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Compact Antenna for Picosatellites Using a
Meandered Folded-Shorted Patch Array

Yuepei Li, Symon K. Podilchak, Member, IEEE, Dimitris E. Anagnostou, Senior Member, IEEE,
Constantin Constantinides, Tom Walkinshaw

Abstract—The design and operation of a compact antenna array
offering circularly polarized (CP) radiation for picosat and other
small satellites for communication applications is presented. The
proposed array combines folded-shorted patches (FSPs) and
meandering for antenna miniaturization. Realization of CP is
achieved by a compact and planar feed circuit consisting of a
network of meander-shaped 90- and 180-degree hybrid couplers
which can provide quadrature feeding of the FSP elements and can
be integrated onto the backside of the antenna ground plane which
isonly 5 cm by 5 cm. Agreement in terms of the simulations and
measurements is observed with realized gain values of more than
3 dBic at 1.065 GHz and with an antenna size of 0.17X0 by 0.1720.

antenna,
(CP),

Index Terms— Folded-shorted patch
sequentially rotated arrays, circular
meandering, satellite communications.

(FSP)
polarisation

I. INTRODUCTION

atellites are manmade objects and are launched into space

to do a specific task and can be employed for space-related

research or geo-graphical surveillance [1], [2]. When
compared to more conventional satellites, the development of
compact satellites, such as picosats defined by a 5 cm by 5 cm
by 5 cm volumetric unit, can significantly reduce launching
costs and mission development time. Generally speaking, such
compact satellites now provide a cost-effective approach for
new scientific investigations, technology demonstrations, and
advanced missions by picosatellite constellations and swarms,
as well as other disaggregated systems.

When considering picosatellite-to-picosatellite, or
picosatellite to more conventional satellite (and other small
satellite) data communications, or, to the ground station at L-
band frequencies, microstrip patch antennas are particularly
attractive due to their low profile, low cost fabrication and ease
of installation [3]. One option is the conventional patch antenna
which has an approximate resonant length of A/2. However,
implementation on a picosatellite platform might not be
possible given the size of the required 25 cm? antenna footprint
as well as gain and mass requirements when considering PCB
implementation using commercially available substrates with
moderately high relative permittivity values; i.e. & = 10.

In this work, compact and multilayer folded-shorted patches
(FSPs) are investigated and a metallic-based demonstrator
prototype is proposed for the intended picosatellite antenna
application. Measurements and simulations are compared and
are in agreement, considering a 2 x 2 FSP phased array which
offers (CP) radiation at about 1.1 GHz. In addition, by
introducing a meander for the top layer of each FSP, the size of
the single-element can be reduced (0.09% by 0.08%o by 0.036,,
see Figs. 1 and 2) which can miniaturize the total array while

Fig. 1. Schematic of the proposed 1.1 GHz antenna for picosatellites, defined
by a 2 by 2 array of sequentially rotated FSPs. The total antenna size
considering an operating frequency of 1.1 GHz is 5 cm by 5 cm.

maintaining the operational frequency and achieving maximum
gain values of about 4.5 dBic and total antenna efficiency of
81% for the optimized structure. To the best knowledge of the
authors, no similar antenna using sequential rotation for CP and
meandered elements for additional compactness, has been
reported in the literature (see Table I) offering comparable gain,
impedance matching bandwidth, and with reduced antenna size.

1. DESIGN OVERVIEW FOR THE COMPACT FSP ARRAY

There are several techniques for reducing the physical size of
the conventional patch antenna such as the use of high relative
permittivity substrates, shorting walls, meandering, capacitive
loading and slots [5]-[8]. Further size reduction can be achieved
by reducing the width and length of the shorting plane while
also folding of the ground plane. In [9], such a linearly polarized
multiple-layer FSP antenna was reported by increasing the
number of layers to adjust the resonant frequency to 2.4 GHz
realizing a single-element size of 0.13kq by 0.1440 by 0.032%.

