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ABSTRACT Null-steering using adaptive antenna systems is a robust method to global positioning system
(GPS) receivers against hostile jamming. Conventionally, multi-antenna arrays have been utilized for such
receivers, but the size and weight are often prohibitive especially for space-limited airborne applications.
In this paper, we present another approach based on antenna pattern and polarization diversity to enable null-
steering, and propose a design with co-located elements to achieve a small footprint. As a proof-of-concept,
we present an antenna prototype with a size of only 5× 5× 1.9 cm3 (0.26λ× 0.26λ× 0.1λ) at the L1 band,
capable of steering two nulls. We present the simulated and measured parameters of the antenna, study its
null-steering performance in various interference scenarios with a simple power minimization method, and
demonstrate its capability in suppressing up to two jamming signals incident from the angular region close
to horizon.

INDEX TERMS Adaptive antennas, global positioning system, interference suppression.

I. INTRODUCTION
Global positioning system (GPS) has enabled and augmented
many technologies in different sectors by providing navi-
gation and timing information. It also has an indispensable
role in the navigation and safety of manned and unmanned
aircraft. The satellite signals are however very weak, making
them specifically vulnerable to radio frequency (RF) inter-
ference, and unsurprisingly, due to the high reliance of many
sensitive applications on GPS, this issue has been studied
extensively.

The source of interference could be unintentional, such as
signals in the same band or harmonics of out-of-band signals
usually originating from sources close to a GPS receiver. The
interference could also be intentional, such as hostile jam-
ming, in which case a high power signal is transmitted in the
same band to overwhelm the receiver and raise the noise level
to degrade its performance or completely thwart its operation.
The jamming signal waveform could take different forms
such as narrowband, wideband or swept-frequency [1].

Different techniques have been developed to combat GPS
jamming. Filtering in time and frequency domains are usually
the first step, but they have their own limitations especially
against wideband jamming signals. Spatial filtering adds
another level of defense, which is specifically useful against
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wideband jamming [2]. A fixed-type spatial filter can be
implemented by antennas equipped with ground-chokes for
example, to suppress the unwanted signals originating from
below horizon [3], but this technique also to some extent sup-
presses the desired satellite signals close to horizon. Adaptive
spatial filtering overcomes this limitation by adapting the
receive antenna pattern in real-time to combat jamming, and
is therefore a much more robust and versatile technique than
the fixed spatial filtering. It is conventionally implemented by
multi-antenna systems, in which by properly weighting the
signals received by each antenna element, a null is formed in
the pattern at the direction of a jamming signal to suppress
it in real time. These types of antennas are referred to as
controlled reception pattern antennas (CRPAs).

The requirement for anti-jamming CRPAs are light weight,
small size and good null-steering performance [4]. Planar
arrays of microstrip or spiral antennas are the most common
type of compact CRPAs developed to date [5] but they often
face a challenge in meeting the requirements. This is because
there is often a direct trade-off between the array performance
and array size (and thus element spacing). It is known that
half-wavelength element spacing is ideal in an antenna array,
but this is prohibitively large for the L-band GPS signals and
therefore most modern GPS arrays are designed with much
smaller element spacing, in the order of 0.15−0.3λ [5]. As an
example, a four-element microstrip patch antenna array with
a total size of 11.7× 11.7× 1.1 cm3 (0.48λ× 0.48λ× 0.05λ

VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 154253

https://orcid.org/0000-0002-2758-4064
https://orcid.org/0000-0003-4250-9457
https://orcid.org/0000-0002-6709-3999


N. Rezazadeh, L. Shafai: Compact Antenna for GPS Anti-Jamming in Airborne Applications

at L2 band) was reported in [6]. Reducing the array size
below such a small size by reducing the element spacing even
further would lead to high levels of mutual coupling and a
degradation in the null-steering performance of the array due
to a lower spatial resolution.

