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Abstract— A compact and low-profile antenna for global nav-
igation satellite systems (GNSSs), with particular optimization
for triband Global Positioning System (GPS) coverage, is pre-
sented. A dual-band antenna is developed with the use of
metamaterial-based electromagnetic bandgap structures (MTM-
EBGs) that covers GPS L1, L2, and L5 bands and a majority
of the GNSS spectrum. The patch antenna is fabricated on
two sides of a single substrate sheet above a ground plane,
with a 3-D printed polylactic acid (PLA) substrate spacer for
simple fabrication. The antenna is fed by a wideband and
planar feed network below the ground plane, and simulation
and measurement results show good performance in terms of
matching, gain, pattern shape, and axial ratio, demonstrating
that this antenna is an excellent candidate for use with modern
high-accuracy multiband and multisystem GPS/GNSS receivers.

Index Terms— Circular polarization, feed network, global nav-
igation satellite system (GNSS), Global Positioning System (GPS),
metamaterial-based electromagnetic bandgap structure (MTM-
EBG), metamaterials, microstrip patch antenna, multiband.

I. INTRODUCTION

LOBAL navigation satellite systems (GNSSs) are freely
Gavailable and extensively used worldwide for position,
navigation, and timing (PNT) services. Several GNSS satel-
lite constellations have been deployed, including the United
States’ Global Positioning System (GPS), Europe’s Galileo,
Russia’s GLONASS, and China’s BeiDou (formerly COM-
PASS), along with several smaller regional navigation satellite
systems (RNSSs) and satellite-based augmentation systems
(SBASs). Reliance on these systems has increased dramat-
ically in civilian, industrial, and military applications, and
several billion devices worldwide now rely on precise PNT
information [1], [2].

GNSS satellites broadcast right-hand circularly polar-
ized (RHCP) signals within the frequency ranges of
1164-1300 MHz and 1559-1610 MHz, with specific bands
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varying for different systems. GPS, for example, uses three
bands in this range, referred to as GPS L1 (1575.42 MHz),
L2 (1227.60 MHz), and a recently introduced third band, L5
(1176.45 MHz); a bandwidth of 12 MHz around each fre-
quency is required for P(Y)- and M-code reception, although
smaller bandwidths are acceptable for civilian use with C/A
code. Operating a GPS receiver over several or all of these
bands provides some distinct advantages. Multiple frequen-
cies can be used to improve location accuracy by correcting
errors such as those caused by propagation through the
ionosphere, increase signal reliability particularly in the pres-
ence of multipath interference, enhance real time kinematic
(RTK) positioning, improve PNT in difficult environments,
such as urban canyons, and make the user less vulnerable
to interference, jamming, and spoofing [3]. Using multiple
GNSS constellations simultaneously enhances these advan-
tages further [3], [4], and receivers with this capability are
commercially available for extreme accuracy [1].

Reception of GNSS signals is highly dependent on the
choice of antenna. Many antennas are large, bulky, and/or
narrowband, suitable for only a part of the GNSS spectrum, for
example, GPS L1 only. Low-precision systems may use small,
single-band antennas with poor performance characteristics,
boost gain with active antennas, or use assisted GPS (A-GPS)
to improve detection speed [5], but these approaches do not
offer high levels of accuracy or reliability. Ideally, antennas
should have specific properties, such as a nearly hemispherical
pattern, good axial ratio to receive RHCP, and good front-
to-back ratio (FBR) to mitigate multipath interference, all of
which are difficult to maintain over the bandwidth of the GNSS
spectrum.

Planar antenna structures are preferred to reduce antenna
cost, as they balance simple fabrication and low profile with
good performance [6]. Planar structures tend to be narrowband,
but many methods have been developed to overcome this
issue. For example, some early multiband GPS antennas used
stacked patch configurations, and while performance in each
band is generally degraded, dual-band or triband operation can
be achieved [7], [8], [9].

Many multiband planar antennas have been constructed
specifically for GPS applications, typically prioritizing GPS
L1 and L2 due to both the relatively recent introduction of
L5, and the difficulty of covering all GPS/GNSS bands. Planar
geometries are typically loaded for dual-band operation, and
high permittivity dielectrics are used for miniaturization [9],
[10], [11], [12], [13]. Planar printed structures have also been
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assembled in 3-D geometries for dual-band operation, although
this increases the antenna profile [14], [15].

