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A Compact Active Ka-Band Filtenna for CubeSats
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Abstract—This letter describes the design of a right-hand circu-
larly polarized planar filtenna (filter + antenna) that can reconfig-
ure its operation between two center frequencies in the Ka-band.
The filtenna structure is composed of a four-element array radi-
ator and a reconfigurable bandpass filter, occupying an area of
31 X 14 mm. The circularly polarized array elements are fed by
a sequential power divider for an enhanced polarization purity.
The filter is based on a ring resonator loaded with a variable open
stub. The length of the stub extends through a p-i-n diode switch,
resulting in a change of the loaded reactance into the ring, and
consequently tuning the filter’s operating center frequency from
30.3 to 29 GHz. The proposed low-loss filtenna structure exhibits a
reconfigurable fractional bandwidth up to 7.74%, a peak realized
gain that can reach up to 11.5 dBic, an axial ratio of less than
1 dB, and a sidelobe level that can go as low as —12 dB. The
prototype filtenna is fabricated and tested, where the measured
results verify the simulated data. A figure of merit is proposed
to highlight the superior performance of the presented Ka-band
structure in terms of the polarization, size, reconfiguration ability,
and radiation characteristics as proven by the comparison with
other works in the literature.

Index Terms—Bandpass filter (BPF), CubeSat antenna, filtenna,
Ka-band, reconfigurable filter, reconfigurable frequency, ring
resonator.

1. INTRODUCTION

HE USE OF nanosatellite (CubeSat) clusters is cost effec-
T tive and meets new space communication requirements.
Hence, CubeSats are rapidly deployed in orbit, causing a con-
gested RF environment and an increased information exchange
between the satellite units in space. Moreover, satellite com-
munication links require high data rates without interference
from nearby CubeSats. This can be addressed with the design of
wider bandwidth planar printed reconfigurable communication
systems in the Ka-band [1]-[3].

Frequency reconfiguration of an antenna is possible by ei-
ther altering the electromagnetic coupling environment of the
antenna or by changing the antenna shape itself [4]-[11]. For
example, in [8], parasitic elements are manually placed at an op-
timized distance from the radiator to create capacitance loading,
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resulting in a change in the antenna bandwidth. The lack of an au-
tomated mechanism makes the model impractical for CubeSats.
In [9], an antenna patch resides on a liquid crystal-filled cavity
biased by a 20 V voltage source. The difficulty of constraining
the liquid in a cavity and the high-voltage potential needed for
the proper antenna functioning makes it an unattractive candi-
date for space operations. In [10], a slotted waveguide antenna
accommodates optical switches over the slots to reduce their
size when those are activated and accordingly cause frequency
reconfiguration. Such a model requires an increased number of
active components and photo emitters. In [11], a fractal-type
antenna is resized by numerous p-i-n switches that connect
metallic sections in order to reconfigure its operation.

On the other hand, the combination of a reconfigurable band-
pass filter (BPF) and an antenna array component forms the
so-called active filtenna structure. Such integration achieves
frequency reconfiguration. Active filtenna models are suggested
mainly in frequencies below 10 GHz [12]-[18]. For instance, in
[14], two resonating structures are incorporated in the antenna
feeding network in order to tune the operating frequency in the
C-band. In [17], a resonating structure is proposed for potential
frequency tuning at the K-band.

In fact, the design of reconfigurable antennas to operate in the
Ka-band is a challenging task due to the scarcity of the available
active components and the sensitivity of the design requirements.
In addition, passive elements for the dc biasing of the integrated
active components are either unavailable or suffer from a narrow
dynamic range. Moreover, the fabrication of active antennas at
the Ka-band can be taxing due to the small dimensions and the
need to reduce any unnecessary losses.

While the sequentially fed circularly polarized antenna and
the filter based on a ring resonator loaded with a variable open
stub may have been addressed in the literature, they have never
been proposed for integration and operation at the Ka-band. Ac-
cordingly, what we present here goes beyond simply cascading
these two elements. In fact, the novelty of the work is based on
the full design of a dynamic filtenna structure that achieves high
circular polarization (CP) purity with a reconfigurable frequency
operation for the Ka-band integration.

The presented work herein, briefly introduced in [19], pro-
vides a thorough performance analysis of the Ka-band filtenna
that is composed of the four-element antenna array and a re-
configurable BPF. A proposed figure of merit (FoM) proves
not only the superiority of the design but also its advantageous
reconfiguration ability, excellent radiation properties, and CP
purity at the Ka-band.