To implement spatial filtering within a ultra-small foot-
print, we take a different approach in this work. Instead
of utilizing an antenna array with similar element patterns,
which relies on the diversity in the location of phase centers of
its element to collect different samples of an incoming plane
wave signal for beamforming and null-steering, we use mul-
tiple antenna elements with the same phase center but with
different polarization and patterns to implement null-steering.
Such a technique was used in [7] using co-located higher-
order modes of TMn1, (n = 1, 2, 3, 4) microstrip patch
antennas for beamforming in the horizontal plane. The same
higher-order modes of microstrip antennas were used later
for null-steering as well. In [8], a TM11 − TM21 microstrip
antenna geometry was designed for satellite receive appli-
cations, capable of steering one null. However, the antenna
is printed on low dielectric constant material and the TM21
mode is excited by a shorted ring on a ground plane, resulting
in a prohibitively large overall antenna size of 20 cm diameter
(1.05λ). Another similar design with TM11 − TM21 − TM31
modes was presented in [9] but still with a prohibitively large
size (1.6λ diameter) for compact platforms. The issue of
size was addressed in [10] where a TM11 − TM21 microstrip
patch antenna was presented where both modes are excited in
rings (as opposed to shorted rings) and on a higher dielectric
constant substrate, achieving a compact diameter of 6.4 cm
at the GPS L1 band (0.33λ). Furthermore, both polarizations
of each element were utilized independently in this design,
enabling the steering of up to three nulls. Due to the extreme
miniaturization however, the bandwidth of this antenna is
small ( 5 MHz) and only sufficient for the reception of the
coarse acquisition (C/A) signal.

In all of the aforementioned designs, the first dominant
mode provides a broadside pattern with maximum at zenith,
while the higher order modes provide conical patterns with a
null at zenith and amaximum closer to horizon. This diversity
in patterns therefore, enables null-steering at angles close
to horizon. However, the issue with utilizing multi-mode
microstrip patch antennas in co-centered geometries is the
high quality factor of the higher-order modes which results
in either a large antenna size for the required bandwidth [8],
[9], or a very small bandwidth if the antenna is miniaturized
[10]. In this work, we utilize a microstrip antenna to produce
a first mode with a typical broadside pattern, but instead
of using higher-order modes of microstrip antennas, we uti-
lize a miniaturized monopole to obtain the auxiliary omni-
directional pattern. Furthermore, to maximize the degrees of
freedom of the antenna, we use both orthogonal polarizations
of the microstrip antenna independently. We miniaturize both
the microstrip and monopole elements to achieve a small
size while maintaining more than 30 MHz bandwidth at the
L1 band which covers the P(Y) and M signals as well as

FIGURE 1. (a) The geometry of the proposed GPS anti-jamming antenna.
(b) The exploded view.

the legacy C/A signal. Finally, we show that the antenna
is capable of nulling up to two jammers incident from low
elevation angles.

The paper is organized as follows. The antenna geome-
try and its simulated and measured parameters are given in
section II and the interference suppression analysis using the
antenna is presented in section III.

II. ANTENNA DESIGN AND CHARACTERIZATION
The geometry of the antenna is shown in Fig. 1 (a), with
the exploded view and dimensions shown in Fig. 1 (b). The
antenna is modeled and simulated in ANSYSHFSS. A spher-
ical coordinate system is assumed throughout the paper with
the z-axis aligned to zenith and the x-y plane as horizon. The
antenna consists of two elements, a square patch at the bottom
and amonopole on the top. The square patch’s dimensions are
adjusted for operation of the dominant TM01 mode, which
has a broadside gain pattern with its maximum at zenith,
as is most common in GPS microstrip antennas. Two coaxial
lines feed this element at 90◦ angle for the two orthogonal
polarizations (x and y) which in this case are independent,
rather than being combined by a hybrid coupler to get right-
hand circular polarization (RHCP). This adds an additional
degree of freedom for null-steering.

The substrate chosen for the patch element is a 3 mm thick
Rogers AD1000 with a dielectric constant of εr = 10.2 and
loss tangent of δ = 0.0023 which are common values for
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FIGURE 2. The equivalent current source representation of the antenna of
Fig. 1.

GPS antennas. The patch element is different compared to
common GPS patch antennas however, in that the patch is
shorted at the center and the middle part of the substrate is
completely removed. This provides a small opening to feed
the monople element which sits on top. We note that the size
of this element could be further miniaturized using a higher
dielectric constant substrate.

