground plane.
This substrate is stacked on top of a 0.13 mm thick RT 5870
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FIGURE 3. (a) The 16-element antenna array, (b) The structure of one of the four
subarrays along with the first sequential power divider, (c) The second sequentially
rotated power divider at the input of the array.

substrate (¢, = 2.33 and tan 8 = 0.0012), which constitutes
the third layer. The two substrates are aligned through four
vias that ensure the connection between the various lay-
ers. The third part incorporates a second sequential power
divider that is printed on the bottom layer of a 0.13 mm
thick RT5870 substrate. This part provides the connection
between the RF input of the overall antenna array structure
with the inputs of the power dividers in the four subarrays.
Accordingly, as shown in Fig. 3(a), four vias are incorpo-
rated within the second part to provide the appropriate RF
signal routing. The detailed dimensions of the power divider
in the third part are shown in Fig. 3(c). The 50 Q input
port (point A’ in Fig. 3(c)) of the power divider constitutes
the input port of the overall array structure while its four
output ports (points B1’ to B4’ in Fig. 3(c)) are designed
with an impedance of 50 © to match the input port of the
four subarrays.

A common ground is shared between the bottom layer
of the second part and the top layer of the third part.
The two dielectrics of the overall array structure are strate-
gically selected since the thin RT5870 contributes to the
size reduction of the various transmission lines and to a
low loss feeding network, while the thick RO3003 con-
tributes to attaining a larger operating bandwidth with an
increased radiation efficiency. These design approaches result
in multiple benefits such as distance reduction between
the elements, SLL reduction, smaller antenna footprint, and
circular polarization purity improvement.
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FIGURE 4. (a) The reflection coefficient for the 16-element array before and after the
integration of the reconfigurable filter, (b) The realized gain [dBic] and axial ratio [dB]
for the 16-element array before and after the integration of the reconfigurable filter.

The input reflection coefficient for the overall array struc-
ture is presented in Fig. 4(a). The proposed array is able
to produce a good matching for the span of frequencies
between 21 GHz and 31 GHz with a reflection coefficient
less than —20 dB. The array’s realized gain is more than
12 dBic with an axial ratio that remains less than 1 dB over
the entire span of frequencies as presented in Fig. 4(b). In
addition, Fig. 5 provides the axial ratio for different ®-planes
at the four reconfigurable bands with center frequencies of
25 GHz, 26 GHz, 27.75 GHz, and 29 GHz respectively.
These results prove that over the entire array’s operating
bandwidth, a circularly polarized behavior with stable radi-
ation characteristics is attained with a beamwidth of 30
degrees.

B. FREQUENCY RECONFIGURABLE ANTENNA ARRAY

The integration of the reconfigurable filter with the proposed
antenna array is implemented in order to achieve a frequency
reconfigurable antenna array with circular polarization radia-
tion. Such frequency reconfigurability is essential to improve
the selectivity of the proposed design and minimize the
interference and noise that can be received by the array
that operates originally over a wide bandwidth. The recon-
figurable array topology is shown in Fig. 6(a). The reconfig-
urable filter is now integrated in the third part of the array
and connects to the input port of the second sequential feed-
ing network. Accordingly, the third part of the frequency
reconfigurable antenna array is composed of the feeding
network that is designed on a 0.13 mm thick RT5870 sub-
strate cascaded by the reconfigurable filter that is designed
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FIGURE 5. The axial ratio beamwidth for different ®-planes at the four
reconfigurable bands with center frequency (a) 25 GHz, (b) 26 GHz, (c) 27.75 GHz,
(d) 29 GHz.
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FIGURE 6. (a) The proposed frequency reconfigurable circularly polarized antenna
array, (b) The layout for the third part of the array, and (c) for the first part.

on a 0.5 mm thick RO3003 substrate. The layout of the third
part is shown in Fig. 6(b).

The ground plane of the filter with dimensions of 9 mm
x 32 mm resides on the surface of the array along with
the 16-element radiating patches as presented in Fig. 6(c).
The connection between the filter’s output port (width of
1.3 mm) to the input port of the feeding network (width of
0.375 mm) is achieved by adding a 0.6 mm x 0.715 mm x
0.6 mm matching section. This cubic metallic part provides
the appropriate transition between the filter’s output port and
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FIGURE 7. (a) The top and bottom views for the fabricated 16-Element antenna
array, (b) The comparison between the simulated and measured results for the array’s
reflection coefficient, (c) RHCP and LHCP realized gain, and (d) axial ratio.

the array’s input port. The second part, which is composed of
the 0.5 mm thick RO3003 substrate with the four integrated
vias, remains the same. A common ground plane in the
bottom layer of the second part separates the array’s radiating
surface from the reconfigurable filter and the input feeding
network. Such topology ensures better isolation between the
guiding and radiating waves with a compact topology. The
overall total dimensions of the array system are 43 mm X
32 mm.