Planar antennas covering most or all of the GNSS spectrum
have also been demonstrated in many works [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31]. These antennas are typically dual band, often
designed for the upper band to cover GPS L1 and the broader
lower band to cover GPS L2 and L5 due to their close
proximity, incidentally or intentionally covering the full upper
and lower GNSS L-bands as a result. In [18], shorting pins
in a patch cause the excitation of two modes to cover the
GNSS bands, while [19] loads the edge of the patch to increase
bandwidth. A bowtie antenna above a high-impedance surface
is designed in [20], and square-ring-shaped slots in a square
patch are used in [24]. Stacked [26] or coupled [21] annular
rings demonstrate good performance with an appropriate feed
network, while rings are placed in the ground plane of a
circular slotted antenna in [22]. An annular monopole with
rectangular strips is used in [23]. Many planar antennas are
additionally placed above a modified ground plane, such as a
choke-ring structure or resistive sheet, to improve multipath
mitigation, but at the expense of significant additional size,
weight, and cost [29], [30], [31].

A challenge with these low-profile, wideband antennas is
achieving an acceptable axial ratio at all frequencies for RHCP
reception, since patch antennas are often linearly polarized
or have circular polarization over only a small frequency
range. A broad axial ratio bandwidth can be maintained,
however, by feeding the antenna with four ports in sequential
quadrature phase [27], [32], [33]. Planar circuits may be used
to achieve this with configurations involving a network of
circuit components (power dividers, phase shifters, and so
on) as in [18], [21], [25], and [27], while other systems use
lumped surface-mount components that are more compact,
but also increase cost [19], [20]. The feed network is an
important consideration in terms of antenna performance,
losses, fabrication complexity, and physical antenna size.

A recent technology used to render antennas multiband
is known as the metamaterial-based electromagnetic bandgap
structure (MTM-EBG) [34]. The MTM-EBG structure may be
embedded directly into patch antennas to increase functionality
without taking up any additional space, with implementations
that are fully printed and do not require vias, producing good
radiating properties in all resonant bands [35], [36], [37]. This
work explores the application of the MTM-EBG, in modified
form [38], into a circular patch antenna for full GPS/GNSS
coverage, fed by a wideband planar feed network for circular
polarization across the spectrum.

Section II of this work begins with a brief investigation of
single-band antennas covering parts of the GNSS spectrum
to motivate subsequent design choices and introduces a novel
MTM-EBG structure that is used to effectively combine the
individual patches. The resulting dual-band antenna with a
broad lower band, made possible with the choice of a cheap
3-D printed substrate, is presented in detail in Section III.
A wideband feed network for the antenna is developed in
Section IV, maintaining a planar design with simple pin feeds
for easy construction. The feed and antenna are combined
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Fig. 1. (a) Side view of circular patch antenna. (b) Top view, with four pin
feed locations and their relative phases indicated.

and fabricated in Section V, where measurements demon-
strate good agreement with simulation results. While good
performance is observed across most of the GNSS band,
performance is rigorously characterized at GPS L1, L2, and LS
to demonstrate key performance metrics. Section VI concludes
this work.

II. THEORY
A. GPS/GNSS Antenna

The GPS/GNSS antenna in this work is constructed by
effectively combining the geometry of single-band patch
antennas that, respectively, cover the upper L-band (including
GPS L1) and the lower L-band (including GPS L2 and L5) of
the GNSS spectrum. The design of these conventional patches
will briefly be investigated to establish important properties of
the ultimate dual-band design.

Microstrip patch antennas typically have narrow band-
widths, and this is a challenge for multiband GPS/GNSS
design; for example, for a conventional patch to cover both
GPS L2 and L5 [each of which has a 24-MHz bandwidth for
P(Y)-code reception], a minimum bandwidth of 6% is required
when centered at the mean of these frequencies, 1202 MHz.
Straightforward means of increasing patch antenna bandwidth
include using low-permittivity dielectrics and increasing the
substrate height [39]. A low-permittivity substrate with des-
ignable height that can be used for this application is polylactic
acid (PLA), a standard inexpensive material used in 3-D
printing, which has good dielectric properties at microwave
frequencies [40]. The PLA used in this work was printed
with an infill percentage of 100% and was measured using an
open-ended coaxial probe to have a permittivity of €, = 2.64;
the loss tangent of this material is approximately rand =
0.0071 [40].

