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Abstract— This article focuses on the design and operation of
a circularly polarized (CP) antenna unit for space applications
using a four element array of folded-shorted patches. The metallic
antenna structure is low-profile, ultra-compact (0.2)\o by 0.2)),
and offers good CP performance at 400 MHz. Specifically, the
four probe fed patch elements are placed in a sequential rotation
configuration, while a miniaturized hybrid coupler based feeding
network provides a 90° phase difference between the radiating
elements. The feeding circuit is integrated on the underside of
the antenna ground plane and a back plate housing encloses the
printed circuit board. Measurements and simulations are in good
agreement and the compact antenna unit may be useful for space
communication systems using microsatellites and miniaturized
phased arrays for security, surveillance, and other beam steering
and direction finding applications.

I. INTRODUCTION

Small satellites, or microsatellites, are transforming space-
based surveillance systems [1]. Typical configurations include
a network of small satellites that can offer increased coverage
and enhanced data collection rates when compared to conven-
tional large scale systems. Applications include marine vehi-
cle tracking, crop growth analysis, ice flow monitoring, and
climate change observation. Microsatellites can also reduce
launching costs and mission development time, thus making
remote sensing technologies more cost effective.

In this work we propose a highly compact and low profile
circularly polarized (CP) antenna for 400 MHz microsatellite
applications. Specifically a new antenna structure is presented
using a four element array of folded-shorted multilayer patches
[2]-[5] as shown in Figs. 1 and 2. To ensure a reduced
foot print for the antenna unit, the individual elements were
closely spaced on a 0.2)\y by 0.2)\¢ ground plane platform.
In addition, an ultra-compact feeding network (Fig. 3) was
integrated into the bottom side of the antenna ground plane to
achieve quadrature excitation [6]-[9] of the individual folded-
shorted patch elements for right-handed circular polarization
(RHCP). A simulation model (Fig. 4) was also developed to
ensure antenna performance was optimized, as well as the
relative element positioning, for 400 MHz operation.

To the author’s knowledge this is the first time that such
a miniaturized and low-profile CP antenna unit has been
presented using an integrated feeding network printed circuit
board (PCB). In addition, the compact antenna design is
not limited to UHF satellite communications but may also
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Fig. 1. (a): Single radiating patch element realized by four metallic layers,
two support brackets, and a probe feed. (b): An arrayed configuration of four
elements defines the complete antenna structure. A compact feeding network
was bonded to the underside of the 0.2\ by 0.2)\¢ ground plane platform.

be useful for military and radar applications, compact array
designs with integrated feeding networks for beam steering,
and other phased array systems. Moreover, this configuration
of folded-shorted antenna patches is not restricted to metallic
topologies but could also be implemented in a dielectric
multilayer technology for large scale integration with other
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Fig. 2. Tllustrated stackup of the complete antenna structure: four elements,
ground plane platform, feeding network PCB, and back plate housing.

circuit and antenna devices. For instance, by scaling the
appropriate dimensions of the folded patch elements (layer
size, vein separation, and probe position), antenna performance
can be optimized and adjusted for the required frequency of
operation.

II. ANTENNA DESIGN CONSIDERATIONS

Miniaturization of the conventional half-wave patch antenna
is a topic of considerable interest within the electromagnetics
community. Techniques to reduce the physical size of printed
designs include the use of high dielectric constant materials
[10]. But narrowed bandwidth performance can be observed
with these designs along with reduced radiation efficiencies.
Other strategies for size reduction include additional shorting
pins near the probe feed, shape optimization, and spur-line
notching [11]-[14]. These design challenges may be avoided
by the choice of low dielectric constant materials and the
inclusion of a metallic shorting wall [2] where patch radiating
lengths can be reduced to approximately 25% of the guided
wavelength. Using this design, multilayer configurations have
been further developed by the intricate inward folding of
the shorted patch and ground plane [3]-[5]. This reduction
methodology is made possible by image theory [14]. Four
and six layered structures have also been developed [4] with
respective antenna radiating lengths of only 6.3% and 4.2%
of the free space wavelength.