The element sitting on top is a monopole consisting of a
meandered radiating element fed capacitively by a vertical
strip to achieve miniaturzation. This element is based on
a metamaterial-inspired antenna designed in [11]. Since a
detailed analysis is provided in [11], it will not be repeated
here and interested readers are referred to the original work.
The monopole height is 14 mm, which is 0.07λ at the
L1 band center frequency (1.575 GHz). For simple fabrica-
tion, the monopole is printed on a substrate with the meander
line on one side and the feed strip on the other side. For
this element, a substrate of Rogers RO3010 with dielectric
constant of εr = 10.2 and loss tangent of δ = 0.0035 was
chosen. In this case a higher value of substrate permittivity
will not actually provide any significant miniaturization as
most of the near fields of the antenna are not confined within
the substrate. Since the monopole is sitting on top of the
patch, its ground plane size is chosen just to be smaller than
the patch underneath to not block the radiation of the patch.

Even though both the patch and the monople are radiating
from the same phase center, their mutual coupling can be
made very small thanks to their different radiation patterns.
This can be shown analytically as follows. First, the antenna
model is represented by equivalent current sources, as shown
in Fig. 2. As such, the monopole antenna is represented by
a vertical electric current source, whereas the patch antenna
is represented by two pairs of horizontal magnetic current
sources for the x and y polarizations. The former representa-
tion is according to the cavity model of a patch antenna which
states that the radiation of a rectangular patch originates from
the fringing fields at the two ends of the patch much like
an array of two slot antennas. Given that the dimensions of
the elements in the design are much smaller than the free
space wavelength, we assume the currents are all uniform
in amplitude and phase. With these assumptions and using

the concept of electric and magnetic vector potentials [12,
p. 143], the far-field patterns of each element can be found as

Efpx(θ, φ) = fpx0(−cosφ θ̂ + cosθsinφ φ̂)

×
sin(k a2 sinθsinφ)

sinθsinφ
cos(k

a
2
sinθcosφ) (1a)

Efpy(θ, φ) = fpy0(sinφ θ̂ + cosθcosφ φ̂)

×
sin(k a2 sinθcosφ)

sinθcosφ
cos(k

a
2
sinθsinφ) (1b)

Efm(θ, φ) = fm0(sinθ θ̂ )
sin(k l2cosθ )

cosθ
(1c)

for the x and y polarization patterns of the patch, and the
monopole respectively. In the expressions above, a is the side
length of the square patch (or more precisely, the effective
length with the fringing fields taken into account), l is the
length of themonopole and k is thewavenumber in free space.
Furthermore, the constants fpx0, fpy0 and fm0 can be chosen
such that the expressions above are the directivity values such
that ∫ 2π

0

∫ π

0

Ef (θ, φ) · Ef ∗(θ, φ) sinθdθdφ = 4π. (2)

This is done only to be able to compare the patterns with
one another and the absolute values of the constants are not
important for this analysis.

The mutual coupling of two antennas are related to their
far-field patterns through the concept of generalized radiation
scattering parameters, in which a parameter called beam cou-
pling factor is defined as a measure of the similarity between
any two antenna radiation patterns as [13]

β(Ef1, Ef2) =
1
4π

∫ 2π

0

∫ π

0

Ef1(θ, φ) · Ef ∗2 (θ, φ) sinθdθdφ (3)

It has a value between 0 and 1 from completely orthogonal
patterns to completely similar patterns respectively. A low
coupling factor is a necessary condition for low mutual cou-
pling but not a sufficient one, i.e. if |β| is low between the pat-
terns of two antennas, lowmutual coupling between them can
in principle be achieved although it is not guaranteed. On the
other hand, low mutual coupling cannot be achieved between
two antennas if their beams have a high coupling factor. The
beam coupling factor for the case of a patch and a monopole
is shown in Fig. 3 (a) as a function of the distance between
their phase centers. For comparison, the beam coupling factor
between two patches are also given in Fig 3 (b). As it is shown,
the coupling factor between a co-centric patch andmonople is
very lowwhen their phase centers coincide. This is in contrast
with conventional arrays with similar elements, in which as
shown in Fig 3 (b) the beam coupling factor is maximum for
co-located antennas and only becomes small when the inter-
element spacing is approximately half a wavelength.

It is noted here that even though the patterns of the patch
and monopole have a low beam coupling factor, they still
have sufficient overlap to allow null-steering at the angular
region close to horizon. This will be shown in more detail in
section III.
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FIGURE 3. The beam coupling factor as a function of distance between
two antennas (a) A monopole and a patch. (b) Two patches.