Resulting conventional patch antenna designs with a PLA
substrate are shown in Fig. 1. The diameters d,, of the L1
and L2/L5 antennas are 72.6 and 90.4 mm, respectively, and
a ground plane diameter d, of 120 mm was used. A substrate
height & of 8.5 mm was chosen to provide sufficient impedance
bandwidth to easily cover the GPS bands, as demonstrated by
the simulated S-parameters shown in Fig. 2(a).

Circular polarization is achieved with the inclusion of four
pins of equal angular spacing around the patch with successive
quadrature phase. A common pin distance of r = 32.0 mm



8264

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 11, NOVEMBER 2024

0 L5 L2 L1
_5 -
2 101
=
@ —15 1
—20 A — L1 Antenna
—— L2/L5 Antenna
=25 T T T T T T T
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Frequency (GHz)
(a)
104 L5 L2 L1
—— L2/L5 Antenna, 4-pin —— LI Antenna, 4-pin
— 8- ——- L2/L5 Antenna, 2-pin === LI Antenna, 2-pin
) -
-
Ag 6 //’
I
~ - 7
= - ’
.- 4 - -
£ /” /~
e
21 7
Ssa_s’
0 T T T T T T T
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Frequency (GHz)
(b)
Fig. 2. (a) S-parameters of single-resonance antennas for operation over

GPS L1 and L2/LS5, with £12-MHz bandwidths highlighted. (b) Broadside
AR of single-band antennas with four versus two quadrature-phased pins.

from the center of each patch enables good impedance match-
ing. The broadside AR of this configuration is presented in
Fig. 2(b) (solid lines), where it is notable that a very good
RHCP polarization purity is observed over a large bandwidth,
as expected. By comparison, keeping the same antenna design
but only using two quadrature-fed pins to excite the antenna
results in a dramatic increase in AR, also shown in Fig. 2(b)
(dashed lines). Therefore, while the use of four appropriately
phased feed locations requires a more complex feed structure,
its substantially improved AR for the single-band antennas
suggests it is a preferred method of excitation, as the extra
pins enforce the appropriate phase conditions over the entire
circumference of the antenna.

B. MTM-EBG Design

The L1 and L2/L5 antennas designed above differ only in
patch radius d,; all other parameters (dg, h, and r) remain
fixed. Therefore, to create a single patch antenna that operates
in both bands, the patch radius must be made a function
of frequency. An electrically small structure that provides
a bandgap at L1 (such that d, is shorter) and a passband
with an appropriate phase response around L2/L5 (such that
d, is longer) is required. A structure that has proven to
be ideally suited for such operation, especially for antenna
applications [35], [36], is the MTM-EBG.

The MTM-EBG was first introduced as a means of sup-
pressing parallel-plate noise in planar environments [34], but
it has been applied to many microwave devices and antennas
ever since to enable multiband operation without an increase
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Fig. 3. (a) Top view and (b) cross-sectional view of MTM-EBG circuit
model (left) and printed realization using strip inductors and parallel-plate
capacitors (right). The printed version requires an additional dielectric layer.
Both MTM-EBG unit cells are connected to a parallel-plate waveguide (PPW)
structure that represents an antenna, and propagation is in the y-direction.

in device size [35], [36], [41], [42]. It is especially useful
for integration into planar structures of fixed electrical size,
since it is electrically small, uniplanar, and has a predictable
bandgap and phase response, due to analysis of its properties
using multiconductor transmission line (MTL) theory [34].

Structurally, the MTM-EBG consists of a conductor-backed
coplanar-waveguide-type (CBCPW) host MTL, periodically
loaded with reactive elements, as shown in Fig. 3. The
selection of its geometric properties and reactive loading allow
its bandgap and phase properties to be designed, as dispersion
properties of the MTM-EBG are calculated through Bloch
analysis of a periodic set of unit cells. This has been demon-
strated in a variety of previous works [35], [36], [41], [42],
[43], and it is notable that even a single unit cell closely
approximates the results of the Bloch analysis [35], [42], [43].