In [10], a dual-band structure, by interdigitated slot loading,
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Fig. 2. Cross-section view of the single-element, two-layer FSP antenna where
the dimensions are Lgap =2.5 mm, dy =2.5mm, L =19 mm, W =22 mm, t=0.1
mm, d =7.4 mm, AL =2.8 mm, and X; = 3.65 mm. The layers are defined at the
height of d + d, + tand d + t, respectively. The material between the layers can
be defined by er allowing for PCB or metallic-based implementation.
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was reported which enabled operation at about 2.4 GHz and 5
GHez. In that work, the current on the patch surface was initially
perturbed which reduced the resonant frequencies for the dual-
band antenna. Then element miniaturization was made possible
by the inclusion of a shorting wall and the folding of the ground
plane. Another approach to reduce the size of the linearly
polarized FSP was to employ a U-shaped slot within the patch
as in [11]. However, reduced antenna performance was
achieved due to the effective loss tangent of the PCB material.
Finally, in [12] and [13], compact arrays using a 2 X 2
arrangement of sequentially rotated elements were reported for
CP radiation, defined by a multilayer PCB and a fully metalized
structure, respectively. Maximum gain was about 2.5 dBic for
both antennas with total structure sizes of 0.2 by 0.2,.

By following these developments, we propose a compact 5 x
5x 1 cm® FSP 2x2 antenna array and supporting feeding system
(see Figs. 1, 2, and 3) for CP operation at about 1 GHz. The
dimensions of the single element are 0.07X by 0.06)0, while for
the four-element array, the total structure size is 0.17% by
0.17X by 0.035) considering the measured design frequency.
The feeding system can be integrated on the underside of the
array which can provide the needed sequentially rotated phase
shifts for CP radiation. In our work, this 5-port antenna feeding
system (see Fig. 3) is a defined by a network of two 90° and one
180° hybrid couplers using transmission line meandering for
compactness. Also, the FSP layer lengths and widths can be
determined using transmission line theory by following [13]
which has accurately taken into account any open edge effects.

A. Single-Element Design with Top Layer Meandering

The proposed metallic-based FSP antenna element has been
designed using a shorting wall with also a meandered top layer.
This reduced the physical size of the top transmission line
enabling compactness for the entire antenna. Also, the
separation between the top and first layers was optimized for
the required resonant frequency by adjusting the dimension dy.
This parameter has been varied in Fig. 4 where it is shown that
the resonant frequency can be adjusted between about 1.05 GHz
to 1.15 GHz given the major dimensions as outlined Table | (see
Top Meandering, Metallic). Similar adjustments to the resonant
frequency are possible (all results not shown for brevity) by
simultaneously altering the length of the four slots on the top
layer which was nominally 17.5 mm (having a 1 mm width) for
operation at 1.1 GHz. Obviously, such tuning is not possible
when meandering of the top layer is not considered.

The simulated current density for the single-element FSP is
shown for the meandered top patch layer in the inset of Fig. 4.
It can be observed that the meandering of the top layer realizes
a significantly longer transmission line defining a compact
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Fig. 3. Designed and fabricated feeding circuit for the array to enable CP
radiation. The total dimensions of the passive circuit are 5 cm by 5 cm.

structure when compared to a more typical patch. Also, intense
current densities between each parallel meandered section can
be observed, which represent coupling and open edge effects.
The linearly polarized FSP antenna was also designed
considering copper for all the required metal segments with a
0.1 mm thickness for the shorting wall as well as for the first
and top layers. Also, 50-Q coaxial probe feeding was employed
for the individual element at an optimized position (see the
caption of Fig. 2, for the relevant design dimensions) for best
matching and realized gain at 1.1 GHz. Simulation results for
this single element offer gain values greater than 1.5 dBi with
|S11] < -15 dB at 1.1 GHz (all results not shown for brevity).

B. Array Design by Sequential Rotation

A sequentially rotated array allows for the realization of CP
radiation using linearly polarized elements [4]. This means that
each linearly polarized antenna within the array is also fed with
a sequential phase shift. For example, in the most common
configuration; i.e. a 2 x 2 array, each antenna (considering a
clockwise rotation) is required to have a specific phase delay of
0°, 90°, 180° and 270°. This arrangement would generate right-
handed circular polarization (RHCP). To enable left-handed
circular polarization (LHCP), similar 90° phase shifts would
need to increase anti-clockwise [4].