The reflection coefficient plots for the reconfigurable
antenna array structure are also included in Fig. 4(a) for
the different states of the two integrated PIN diodes. The
proposed array is now following the mode of operation of
the reconfigurable filter by covering four distinct frequency
bands. Fig. 4(b) also includes the realized gain and the axial
ratio of the reconfigurable array. The integration of the fil-
ter hasn’t impacted the circularly polarized behavior of the
array since the dual sequentially rotated feeding networks
are maintained within the overall structure. The integration
of the reconfigurable filter has dropped the array’s realized
gain by almost 2 dBic for the different states of the PIN
diodes. Such drop occurs as a result of the insertion loss of
the filter that is produced mainly from the two integrated
PIN diodes.

IV. MEASUREMENT RESULTS

A. FABRICATED CIRCULARLY POLARIZED ANTENNA
ARRAY

The proposed circularly polarized antenna array is first fab-
ricated as shown in Fig. 7(a) and tested to validate its
performance. The comparison between the simulated and
measured reflection coefficients is shown in Fig. 7(b). The
fabricated prototype is able to preserve the wide operating
bandwidth of the array, which covers a span of frequencies
between 21 GHz and 31 GHz. The co- and cross-polarization
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antenna array, (b) The comparison between the simulated and measured results for
the reconfigurable array’s reflection coefficient, (c) co-polarized realized gain, and (d)
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realized gain plots are shown in Fig. 7(c), where the mea-
sured RHCP gain is greater than 10 dBic. A difference that
exceeds 20 dB is obtained between the two polarization
schemes. This proves the excellent polarization discrimina-
tion of the designed array. It is noticed that a little difference
is obtained between the measured and simulated gain val-
ues. This difference is mainly due to the losses introduced
by the copper rods used as vias to connect the various parts
of the array. The measured axial ratio presented in Fig. 7(d)
also agrees with the simulated one, confirming the achieved
pure circular polarization. The measured radiation patterns
at 23 GHz, 26 GHz, and 29 GHz in & = 90° plane are
shown in Fig. 8. The three measured patterns demonstrate
good agreement with the simulated ones where side lobe
levels of —19 dB, —18 dB, and —17.5 dB respectively are
obtained for the three operating frequencies.
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TABLE 1. Comparisons with other millimeter-wave circular polarized arrays.

Gain Peak .
Ref NE  Fc/FBW dBic / FBW of SIL  FOM Antenna Fee(i]mg va_ver E]emlent Element Systlem
3dB FBW AR<1dB Topology Method Divider Pol. Band Pol.
[15] 64 37.5/35.4 23.5/32.2 7.36 11 2.51 Stack Aperture Parallel Circular Broad Circular
[16] 64 29/13.8 N/A/3.07 2.8 11 10.03 | One Layer | Direct TL Sequential Circular Narrow Circular
[17] 4 29.7/15.4 | 13.59/20.2 0 22 0 One Layer | Direct TL Sequential Circular Narrow Circular
[18] 45.5/19.8 10.5/14.7 7.7 10 5.24 Stack Aperture Sequential Linear Broad Circular
[19] 16 59.9/22 15.98/9.5 0 10 0 One Layer | Direct TL | Sequential Linear Broad Circular
[20] 64 31/22 23/15.43 11.45 13 9.65 Stack Aperture Sequential Circular Broad Circular
\"{lg:‘sk 16 26/38.5 13/35.3 35.8 17.5* | 17.75 Stack Vias Sequential | Elliptical Dual Circular
NE: Number of Elements. FBW: Fractional Bandwidth [%].
AR: Axial Ratio calculated from the refer. graphs. SLL: Side Lobe Level [-dB] @®=90° FOM: Figure of Merit [dB]
Fc: Center Frequency [GHz]. *: SLL for the frequency range 21.5-30GHz.
TABLE 2. Comparisons with other frequency reconfigurable arrays at K/KA-band.
Element Recon. Freq. Active Number of  Voltage  Peak System
Ref. Fc .
Type Bands Range Component  Components [V] Gain Pol.
[21] Aperture 28 2 27.65-29.1 Pin Diode 2 3 6.4 Linear
Microstrip Liquid .
[22] Patch 28 Cont. 26.9-30.8 Crystal N/A 20 6.5 Linear
This Microstrip s .
Work Patch 26 4 23.75-30.1 Pin Diode 2 3 13 Circular

A comparative analysis with other existing millimeter-
wave circularly polarized antenna arrays available in the
literature is presented in Table 1. This table includes a
Figure of Merit (FoM) to highlight the superior radiation
characteristics of the proposed antenna array.