An MTM-EBG unit cell with carefully designed parameters
can be embedded into a circular patch to make it dual band,
thereby covering all three GPS bands, and a majority of the
GNSS spectrum. To make the diameter of the patch frequency-
dependent, an MTM-EBG unit cell with a bandgap at L1
is appended circumferentially around a patch of diameter
d, = 72.6 mm (which operates at L1), such that the nominal
resonance of the patch at L1 is maintained. In order to resonate
at L2/L5 as well, the MTM-EBG unit cell must effectively
extend the patch diameter by 17.8 mm (to a total of 90.4 mm).
Note that a large number of azimuthal unit cells can be
added to the patch edge, such that each is approximately
rectangular [34].

The cavity model of patch antennas predicts that the electri-
cal length of the lowest-order excitation is approximately 180°;
more exact expressions are available for circular patches [44],
but this approximation works sufficiently well for the present
application. The phase across the patch when resonating can
then be expressed as follows:

180° = 6o(f) + 20m(f) (1

where 6y(f) is the phase of the 72.6-mm patch region and
Oum(f) is the phase across one MTM-EBG unit cell as a
function of frequency (the factor of 2 arises, since the total
diameter of the patch includes two MTM-EBG unit cells, one
on either side). At L1, 6y(L1) ~ 180°, so ), = 0° (hence, the
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Fig. 4. (a) Magnitude (dB) of S-parameters for one MTM-EBG unit cell.
(b) Phase of Sp; for a single unit cell.

MTM-EBG bandgap), while at the lower resonant frequency
of 1202 MHz, 6y(L2/L5) = 138°, so 0y (L2/LS5) = 21° for
resonance.

An MTM-EBG unit cell is designed to have these properties
using the aforementioned Bloch analysis. Dimensionally, and
in reference to Fig. 3, the unit cell has geometric parameters of
D =59mm, W =12.8 mm, s = 0.4 mm, g; = 0.5 mm, and
g» = 0.5 mm; the width was chosen so that exactly 20 unit
cells are placed azimuthally along the patch edge. The unit
cell is loaded with capacitors C = 1.33 pF and small inductors
L = 0.2 nH. To verify the correct properties were obtained,
a simulation of the unit cell embedded in a parallel-plate
environment (to simulate the fields encountered in a patch
antenna) was conducted. The bandgap and phase response of
the unit cell are presented in Fig. 4. It is observed that a
bandgap occurs at L1, while the required phase is produced
near 1202 MHz.

Physical implementation of the unit cell can be achieved
without the need for discrete chip capacitors and inductors
by realizing them in printed form; compare the left- and
right-hand sides of Fig. 3. The small inductances can simply
be replaced by a small metallic strip, shown with width
a; in Fig. 3(a). Capacitors have, in previous works, been
realized with interdigitations; however, in the present case, the
capacitance required is prohibitively large to use this method.
Instead, parallel-plate capacitors with a capacitive gap height
of hy can be used, as shown in Fig. 3(b), enabled by the
addition of a thin substrate layer of thickness /,. This novel
implementation of the MTM-EBG is well suited for an appli-
cation in an antenna where the main substrate is 3-D printed.
Since the PLA substrate is not copper-plated, an additional
substrate is required on which to print the patch itself; both
sides of this substrate may be used to print the parallel-plate
capacitors. The choice of the thin substrate material affects
the parallel-plate capacitance of the MTM-EBG, but has a
negligible effect on the antenna resonance frequency, which
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Fig. 5. (a) Top side and (b) bottom side of patch structure printed on 10-mil
Rogers RO3006. The entire board sits atop an 8.5-mm-thick PLA layer and
ground plane. Four quadrature-phased feed pin locations are indicated.

y
Lox

is mainly dependent on the PLA. A h, = 0.254-mm-thick
Rogers 3006 substrate (¢, = 6.15, tané = 0.002, and clad in
1/2-0z copper) was chosen, and the required capacitances were
achieved with the dimensions of a¢; = 0.4 mm, a, = 5 mm,
and a3 = 1.7 mm.