Considering array theory, the larger the number of individual
antenna elements used, the higher the antenna gain and the
narrower the beam. In our system, we desire a compact design
with increased gain, beyond the single-element, while also
maintaining a broad beam and thus by using a 2 x 2 sequentially
rotated array, higher gain values are expected. However, this
configuration requires a feeding system (see Fig. 3) that can be
bonded to the underside of the ground plane and to maintain a
low-profile and compact design. Also, to achieve minimal
reflection losses and optimized antenna gain in the far-field, the

TABLE | - COMPARISON TO OTHER SIMILAR FSP ANTENNAS AND ARRAYS FOUND IN THE LITERATURE CONSIDERING OPTIMIZED (SIMULATED) PARAMETERS

Work Antenna Number of Single-Element Design Reflection Impedance Single-Element Size Size of the Realized
Type layers or Array Frequency Coefficient Bandwidth (Length by Width by Ground Plane Gain
Height)
[9] Metallic 2 Single-Element 2.4 GHz -34dB 3% 0.1327%0.1427x0.03224 0.1724x0.174, 1.6 dBi
Metallic . 2.4 GHz/ -28dB/ 1%/ 3.3dBi/
[10] & PCB 2 Single-Element 5 GHy 29dB 5 5% 0.124x0.011X0.051, 0.344 0.3 = 5 4B
[11] Metallic 2 Single-Element 0.84 GHz -26 dB 19% 0.3640x0.364(x0.0324 0.564,x0.564¢ 5.8 dBi
[12] PCB 4 2x2 Array 0.4 GHz <-10 dB — 0.051x0.041,x0.051, 0.229x0.21y 2.3 dBic
This Work PCB 2 2x2 Array 0.787GHz -17dB 0.3% 0.06519x0.0551,%x0.0264, | 0.132,x0.131, | 0.606 dBic
Top Meandering
This Work PCB 2 2x2 Array 0.783GHz -21dB 0.45% 0.07319x0.0741,x0.0264, | 0.182(x0.181, 3.7 dBic
Top Meandering
This Wark Metallic 2 2x2 Array 1.1 GHz -29 dB 0.55% 0.081,x0.081,%0.0361¢ 0.181,x0.181, 3.8 dBic
No Meandering
This Work . R 0 . 2
Top Meandering Metallic 2 2x2 Array 1.1GHz 15dB 0.55% 0.0917x0.082(x0.0362, 0.181,x0.182, 4.5 dBic
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Fig. 4. Single-element |Sy| simulation results showing the possible design
frequency variation by changing the dimension d,; i.e. the height of the top layer
above the first layer (see Fig. 2) while all other parameters were maintained. In
the inset, the simulated surface current density is shown for the top meandered
patch. The colors for the arrows represent the current magnitude in A/m.

individual elements need to be further simulated in an array
configuration considering the ground plane size (5 cm by 5 cm).

C. Feed System Design & Antenna System Operation

The fabricated and measured feeding system is shown in Fig.
3 and is a 5-port network where each port provides the required
90° phase shifts and equal power splitting. For example, port-1
can be considered the input port, with port-2 providing a 90°
phase delay, port-3 providing a 180° delay, port-4 providing a
270° phase delay, and port-5, finally provides a 360° or 0° delay.
Also, in our design we employ a high permittivity material (e
= 10.2 with tand = 0.0023) while also using meandered
microstrip sections to reduce physical dimensions.

The highlighted circuit labels 1 and 3 (see Fig. 3) are the
meandered 90° hybrid couplers where their physical dimensions
have each been reduced by 70% from the standard hybrid whilst
considering the same substrate. The highlighted circuit label 2,
is the meandered rat-race coupler. Its physical dimensions have
been reduced by 50%. Also, to conform to the dimensions of
the array, the total physical dimension of the feed system was
also 5 cm by 5 cm. Measured and simulation results for this
optimized feeding structure suggest suitable performance; i.e.
at 1.1 GHz the required phase shifts are achieved and with
reflection coefficients below -20 dB (all results not shown).

The average of the transmission coefficients was -7.3 dB
defining an insertion loss of around 1.3 dB which can mainly
be attributed to the tand for the employed PCB. Moreover, the
simulated realized gain for the 2x2 array is 4.5 dBic (see Table

I) which does not include this feeding system loss. This defines
the realized gain of the complete antenna system to be around
3.2 dBic. Given these values and a simulated efficiency of 81%,
the total loss for the system (feed circuit and compact antenna)
can be estimated to be about 2 dB (or a 60% total efficiency).