A. Design Procedure, Antenna Assembly, & Simulation

The four folded-shorted patch elements were individually
machined, assembled, and placed on top of an intermediate
ground plane platform (Fig. 5). The metallic folded antenna
layers were separated and secured by PEEK (Polyether ether
ketone) spacers and screws. The side brackets of the metallic
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Fig. 3. Compact feeding circuit bonded to the bottom side of the ground
plane. A network of three couplers (using meandered transmission lines) was
designed to achieve quadrature excitation for CP operation. Substrate holes
were also included for probe connectivity to the top radiating elements and a
SMA connector defines the single input port for the complete antenna unit.

elements were secured to the ground plane using steel fas-
teners. Four probes, inserted through the ground plane, excite
the individual antenna elements. The compact feeding network
using meandered transmission lines and hybrid couplers (Fig.
3) was bonded to the underside of the ground plane to excite
the individual elements in quadrature [7]. The utilized meander
technique is based on a modified space-filling curve [15], and
for both hybrid couplers, a portion of Moore’s 2nd iteration
curve was used to implement the circuit topologies. A back
plate housing encapsulates the feeding circuit and a SMA
connector jack defines the single input port of the antenna.

Optimization techniques in HFSS [16] were initially em-
ployed to achieve good reflection losses and CP radiation
performance. The antenna simulation model is shown in Fig.
4 and results are compared to measurements in Figs. 8 and
9 and Tables I - III. Essentially the folded-shorted patch
sizes, element spacing, vein separation, and probe positions
were first optimized to achieve good reflection losses and
CP performance values at 400 MHz; ie. |S11| < —20 dB
and antenna gain > 2.5 dBic at boresight. Based on these
optimized dimensions antenna parts were machined from solid
aluminum, assembled on the intermediate ground plane (Fig.
5), and then tested to ensure functionality.

Fig. 4. Simulation model with back plate enclosure and feeding circuit PCB.
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Fig. 5. Radiating elements were placed on an intermediate ground plane to
individually test functionality. A simplified PCB feed was employed (probe
connection via microstrip lines and four SMA connectors) with no back plate
enclosure. During measurement trials quadrature excitation was achieved by
using calibrated cables and modular component couplers to realize RHCP.

B. Dual-Orthogonal Mode Excitation

Circular polarization can be achieved with patches using two
methods: by simultaneously exiting two orthogonal degenerate
modes, or by using a dual-orthogonal feed [6]-[9], [14]. It has
been established that circular polarization can be generated us-
ing linearly polarized elements [6], and by using four elements
in a square configuration it is possible to obtain low cross-
polarization levels over a wider beamwidth and frequency
bandwidth [7], [8] and thus such a topology was utilized in
the antenna design. In addition, it is challenging to excite two
degenerate modes with the folded-shorted patches due to the
shorting walls. Patch notching or the inclusion of spur-lines
could also have been used in the element designs for circular
polarization but would have been difficult to implement within
the four layers. For these reasons, a four element array of
folded-short patches using a feeding network was used to
generate RHCP.

C. Integrated Feeding Network Using Meandered Microstrip
Lines and Hybrid Couplers

An ultra-compact feeding circuit was required as the entire
antenna structure (0.2)\y by 0.2)\y) was smaller than the
communications wavelength. More specifically, the feeding
circuit employed one 180° hybrid and two 90° hybrid couplers
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Fig. 6. Measured |S11]| of the individual folded patch elements (Fig. 5(a)).

to achieve the required phase quadrature between each antenna
element for RHCP (a reverse sequential phase feeding could
also lead to the opposite polarization). In addition, the 50-
Q input SMA connector provides connectivity to the coaxial
probes (which excites the antenna elements) via a network of
meandered transmission lines as shown in Fig. 3.

The challenge with implementing a feeding network for
such an ultra-compact antenna design is the small 130 mm by
130 mm footprint available (0.17\y by 0.17\g). This footprint
is dictated by the finite 0.2\ by 0.2y ground plane platform
and the mechanical fasteners required for encapsulation as well
as stabilizing the assembled antenna unit to the microsatellite
structure. As such the feeding circuit PCB could not extent
to the edge of the ground plane platform. Furthermore, the
back plate enclosure should not affect the feeding circuit
performance or significantly vary the resonant frequencies of

TABLE I
SINGLE ELEMENT INPUT MATCH
(INTERMEDIATE TESTING STRUCTURE)

Frequency for Minimum
Reflection Coefficient [MHz]

Corresponding VSWR
(50€2 Impedance)

Simulation :

Element 1 400 1.07:1
Element 2 400 1.07:1
Element 3 400 1.07:1
Element 4 400 1.07:1
Measurement :

Element 1 398.5 1.05:1
Element 2 400.0 1.12:1
Element 3 399.5 1.07:1
Element 4 400.0 1.03:1