III. TRIBAND GPS ANTENNA DESIGN

The proposed MTM-EBG unit cell was implemented into
a circular patch antenna for dual-band operation. The antenna
consists of a ground plane, a PLA substrate, and the patch
itself. The patch is printed on the thin Rogers RO3006
substrate with the capacitive plates of the MTM-EBG on the
opposite side. Both sides of the patch substrate are shown in
Fig. 5. The patch is fed by four copper pins that pass through
circular apertures (radius of 2 mm) in a solid ground plane
and proceed to pass through the PLA and RO3006 substrates
to electrically connect to the patch itself. Four ports with
excitations of equal magnitude and appropriate quadrature
phase are assigned in simulation; realistic feeding of the patch
will be considered in Section IV.

The antenna is tuned so that the inner patch diameter is
76.4 mm, while the overall diameter with the MTM-EBG
unit cells is 88.2 mm, slightly smaller than the 90.4-mm
diameter of the lower frequency patch. The only additional
fabrication step compared with the conventional designs is a
two-sided printing of the patch PCB, although no vias or more
complicated geometries are required. The antenna remains low
profile, and the cheap 3-D printed substrate ensures it is also
low cost.

The dual-band antenna was simulated using Ansys HFSS,
and the reflection coefficient is presented in Fig. 6(a). P(Y)-
code reception bandwidths of £12 MHz around all GPS
frequency bands are highlighted, and good matching is
observed in each band. The total 10-dB impedance matching
bandwidths are 1126-1273 MHz and 1558-1599 MHz, which
cover the majority of the GNSS spectrum, including Galileo
El, E5a, and E5b. The lower L-band could be shifted upward
to provide full coverage of Galileo E6 as well, but optimization
of the GPS bands with greater than 15 dB of matching was
prioritized for the present design.

Gain patterns showing co-polarization (RHCP) and cross-
polarization (LHCP) are provided for the antenna at each
operating frequency in Fig. 6(b); only a single cut of the
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pattern (¢ = 0) is shown due to azimuthal symmetry. For
the ideal excitation of equal magnitude and quadrature phase
at each port, excellent polarization purity is achieved, and
RHCP gains of greater than 5 dBic are observed at broad-
side at all frequencies, with the radiation efficiencies of
54.7%/82.8%183.7% and 3-dB beamwidths of 78°/86°/88° at
LI1/L2/LS, respectively. RHCP gain 10° above the horizon
ranges from —5.3 to —3.3 dBic. AR is plotted in Fig. 6(c), and
excellent performance is observed; polarization purity will,
therefore, be dictated by performance of a realistic feed, as the
antenna performs well in the ideal case.

Ground plane size will affect the radiation characteristics of
the GPS antenna. For the presented results, a ground plane of
d, = 146 mm was used, but there may be cases in which a
smaller ground plane (e.g., stand-alone miniaturized antenna)
or a larger ground plane (e.g., antenna mounted on metallic
body of vehicle or aircraft) is required. A study of some
important radiation parameters versus ground plane size is,
therefore, merited. Ground plane size versus broadside gain
is presented in Fig. 7(a). Increasing the ground plane size
results in increased broadside RHCP gain, as the beam is
narrowed slightly; however, gain remains sufficiently high
even as the ground plane shrinks, although the reduction in
gain is attributed to increased LHCP radiated downward, and
a degradation in multipath performance is expected as a result.
This is characterized by FBR, defined as follows [3]:

_ Grucp(0)
Grucp(180° —6)°

FBR )

It is observed in Fig. 7(b) that broadside FBR is low for small
ground plane diameters, but rises above 15 dB in all bands as
ground size increases.
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IV. FEED NETWORK

To feed the four-pin GPS antenna with a single input,
a feed network that operates as a four-way power divider with
sequential quadrature phase is required. A microstrip-based
circuit was pursued.

In order for the feed network to provide the required phase
and amplitude at all three GPS bands, the network must be
either multiband or broadband (with about a 30% bandwidth).
A broadband network was chosen, since many components
are available with such bandwidths in the literature, and the
feed network, which consists of many components, is less
frequency-sensitive as a result. The microstrip-based feed
network is designed over a solid ground plane, which may be
used as a common ground with the antenna, while isolating
each part from the other. The size of the antenna ground
plane then depends partially on the size of the feed network.
The GPS antenna will ultimately be fed by a single standard
subminiature A (SMA) cable in an edge-launch configuration.