D. No Meandering Comparison & PCB Design Approaches

For completeness it is important to highlight the benefits of
the top-layer meandering for the metallic structure with a non-
meandered array whilst considering the same height and ground
plane size (see Table I). This is because the electrical size of the
radiating element is larger than its non-meandered counterpart.
Basically, the adopted meandering allows for a more optimal
4x4 array to fit within the confines of the available physical
space whilst considering the same design frequency. This
enables better radiation features as outlined in Table I. For
example, the realized gain is improved by about 1 dB and

without a significant loss in impedance bandwidth. This is
important for a compact antenna and thus ensures better CP
radiation and array operation at the required design frequency.

This meandering of the top layer can also motivate further
PCB implementations and fabrication simplicity. For example,
if the antenna designer inserts a commercially available
dielectric (e, = 2.2,tané = 0.0009 ) forming the top-layer
only (see Fig. 2), the 1.1 GHz design frequency can be adjusted
to 0.787 GHz enabling further compactness. However, this will
reduce the realized gain and the equivalent size of the ground
plane, 0.606 dBic and 0.13X by 0.13)0, respectively (see Table
1). However, antenna operation at 0.787 GHz can be improved
with further optimization whilst considering a larger ground
plane (0.18%o by 0.18%0) and a gain of 3.7 dBic can be achieved.
In our work we consider further a compact, metallic-based
antenna structure for maximum gain and to minimize any
possible losses in the PCB materials.

I1l. ANTENNA RESULTS & ASSEMBLY

By adopting the individual metallic-based FSPs and the
optimized 2 x 2 array arrangement as discussed in the previous
sections, reflection coefficient values are reported in Fig. 5,
when simulated at the antenna inputs. It can be observed that
|Sii| <-15 dB at 1.1 GHz for each antenna element. The realized
gain maximum for the array was also 4.5 dBic (see Table I) with
an 81% efficiency (defined mainly by metallic and mismatch
losses) at 1.1 GHz for the optimized antenna structure without
the feeding system. Also, the axial ratio was less than 3 dB over
a 100° beam angle range and simulated beam pattern plots are
shown in Figs. 6 and 7 at 1.065 and 1.075 GHz, respectively.
See Table |1 for further results considering the feed circuit.

Given these simulations, the 2 x 2 sequentially rotated FSP
array was fabricated and measured. All metallic sections for the
FSP antenna elements were made by hand soldering and by
using planar copper sheets with a 0.1 mm thickness. Also, by

0 -

= Maasured Element 1
== Measured Element 2
Measured Element 3
= Measured Element 4
== Simulated structure for 1.05 GHz
=== Oplimazed structure for 1.1 GHz
Tower Placement (Si

-20

Reflection Coefficient (dB)

251 ; L )
09 0.95 1 1.05 1.1 1.15 12

Frequency (GHz)
Fig. 5. Reflection coefficients at the antenna ports for the optimized and
fabricated prototype in free-space. This simulation also took into account the
practical fabrication tolerances. Dimensions are as follows for all elements: Lgg,
=3mm,d,=3mm,L=20mm,W=22mm,t=0.1mm,d=8mm,AL=2m
m, and X; =4 mm. It can be observed that the measured impedance bandwidth
of 0.62% is slightly larger than the simulated (0.55%) and this discrepancy is
likely related to losses introduced by the low-cost SMA connectors.
Simulations are also shown when the antenna is placed on the far-field
positioner (see Fig. 8, inset), where it can be observed that the S;; minimum
was shifted to about 1.07 GHz due to the metal and plastic housing of the setup.

TABLE Il ANTENNA RESULTS WHICH INCLUDED THE FEEDING SYSTEM

Simulation Measurement
(1.1 GHz) (1.065 GHz)
RHCP gain (6 = 0°) 3.2 dBic 2.9 dBic
LHCP below RHCP (6 = 0°) <30dB <20dB
Axial Ratio < 3 dB -80°<0<+80° | -60°<0<+40°
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Fig. 6. Measured realized gain RHCP patterns for the CP array at 1.065 GHz.
Results are shown in the x-z plane (¢ = 0°) along with the cross-pol. levels.
== Simulation RHCP
== Measurement RHCP

Simulation LHCP
== Measurement LHCP

60

Fig. 7. Measured realized gain RHCP patterns for the CP array at 1.075 GHz.
Results are shown in the x-z plane (¢ = 0°) along with the cross-pol. levels.