II. FOUR-ELEMENT ARRAY ANTENNA

The overall filtenna design is developed on a 0.5 mm thick
RO3003 substrate with relative permittivity of €, = 3 and loss
tangent tan = 0.001. The antenna array is designed to meet the
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Fig. 1. (a) Four-element antenna array. (b) Performance of the single-element
and four-element arrays in terms of the reflection coefficient. (c) RHCP gain.
(d) AR [dB].

required radiating characteristics by relying on a combination of
CP techniques, such as truncated patches and sequential feeding
network [20], [21]. The proposed array structure is shown in
Fig. 1(a). Each rectangular patch has a size of 2.65 x 2.8 mm
and a truncation length of 0.5 mm at its two opposite corners
to produce the CP TM;;9 mode. In addition, this modification
contributes to a larger bandwidth. The radiating elements are
orthogonally cascaded to form a four-element array in a circular
pattern of radius 0.3X,. The 90° consecutively aligned radiating
elements are equally power supplied with a 90° relative phase
difference at 29 GHz. This is achieved by relying on a sequential
power divider. Therefore, the CP condition is applied, and the
AR purity is improved.

The integrated power divider consists of four arcs labeled as
Arc; (i=1-4), as highlighted in Fig. 1(a). Each arc is connected
to a 0.2 mm thick line that feeds the radiating element, whose
input impedance is 125 ). Arc; has an angular length of 45°,
while Arcy_4 has an angular length of 90° each. The optimized
widthofeachof Arcy_41is2.15,2, 1.5, and 0.2 mm, respectively.
At the input of the array, a microstrip line TLg (50 Q) is
connected to the power divider utilizing the A 4/4 transformer TR
(W=0.75 and L = 1.5 mm). The incorporation of the 50 2 TL,
is essential to provide the required impedance matching when
integrating the filter structure as a part of the overall proposed
filtenna where the antenna array is also designed with an input
impedance of 50 €.

The comparison in the performance between the single patch
and the presented antenna array clearly shows that the proposed
array configuration improves the performance in terms of the
operating bandwidth [see Fig. 1(b)], right-hand circularly po-
larized (RHCP) gain [see Fig. 1(c)], and axial ratio (AR) [see
Fig. 1(d)]. More specifically, the array design has a 3 GHz CP
operating bandwidth (27.8-30.8 GHz), which is 2.4 GHz wider
than the single element. Additionally, the AR at f, = 29 GHz
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S-parameters’ results.

has been decreased by 1.2 dB. The RHCP gain for the operating
range isnow 7.2—11.65 dBic, which has been improved by 5 dBic
atf. =29 GHz.

III. RECONFIGURABLE FILTER-MODIFIED RING RESONATOR

The reconfigurable BPF, developed for the active filtenna pur-
pose, is based on a planar ring resonator circuit that is modified
by loading an open stub at its side, as shown in Fig. 2(a). An RF
switch (p-1i-n)isintegrated into the open stub in order to extend
its length and, therefore, produces a new reactive load. The
variable reactive load is the reason behind tuning the resonator’s
operation to a lower frequency band. Accordingly, the proposed
structure relies on the least number of active components that
are placed off the ring transmission line. Such a placement
minimizes the insertion loss and any impedance mismatch that
may be caused by the integration of the active components.

The RF switch employed for the stub length reconfiguration
is the diode MA4AGP907 [22]. The activation of this switch
enables the open stub of length 2.3 mm to extend by 0.35 mm,
respectively. The switch circuit model used for the OFF state is
a 10 k€2 resistor in parallel with a 0.02 pF capacitor, which are
both connected in series to a 0.3 nH inductor (C||R+I). For the
switch’s ON state, it is described by a 6 € resistor connected in
series to a 0.3 nH inductor (R+1). The filter is initially designed
for the upper band when the switch is in the OFF state. Next,
the extended length of the stub is adjusted to tune the filter to a
lower band when the switch is activated to the ON state.

The proposed small modification on the ring resonator pro-
vides the necessary current perturbation to achieve a significant
frequency shift. The 1 GHz shift happens by utilizing only
a single active component providing two operational bands,
28.5-29.3 and 29.6-30.65 GHz, as presented in Fig. 2(b) for
the two respective states. The use of a single active component
and its placement out of the RF current path offers reduced signal
dispersion and insertion loss, with the insertion loss ranging from
0.7 to 1.7 dB for S1; < —10 dB.