The designed feed network consists of three quadrature
hybrid couplers (QHCs) and one differential phase shifter
(DPS); a block diagram of these components, showing the
output phase at each of the four ports, is given in Fig. 8(a).
A broadband coupler was designed based on a multiloop
circuit resembling a QHC with an extra branch [45], [46]
and was miniaturized through meandering of some of the
constituent transmission line segments. The DPS was based
on [47]. Both components were designed on 50-mil Rogers
3006, which offered a good tradeoff between miniaturization
of components and reasonable transmission line widths.

The QHCs and DPS were tuned individually before they
were combined into the final layout that feeds the GPS
antenna at the prescribed pin positions. This layout is shown
in Fig. 8(b), with components that correspond to the block
diagram indicated. The transmission line segments that lead
to the pin locations are all of equal length to preserve the
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dimensions given in Table I.

relative port phasing, and the overall substrate diameter is
146 mm. The input port extends to a flat edge protruding from
the circular substrate to enable feeding with an SMA cable.
The QHC requires segments of high-impedance transmis-
sion lines with a width of 0.15 mm. This dimension may be
reliably realized with some PCB-printing technologies, such
as laser etching used in this work, and was, therefore, deemed
acceptable. The QHC is also planar except for a 50-2 resistor
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TABLE I
FEED NETWORK DIMENSIONS WITH UNITS IN mm

r = 32.00 ry = 4.64 ro = 9.64 r3 = 25.00
11 = 30.58 lo = 34.77 wy = 1.78 wa = 3.50
ws = 0.15 wyq = 2.31 ws = 3.30 we = 1.78
c1 = 6.57 co = 8.67 c3 =2.04 cqg = 6.66
c5 = 26.40 cg = 6.41 c7 = 6.81 p1 = 15.84
p2 =37.70 p3=2398 ps=9.87 ps=2398
pe =42.77 py =12.15 pg =34.41
TABLE II
FEED NETWORK PERFORMANCE
Goal L1 L2 L5
[S11] [dB] <-15 -22.18  -15.66  -15.77
|S21]| [dB] -6.02 -6.31 -6.43 -6.77
|S31| [dB] -6.02 -7.00 -6.95 -6.94
|S41| [dB] -6.02 -6.50 -6.42 -6.45
|Ss51| [dB] -6.02 -7.22 -6.93 -6.57
/S31 — £ S21 [deg.] -90.0 -88.9 -88.1 -88.9
/S41 — £S21 [deg.] -180.0 -176.9 -1747 -174.2
/Ss1 — £S21 [deg.] -270.0 -2659 -262.8 -263.2

that is required to prevent reflections from the isolated port
and a via to ground the resistor.

Performance in each GPS band is compared in Table II,
which allows specific values of power division and relative
phase to easily be compared. The first row of data shows
that the feed is well matched, with return loss greater than
15 dB in all bands. Next, the feed network is designed for
equal power division to each port, so the following four rows
provide |S,,;| in dB, where n = (2, 3, 4, 5) are the four output
ports; the maximum absolute difference in insertion loss at the
four output ports is 0.5 dB at L2/L5 and 0.9 dB at L1. The
remaining rows present phase shift referenced to port 2, which
each successive port adding an additional phase lag of 90°.
In all bands, port 3 is within 2°, port 4 is within 6°, and port 5
is within 8° of the ideal phase value. These deviations from the
expected phase will degrade axial ratio to some extent, but the
deviations are small enough that an acceptable AR was still
anticipated.

Good broadband performance of the feed network suggests
that it is a good candidate to feed the proposed antenna
over the entire GNSS spectrum. Combination of the feed and
antenna follows, with simulated and experimental results.

V. RESULTS

The antenna was fabricated in several steps. First, Board
A (the patch/MTM-EBG layer; see Fig. 9) was fabricated on
the required thin substrate with the use of an LPKF Protolaser
U3 laser milling system for etching and LPKF ProtoMat S62
for routing and drilling holes in the pin locations. Board B
(feed network/ground plane) was fabricated similarly with
apertures through the ground plane through which the feed
pins pass; metallic vias, resistors, and SMA connectors were
added manually. Finally, the PLA substrate was 3-D printed
to the appropriate size, leaving holes for the copper wire feed
pins to pass through. The antenna was assembled with the
soldering of four copper wire pins to the top of Board A
and the bottom of Board B with the PLA layer in between,
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Board A .—Patch top layer
== ———<———CCapacitive plates
PLA Feed pins
il Ground plane
Board B Feed network

Fig. 9. Cross-sectional view of the GPS/GNSS antenna, showing two circuit
boards for the patch and feed/ground, and the PLA substrate. Dimensions are
not to scale.