FBW of AR
FBW of CP Gain

The FoM, defined in Eq. (1), includes several design spec-
ifications. The first design parameter is the 3 dB fractional
bandwidth (FBW) of circularly polarized gain with reference
to the peak gain. This factor considers the useful operating
bandwidth while assuming the circular polarization behav-
ior of the antenna. The second parameter is the FBW when
the axial ratio (AR) is less than 1 dB. This ensures circular
polarization performance with very low AR. The last fac-
tor is the absolute sidelobe level of the radiation pattern,
which ensures interference reduction in the operating band-
width. These factors constitute the main parameters of the
proposed FOM, where the greatest value is interpreted as
the most efficient model according to the set requirements.
The presented structure herein features the highest FOM
(i.e., 17.75 dB) in comparison to the other referenced work
in Table 1. Such level of FOM emphasizes the improved
radiation behavior of the designed 16-element antenna array
structure presented herein.

FOM(dB) = x |SLL| (1

B. FABRICATED FREQUENCY RECONFIGURABLE
ARRAY

The proposed frequency reconfigurable array is fabricated
next to assess its radiation characteristics and validate that
the integration of the reconfigurable filter does not impact the
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circularly polarized behavior of the array. The correspond-
ing fabricated prototype is presented in Fig. 9(a) where the
reconfigurable filter is shown on the top view of the structure.
The reflection coefficient response is shown in Fig. 9(b) with
the measured resonant frequencies analogously matching the
simulated ones. The first state (off;-off,) of the antenna
operates at 28 — 30.1 GHz, the second state (onj-offj)
operates at 26.7 — 28.4 GHz, the third state (off;-onj)
covers the band 24.4 — 27.1 GH, and finally, the last state
(onj-ony) covers the band 23.75 — 26.3 GHz. Thus, the
antenna array can cover an overall frequency range of 23.75
—30.1 GHz for the four different states of the two integrated
PIN diodes. Next, Fig. 9(c) depicts the simulated and mea-
sured RHCP realized gain performance of the reconfigurable
array at the four different bands. The measured realized gain
at the center resonant frequency for each reconfigurable state
is 12 dBic (onj-onp), 10 dBic (offi-onjy), 12 dBic
(onj-offy),and 13 dBic (offj-off,) respectively. The
measured results are in good accordance with the simulated
ones, while the 1.2 dB variation at the higher frequencies
(off|-off, state) is mainly due to the various fabrication
tolerances whose effect is more pronounced with an increase
in the operating frequency. The axial ratio of the reconfig-
urable antenna array system is illustrated in Fig. 9(d), which
is less than 1 dB for all the operational bands. Fig. 10 shows
the normalized radiation pattern for the reconfigurable center
frequencies 25 GHz, 26 GHz, 27.75 GHz, and 29 GHz in
the ® = 90° plane. The four measured patterns show good
agreement with the simulated ones, with a sidelobe level less
than —15 dB for all the four different states.

Table 2 compares the presented frequency reconfigurable
array with other existing reconfigurable antennas operating
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FIGURE 10. The simulated and measured radiation patterns of the reconfigurable
16-Element array at @ = 90° for the (a) on-on state — 25 GHz, (b) on-off state — 26 GHz,
(c)off-on state — 27.75 GHz, and (d) off-off state — 29 GHz.

at K/Ka bands in the literature. The presented work herein
features unique characteristics in achieving circularly polar-
ized radiation over four distinct bands with a maximum gain
of almost 13 dBic.

V. CONCLUSION

This work proposes a millimeter-wave frequency recon-
figurable circularly polarized antenna array. The proposed
structure consists of a frequency reconfigurable modified
ring resonator filter integrated within the feeding network
of a l6-element antenna array. The frequency reconfig-
uration is achieved over four distinct bands through the
activation of two integrated PIN diodes, thus covering the
span of frequencies between 23.75 GHz and 30.1 GHz.
The presented antenna array achieves distinguished radi-
ating characteristics, such as an almost pure polarization
(AR<1 dB) in a FBW of 35.8%, sidelobe level less than
—17.5 dB, and a gain greater than 13 dBic. A comparison
with related work and the 17.75 dB figure of merit index,
displays the superior performance of the proposed antenna
array.
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