A more in-depth analysis is conducted using smith chart
in order to derive the equivalent loaded reactance into
the ring resonator, as shown in Fig. 3. The reconfigurable
filter response is recorded at the two RF switch states
(OFF and ON) for the frequency range 28-31 GHz. A
marker ml is first placed for the matched upper band at
fc =30.1 GHz. Then, a second marker m2 is placed at the same
frequency point but this time for the ON state. The respective
values are used in a smith chart tool for deriving the equivalent
reactance. The green curve describes the reactive load path
ml— m2. Following this path results in an open stub placed
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Fig. 4. (a) Effect of the radial stub integration on the filter’s surface current.
(b) S-parameters’ results.

in parallel with a length of 72.7" at fc = 30.1 GHz. The stub
width of 0.35 mm is equivalent to a 96 {2 microstrip line. This
modification can be described by a capacitor of 187 fF placed
also in parallel.

The design of the dc bias circuitry for the activation of the
RF switch is simplified by the filter configuration. The filter’s
ports are capacitively coupled to the ring by a small 0.04 mm
gap. Such a gap enables the dc-biasing current not to leak into
the filter’s ports. Lumped components operating in the Ka-band
are rare; accordingly, two wideband radial stubs are designed
and optimized to limit the RF currents at the desired sections
and also to block interferences from the dc source. As shown in
Fig. 2(a), these radial stubs (dcin and dcout) are connected to
the ring by employing high-impedance lines of width 0.15 mm.
The objective of dcin is to supply the dc current to the diode,
while dcout provides the ground connection. The radial stub
dimensions (radius = 1.7 mm and angular width = 45") and
position are selected, while monitoring the current distribution
on the filter and inspecting the corresponding scattering param-
eters. As seen in Fig. 4(a), the RF current is blocked after the
stub reference point. Fig. 4(b) presents the filter’s S-parameters
before and after integrating one of the two radial stubs. For both
cases, the filter behavior remains unchanged. A similar behavior
is obtained after integrating the second radial stub.

IV. ACTIVE FILTENNA STRUCTURE

To construct the active filtenna model, as shown in Fig. 5, the
two above optimized circuits are assembled in one. The antenna
array is connected to the filter’s second port through a 50 €2
transmission line. Such a connection guarantees that the antenna
array radiation characteristics are not altered by the layout of
the filter across the various frequency bands. It is important to
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Fig. 5. Proposed reconfigurable Ka-band filtenna.
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Fig. 6. (a) Top view of the fabricated prototype and (b) its corresponding
bottom view. (c) Simulated and measured results of the reconfigurable filtenna
array in terms of the input reflection coefficient, (d) RHCP gain, (e) AR, and (f)
antenna radiation efficiency.

highlight that such a connection remains valid if the number of
the array’s elements is increased. Such an increase enables the
filtenna to provide a higher realized gain and a further enhanced
AR.

A prototype model for the four-element filtenna is fabricated,
as seen in Fig. 6(a), using high-precision Printed Circuit Board
(PCB) laser etching. For the p-i-n diode activation, a dc source
of 1.5 V and 10 mA is used. Fig. 6(b) presents the bottom view
of the fabricated filtenna prototype. The total filtenna structure
size is 31 mm x 14 mm, while the size of a 1U CubeSat is 100
x 100 mm. Hence, this proposed structure can easily fit on one
of the sides of a CubeSat. It is important to highlight that the
filtenna prototype has an area that is 23 times smaller than the
area of a CubeSat side in a 1U system.

The scalability of the filtenna design to various frequencies
can be achieved by mainly varying the ring size of the BPF
since its circumference controls the center resonant frequency.
Accordingly, such frequency can be reconfigured to lower or
higher bands by adjusting the reactance of the integrated shunt
stub size through the integrated RF p-i-n diode switch.
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TABLE I
COMPARISON WITH OTHER WORK IN THE LITERATURE
# Rec. . . Gain o Voltage # Cost-
Ref. bands Band Fabric. process Active comp. [dB] Polarization [V] Layers Complexity FoM
[09] 4 Ka P““t;gafgcu” Liquid crystal 3.9 Linear 20 Hish 3 High 13
[18] 2 Ka Lithography Pin diode 6 Linear 1.5 8 High 0.75
RF Micro- )
[23] 2 Ka Microfabrication | Electromechanical 1.74 Linear 45 Hieh 1 High 0.87
Systems switch
[24] 2 s Microfabrication Pj‘lflaefaf;n 3 Linear 5.4t 6 High 0.5
Printed Circuit Passive Loading . +
[08] 2 K Board /Mechanical 12 Linear - 7 Low 343
(1] 3 | XK Ka P““tggafgc“” 4 Pin diodes 5% Lincar | 1.5x4™ | 2 Low 3.75
This Printed Circuit L . Low
Work 2 Ka Board pin diode 11.5 Circular 1.5 1 Low 23