(®)
Fig. 10. Fabricated GPS/GNSS antenna. (a) Top view, with inset showing
underside of patch. (b) Bottom view.

Ls L2 L1

Reflection coefficient (dB)

10 11 12 13 14 15 16 17

Frequency (GHz)

Fig. 11. Simulated and measured reflection coefficient of GPS/GNSS antenna
with feed network.

completing the electrical connection and providing rigidity.
An adhesive could be used for a stronger bond between layers.
The fabricated antenna is shown in Fig. 10.

The GPS/GNSS antenna was measured both with a vector
network analyzer (VNA) and in an anechoic chamber to fully
characterize its properties. First, the reflection coefficient of
the antenna with the feed network is presented in Fig. 11.

E L5 12 L1
= 09
g
< -
&} S Pl e o= -~
= 201 N/ B S RO
.g \\I \\\ ,, \\I hN
5 RHCP  --- LHCP )
& _40 : T T — T
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Frequency (GHz)
Fig. 12. Simulated broadside realized gain of antenna with feed network.

Matching greater than 10 dB is observed over the full GNSS
range in simulation and measurement, although the clear
dual-band operation is obscured by losses in the feed network
at frequencies where the antenna is not matched; reflected
power is dissipated in the QHC resistors. Realized gain can
instead be used as a metric to determine the frequencies at
which the antenna is radiating.

Broadside realized gain for the simulated antenna with feed
network is plotted in Fig. 12, where good performance is
again observed over the full GNSS spectrum, with the GPS
bands, in particular, highlighted. Available facilities did not
have the ability to accurately measure gain for comparison;
however, normalized radiation patterns were measured in an
anechoic chamber and are presented in Fig. 13. Results on the
xz plane, which includes the SMA connector, are plotted in
the left column and the yz plane on the right; good agreement
in pattern shape, particularly for RHCP, is observed. The
increase in LHCP is caused by the imperfect phase response of
the feed network, and disagreements between simulation and
measurement arise from the presence of cables and stands used
to measure the antenna.

Despite increased cross-polarization, good AR is maintained
in the upper hemisphere; simulated and measured results of
AR patterns are provided in Fig. 14. Plots are shown in the
yx plane so as not to include the SMA connector, but similar
results are observed in either plane. Simulated AR is below
3 dB over the entire upper hemisphere, while measured 3-dB
AR beamwidths of 162°/157°/138° are obtained above the
horizon at L1/L2/L5, respectively.

Measured broadside FBR of the antenna is 13.0 dB at L1,
14.1 dB at L2, and 14.4 dB at L5, with simulation showing
very good agreement with these results. As a function of
angle, measured FBR is greater than 10 dB in all bands for
nearly all of the upper hemisphere; the worst case is for
L1, where FBR is greater than 10 dB for any 6 < 82°.
It could be improved somewhat with a larger ground plane,
as demonstrated in Fig. 7(b), or else choke rings, EBG, or other
modified ground plane designs may be added to reduce the
back lobe further [29], [48].