FIGURE 4. (a) The fabricated antenna. (b) The simulated S-parameters.
(c) The measured S-parameters.

To antenna was fabricated using an LPKF milling machine
and manual soldering and assmebly. The final design is
shown in Fig. 4 (a). Due to the very small ground plane
of the antenna, a slightly larger conducting plate of size
10 cm was added to the antenna as backing which provides
support for installation on the radiation pattern measurement
mast, and reduces the effect of cable radiation and scattering
which occurs in measurements of antennas with small ground

planes. The S-parameters of the antenna were measured using
a Keysight vector network analyzer. The simulated and mea-
sured S-parameters are shown in Fig. 4 (b), showing good
agreement between them. The port for the x and y polarized
patch are labeled 1 and 2 respectively, and the port for the
monopole is labeled 3. Themeasured -10 dB return loss band-
width of both elements are more than 25MHz, and themutual
coupling between all ports remain below -18 dB, which is
very low and consistent with the analysis given earlier.

The antenna’s radiation patterns were measured in a com-
pact range at the University of Manitoba, with the setup
shown in Fig. 5 (a). The simulated and measured results are
given in Fig 5 (b). The agreement between the simulation and
measurement is fairly good for both the patch and monople
cases, but larger errors are noticeable in the monopole case.
This is mostly due to the small ground plane and conducting
backing used in the design, which do not completely elimi-
nate the cable effects on the measurements. To further reduce
the cable effects, baluns and ferrite beads are usually placed
on the cable very close to the antenna feeding point [14].

The simulated and measured peak gains of the antenna
elements as a function of frequency are shown in Fig. 5 (c).
The patch has a typical peak gain of around 5 dBi and the
monopole has a peak gain of 0 dBi. The measured gains have
less than 2 dB variation throughout a 30 MHz bandwidth,
which is sufficient for the reception of all GPS L1 band
signals.

III. INTERFERENCE SUPPRESSION PERFORMANCE
We now utilize a numerical approach to look at how the
proposed antenna can steer nulls to suppress jamming. For
simplicity, we assume all the signals to be single tone but
the results will be general if the RF front-ends are not too
frequency dispersive, otherwise some finite impulse response
(FIR) filters can be placed at the input of each antenna to
compensate for the frequency dependence of the RF front-
end responses [4]. The signals received by each antenna
channel feed into an adaptive processing unit, which could
be implemented at the analog or digital level. Each signal is
multiplied by some complexweight and summed at the output
of the adaptive processing unit.

The proposed antenna has three independent channels and
so it can cancel up to two jammers, but the formulation
will be given for a general case of an N-channel antenna
and M incident signals. Assume that M plane wave signals,
some desired and some jammers, are incident on the array
from angles (θm, φm) with polarization-phase vectors êm and
amplitudeAm which is assumed to be aGaussian randomvari-
able N (0, σm). The antenna response vector to each incident
plane wave signal is xxxm ∈ CN×1 written as

xxxm =


Am Ef1(θ, φ) · êm
Am Ef2(θ, φ) · êm

. . .

Am EfN (θ, φ) · êm

 , (4)
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FIGURE 5. (a) The pattern measurement setup of the antenna in a
compact range. (b) The simulated and measured gain patterns.
(c) Antenna peak gains as a function of frequency.

the total response is the summation of (4) over all incident
signals

xxx =
M∑
m=1

xxxm (5)

and the output of the adaptive array is

y = wwwHxxx (6)

where www ∈ CN×1 is the vector of complex weights and
superscript H denotes the Hermitian operation. The goal
of the adaptive processor is to adjust the complex weights
in real-time using an algorithm to suppress the interference
signals at the output. Various adaptive interference canceling
techniques exist which depend on various forms of a priori
information available to the receiver and the receiver’s pro-
cessing capabilities. These methods are out of the scope of
this paper and can be found for example in [15]. In this paper,
we utilize a very simple but effective nulling approach called
power minimization, where the complex weights are found
such that the overall power at the output is minimized subject
to a linear constraint [16]. To simplify the method further,
the linear constraint is chosen as a desired quiescent pattern
of the antenna in the absence of any interference. In this case,
the most appropriate quiescent pattern is when only the patch
antenna is active and is in RHCP mode, so the constraint
vector is wwwc = [1 j 0]T .