Note: The folded-shorted patch elements were measured and compared to
simulations to ensure individual functionality. The intermediate ground plane
platform (antenna testing structure of Fig. 5(a)) was utilized during testing.
Measurement values are also plotted as a function of frequency in Fig. 6.
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Fig. 7. The radiating elements were assembled and then placed on the final ground plane (with the integrated feeding network bonded to the underside of
the platform) with a back plate enclosing the feeding circuit. A single SMA connector defines the input port for the assembled antenna (shown in Fig. 1(b)).

the antenna elements on the top side of the ground plane. To
ensure fields were fairly bound to the substrate a high dielectric & 4
constant material with low loss (e, = 10.2,tand = 0.0023) % 0
was chosen to implement the PCB design. g
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The antenna structure was simulated using HFSS [16]. @ : : : __—RHCP (. im.)
Results are compared to the measurements in Figs. 6, 8 - 11 385 390 395 400 405
and Tables I - III. Measured gain values are greater than 2 Frequency [MHz]

dBic at boresight from 393.5 MHz to 401.5 MHz for both
the intermediate testing structure (Fig. S5(a)) and the fully Fig. 8. Realized boresight gain for the antenna testing structure (Fig. 5(a)).
assembled antenna unit (Fig. 1(b)). In addition, results are 0°

in good agreement with the simulated beam patterns and ;

the presented antenna configurations also provide low cross-
polarization levels in the boresight direction; ie. left-handed
circular polarized (LHCP) levels (cross-polarization) are less
than 10 dB from the RHCP boresight maximum from 396 to
404 MHz. Measured axial ratios are less than 3 dB from -40°
to + 40° as also shown in Fig. 10.

TABLE 1I -90% -
RADIATION CHARACTERISTICS .
(INTERMEDIATE TESTING STRUCTURE)

Simulation Measurement <
-120°\ .~ ST S
Frequency [MHz] 398 | 402 || 397 | 399 | 401 Ernce (Meas.) |- 1
=== ERHCP (Slm)
----- ELHCP (M_eas.)
RHCP Gain [dBic] : | | || | | | ELncp (Sim.) +180°
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z _ (:)t65o 4_—1 (? 4_—2 15 +—'1 5 +—'1 33 +—'1 4 Fig. 9. Normalized beam patterns at 400 MHz for the intermediate antenna
’ ’ ’ ' ' testing structure (Fig. 5(a)). Results are shown in the z-z plane (¢ = 0°).
X-Pol. Level [dB] :
0 =0° <40 | <40 || <15 | <17 | <19 The downward frequency shift between the measurements
— o} . . B . .
9 = £65 ‘ <l <) <6 ) <7 | <12 and the simulations may be attributed to fabrication tolerances,
(below RHCP Maximum) R .. . .
minor probe misalignment, and the possible interference of
Axial Ratio [dB] : the measurement cables attached to the SMA connector. In
addition, minor details within the developed HFSS simula-
—40° < 6 < +40° <3 | <3 <3| <3| <3 . . .
tion model (Fig. 4) were excluded for reduced computations

and moderate simulation time, but it should be stressed that
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Fig. 10. Measured axial ratio at 399 MHz for the intermediate antenna testing
structure (Fig. 5(a)). Axial ratios are less than 3 dB from -58° to +42°

the major dimensions of the studied antenna (folded-shorted
patch elements, metallic support brackets, ground plane, back
plate housing, feeding circuit, probes, and SMA jack) were
fully described. For example, the diameter and length of the
stainless steel fasteners was incorporated into the simulation
model but the threading depth was not. These minor details
were excluded for all antenna elements and may also con-
tribute to the observed discrepancies. In effect, a simplified
simulation model was developed, but despite these modeling
challenges and fabrication practicalities, measurement results
are in agreement with the simulations and a good proof of
concept for the antenna structure is observed.

IV. CONCLUSION

This paper investigates an ultra-compact antenna structure
using a four element arrayed configuration of folded-shorted
patches for operation at 400 MHz. Right-handed circular
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Fig. 11. Measured |S11| for the fully assembled antenna structure (Fig. 1).

TABLE III
FULLY ASSEMBLED ANTENNA INPUT MATCH

Simulation ~ Measurement
Frequency Bandwidth [MHz] | 395 £ 10 3935 £ 7
VSWR 1.20:1 1.20:1
(50€2 Impedance)

Note: Results shown here for the full antenna structure (Fig. 1).

polarization is achieved by the addition of a compact feeding
circuit integrated into the ground plane of the antenna struc-
ture for quadrature excitation. Initially design concepts are
discussed followed by an analysis of the antenna performance.
Measurements are also provided for the compact antenna
unit and experimental values are in close agreement with the
simulations.
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