using this copper thickness, it allowed for each shorting wall to
be manually bent and soldered by hand onto the common
ground plane. Similarly, for the top meandered patch layers as
well as the first metallic layers, which were also soldered to the
coaxial probes for 50-Q connectivity at the antenna backside.
Since the assembly for the array was all done by hand, the
patch dimensions were not perfectly consistent with the
optimized simulation model. For example, at most dimensional
deviations of about 0.5 mm or less were observed (see the
captions of Figs. 2 and 5, and in the worst case, 1 mm) for the
prototype. For example, the overall antenna height of the
fabricated prototype increased from 10 mm to 11 mm, the
average length of the meandered slot increased from 15 mm to
16 mm and the SMA coaxial feed probe position X; was 4 mm,
originally 3.65 mm. As expected this practicality slightly
altered the resonant frequencies for the individual elements. For
example, the reflection coefficient minimums are below -10 dB
at 1.05 GHz as shown in Fig. 5. Once these practical values
were included in the simulation model, a better agreement was
observed between the simulations and the measured reflection
coefficients in terms of these minimum |S;| values.

The anechoic chamber at Heriot-Watt University and the
PNA (Keysight N5255A) along with a far-field positioner
(Dams7000) were used to measure the antenna as outlined in
Table Il and Figs. 6 to 8. The feeding circuit was also included.
As observed, general agreement was observed with the
measured beam patterns. Also, the measured maximum RHCP
gain was recorded to be 2.9 dBic and 3.24 dBic at broadside
(0%) and -48°, respectively, defining a minor beam squint. In
addition, the cross-polarization levels (LHCP) are low and
reach values which are 20 dB below the main beam maximum
defining axial ratios which are less than 3 dB from -60° to +40°.

It should be mentioned that the far-field positioner is defined
by a metal and plastic housing and this is the likely cause of the
squint in the main beam pattern, the shift in resonant frequency
(see Fig. 5), and the high cross-polarization levels. To

==Simulation RHCP

***Measurement RHCP
i Simulation LHCP

***Measurement LHCP

60

90
Fig. 8. Measured realized gain at 1.065 GHz for the compact FSP array, but
now with the assembly tolerance and far-field positioner included in the CST
simulation model (see inset).

90

accommodate for this, the material properties of the far-field
positioner were included in CST as well as the noted assembly
and fabrication dimensional tolerances. With this additional
modelling, the simulated RHCP beam pattern is better matched
to the measurements for the noted main beam squint (i.e. the
maximum gain appeared at -20° and -30° for the simulated and
measured co-pol. beam pattern, respectively) as well as the
cross-polarization levels which are about 20 dB below the main
beam maximum (see Fig. 8). This beam squint is also visible in
the symmetry of the measured axial ratio beamwidth (see Table
I1). Given this practicality, that the positioner has metallic parts
and is in the near-field of the antenna, results are in agreement
and when considering the fabricated antenna dimensions. This
defines a good proof of concept for the proposed compact array.
Preliminary results also suggest that similar antenna
performance metrics can be achieved when the proposed
antenna is simulated on a 5 cm by 5 cm by 5 cm picosatellite
bus platform albeit a small frequency shift in the minimum of
the reflection coefficients. Future design work should also
include optimization of the antenna whilst considering such a
satellite structure as well as the resonant tuning procedure
developed in [13] using transmission line principles.

IV.  CONCLUSIONS
This letter investigated a miniaturized folded-shorted patch
array by using meandering for all top layers of the antenna.
RHCP was achieved with measured gain in excess of 3.2 dBic.
Applications for the antenna include placement on picosatellite
where low data rate communications are required between other
satellites enabling telemetry awareness, geo-positioning, and
general connectivity at the L-band. To the authors’ knowledge
no similar array with such meandering, has been reported in the
literature, in particular, where the antenna can offer similar
gain, bandwidth, and overall compactness (see Table I).
Fabrication and measurement practicalities have also been
included in the simulation model, ensuring a close agreement
with the measured prototype which demonstrated a radiating
bandwidth of about 2%. Future work can include additional
PCB prototyping for such an antenna structure or a hybrid of
metallic and dielectric materials to improve compactness whilst
maintaining total antenna efficiency. For example, the top
meandered metallic layer, can be realized using commercially
available PCB materials with top and bottom metallic pattern
etching, while the remainder of the antenna can be made using
metallized folded-shorted veins as reported in this letter. The
developed meandering approach can also be applied to other
layers to further decrease the antenna size while also adding
more layers for further structural compactness.
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