The proposed GPS antenna is compared with similar
antennas in the literature in Table III. Low-profile antennas
are included, particularly those employing a four-pin feed
geometry, and some additionally use multipath mitigating
ground planes, a technique which increases size, weight, and
cost but most notably improves FBR. The proposed antenna
is thinner than others reported and covers not just GPS
frequencies but most of the GNSS spectrum. It performs
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TABLE IIT
COMPARISON OF ANTENNA TO THE LITERATURE AT L1/L2/L5
Size (mm?) Matching (dB) Gain (dB) FBR (dB) AR (dB) 3-dB AR Beamwidth (deg.)
This Work 146 x146x8.6 -17/-13/-14 55/6.6/6.8 13.0/ 144/ 144 1.7/22/1.1 162/ 157 / 138
[21] 200x200x21 <-95/<-95/<95 >52/>52/>52 Not Given <21/<21/<21 ~ 100/ ~ 100 / ~ 100
[20] 155x155%x16 <-10/<-10/< -8 495/6/5.7 >15/>10/> 10 091/147/15 54/ 114/ 116
[13] 80x80x13 -14/-14 /- 4.1/45/- ~8/~4]- 2/3/- 60/90 /-
[19] 136x136x 10 <-13/<-137/- 6.8/64/- ~ 13/~ 16/ - 271277 - Not Given
[27] 112x112x30 <-10/<-10/<-10 4.8-7.33 ~40/ ~ 27/~ 25 1.15-1.7 Not Given
[25] 124x129x 15 <-10/<-10/<-10 ~5/~5/~56 ~12/~12/~10 <25/<-25/<-1 Not Given
[28]* 160x160x40 <-20/<-10/7<-20 7.94 /7711755 27126/24 1.470.96/0.83 1357112/ 120
[29]* 254%x254x%126.5 <-10/<-10/- >8/>8/- >30/>30/- <3/<3/- 1157143/ -
[307* 167x167x69 <-10/<-10/ < -10 >6/>7/>6 ~23/~22/]~22 <2/<3/<3 Not Given
[317* 160x160x 85 <20/ <-157<-15 ~5/~4/~4 ~30/~30/~ 30 ~1/~1/~1 Not Given
* Antenna design includes multi-path mitigating ground structure.
3 0° o o o
v 0 e 300" 53300 300" 53300 3002 53300
60° 300°  60° 300°  60° 300°
300° 60° 300° .
90 270° 90 ~ 270° 90 270
o o ‘/‘ \:\' 0 = 0
700900 h700 120 240 120 /\ \ 240 120 240
150° 210° — Sim. = Meas. 150° 210°
180° 180° 180°
400 1200 400 (a) (b) (©
 Sim It RHCP  —e Meas L1 RHCP Fig. 14.  Simulated and measured AR for the radiation patterns of the
im. L1, RHC cas. LI, RHC GPS/GNSS antenna on the yz plane for (a) L1, (b) L2, and (c) L5.
—--- Sim.LI,LHCP === Meas. L1, LHCP

(a)

xz-plane

60°

90°

—— Sim. L2, RHCP
=== Sim. L2, LHCP

(b)

xz-plane 0° yz-plane 0°

60° 300° 60° e . 300°

270°90°

—— Sim. L5, RHCP
=== Sim. L5, LHCP

—-+= Meas. L5, RHCP

(©)

Fig. 13.  Simulated and measured normalized radiation patterns of the
GPS/GNSS antenna on the xz and yz planes for (a) L1, (b) L2, and (c) LS.

comparably well or better than the other antennas in categories
of impedance matching, gain, FBR, AR, and AR beamwidth
and demonstrates excellent radiation properties over the full
upper hemisphere. Importantly, it also has consistent properties
over all three GPS bands, which is not always the case for
multimode or broadband antennas. The antenna is additionally
based on solid theoretical foundations of the MTM-EBG,

which allows designers to change properties for specific GNSS
implementation cases, and smaller chip-based feed networks
would allow for a reduction of ground plane size or an
improvement in AR if even more precisely phased power
division is achieved.

VI. CONCLUSION

A compact and low-profile GPS/GNSS antenna is presented
in this work, with excellent operation at GPS L1, L2, and
L5 and good coverage of most of the GNSS spectrum. The
antenna consists of a patch layer with embedded MTM-EBG
unit cells for dual-band operation with a 3-D-printed PLA
substrate that maintains a low profile. The patch antenna is fed
by four ports, and a feed network designed to supply equal
power division and quadrature phase to each respective port
was created with broadband microstrip-based components. The
resulting antenna is shown to have excellent performance
across the spectrum, with gain, pattern shape, and AR/FBR
suitable for high-accuracy multiband, multisystem GNSS oper-
ation. The antenna system is, furthermore, robust with a
planar structure and is cheap and easy to manufacture. The
GPS/GNSS antenna is particularly well suited to applications
with high multipathing, for example, on vehicles or drones in
difficult locations, such as urban or natural canyons, or for
military applications where jamming and spoofing are an
operational risk.
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