*Gain according to the design model. T Calculated FoM does not include voltage.
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Fig. 7. Simulated and measured radiation patterns of the reconfigurable fil-
tenna array at ® = 90° for the ON state —29 GHz and OFF state —30.3 GHz.

The comparison between the simulated and measured input
reflection coefficient of the filtenna is shown in Fig. 6(c). The
measured results match the predicted simulated ones for both
states of the active filtenna. The actual operating bandwidths
for the two states of the system are 29.65-30.8 and 28.55—
29.65 GHz, respectively. The reflection coefficient of the array
alone is also presented in Fig. 6(c). Such response proves that
the filtenna structure is able to provide the required filtering
functionality by following the mode of operation of the inte-
grated BPF. Fig. 6(d) depicts the realized gain of the antenna
system. The minimum and maximum CP gains (at © = 0)
for the lower and upper bands are 8.4-10.4 and 10.3-11 dBic,
respectively. Again, the measured gain of the filtenna agrees
with the simulated data. The AR of the antenna at © = 0° is
shown in Fig. 6(e), which ensures CP for both operating states
of the p-i-n diode. The measured AR performs similarly to
the simulated results. The proposed filtenna structure is able to
provide circularly polarized radiation with a gain beyond 9 dBic
for the frequency range 28.75-30.55 GHz at the two states of
the integrated p-i-n diode. The simulated and measured filtenna’s
radiation efficiency for both states of the p-i-n diode is presented
in Fig. 6(f). The filtenna prototype is able to produce efficiency of
more than 70% across the two reconfigurable frequency bands.

Moreover, the two-band active filtenna structure characteriza-
tion is concluded with the normalized radiation pattern plots of
Fig. 7. The patterns’ measurements are taken for the two center
frequencies of the system, (29 and 30.3 GHz) at the ® = 90°.
The sidelobe level (SLL) for the ON and OFF states is —12 and

—8 dB, respectively. The noticed discrepancies in the back lobes
are attributed to the coupling effect on the copper wires serving
for the dc supply of the p-i-n diode. The measured patterns are
also well predicted by the simulated ones.

Table I compares the proposed reconfigurable filtenna struc-
ture with other work in the literature. An FoM is defined as
presented in (1). The FoM is derived by accounting for the
number of reconfigurable bands (#Rec .band), the peak gain
(Gain), the voltage required to activate the two frequency bands
(Voltage), and the number of layers (#layers) utilized
for the antenna fabrication. The FoM also accounts for the
fabrication complexity and cost (Cost—-Complexity) with
an assigned weight of 1 (for low-complex structures) and 2
(for high-complex structures). The superior performance of the
proposed design in this letter is exhibited with the highest value
of the FoM (i.e., 23) in comparison with the other reported work
in the literature. Such FoM demonstrates the superior behavior
of the presented filtenna structure in providing a high-gain cir-
cularly polarized radiation with frequency reconfiguration over
two distinct operating bandwidths within the Ka-band

#Rec. Band x Gain

FOM = .
Voltage x #Layers x Cost — Complexity

ey

V. CONCLUSION

This letter introduces a new compact active filtenna for Cube-
Sats that covers the frequency range of 28.55-30.85 GHz. The
circularly polarized array is reconfigured through a tunable BPF
resulting in a reconfigurable filtenna. The proposed filtenna
consists of a wideband RHCP four-element antenna array fed by
a sequentially rotated feeding network and driven by the mod-
ified ring resonator BPF. The ring resonator employs a loaded
reactance in the form of an open stub, which is reconfigured
by relying on a p-i-n diode. The fabricated prototype exhibits
for the two reconfigurable states a reflection coefficient less
than —15 dB, realized gain at the two center frequencies greater
than 10 dBic, an AR less than 1 dB, and a directional pattern
with SLL less than —8 dB. The presented filtenna constitutes a
unique contribution to reconfigurable antennas at the Ka-band
by exhibiting frequency reconfiguration, with high CP purity
while relying on a single p-i-n diode.
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