In the presence of interference, theweight vector is updated
to

wwwopt = αRRR−1wwwc (7)

in which α is an inconsequential scalar, and RRR is the covari-
ance matrix of the input signal, given by

RRR = E{xxxxxxH } + σ 2
n IN (8)

in which E{} is the expected value, σ 2
n is the thermal noise

power, and IN is the identity matrix.
Note that this adaptive method suppresses any signals that

are higher than the noise level, which is specifically suitable
for the GPS application where the desired satellite signals are
buried in noise but jamming signals are usually higher than
noise. The advantage of this method is its simplicity, since it
does not require any a priori knowledge of the desired or inter-
ference signals.

We are now finally ready to study the jammer suppression
of the proposed antenna. To implement the power minimiza-
tion method, first the 2-D radiation patterns of the antenna
are exported from HFSS to MATLAB, where the optimum
weights are computed based on the power minimization
method and then the optimum weights are exported from
MATLAB back to HFSS in order to validate the nulling
scheme, and obtain a visual representation of the adapted
pattern. The weight vector is always normalized such that
|www| = 1, and the jammer power is assumed to be 20 dB higher
than the noise level, i.e. interference-to-noise ratio (INR) at
the adaptive antenna input is 20 dB.

First, we look at the antenna response when there are
no jammers. The adapted pattern in this case is simply the
antenna quiescent pattern shown in Fig. 6 (a) in two represen-
tations. The representation on the left is the 3-D polar pattern
from HFSS where the coordinate system is specified, and the
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FIGURE 6. (a) The antenna quiescent pattern in the absence of
interference. (b) Antenna’s adapted RHCP gain for one RHCP jammer at
(θ, φ) = (90◦,45◦). (c) Antenna’s adapted RHCP gain and (d) θ gain for a
vertically-polarized jammer at (θ, φ) = (90◦,45◦).

one on the right is a 2-D polar plot produced in MATLAB
which shows the antenna pattern from the top, i.e. the center
of the plot is zenith and the perimeter is horizon.

As a first jamming example, we assume a single RHCP
jammer is incident from an angle (θ, φ) = (90◦, 45◦). The
RHCP component of the adapted pattern of the antenna is
given in Fig. 6 (b), which shows a deep null at the direction of
the jammer. In this case, the output INR is -18 dB, indicating
a jammer suppression of 38 dB.

For the second jamming example, we keep the jammer
direction unchanged but assume a linear vertical polarization
for it this time. Fig. 6 (c) shows the RHCP component of
the adapted pattern which does not show a deep null in this
case. This is because the proposed antenna is polarization
diverse and therefore only needs to suppress the polarization
component corresponding to that of the jammer. So in this
case the null is only placed in the θ component of the adapted
pattern, as shown in Fig. 6 (d). In other words, the adaptive
antenna taylors its response not only with respect to the
direction of the jammer, but also its polarization. The nulling
in this case suppressed the jammer to 15 dB below noise
(output INR of −15 dB).

Finally, we look at an example with two jam-
mers incident from angles (θ1, φ1) = (90◦, 45◦) and

FIGURE 7. Antenna’s adapted (a) RHCP gain, (d) θ gain, and (c) φ gain for
one vertically-polarized jammer at (θ, φ) = (90◦,45◦) and one
horizontally-polarized at (θ2, φ2) = (110◦,180◦).

(θ2, φ2) = (110◦, 180◦). The first is assumed to be ver-
tical, and the second is assumed to be horizontal. Note
that the second jammer originates from below the horizon,
simulating a practical scenario in an airborne application.
Various components of the adapted antenna pattern are shown
in Fig. 7. (a)-(c). The θ and φ components each show a null
corresponding to each jammer, whereas the RHCP pattern
does not have any deep nulls, therefore improving the chance
of reception from satellites even while null-steering. The
jammers are suppressed to 12 dB below the noise floor in
this case (output INR of −12 dB).

IV. CONCLUSION
A compact antenna for GPS anti-jamming application was
designed and studied. The antenna consists of a dual-
polarized patch and a monopole radiating from the same
phase center which due to the diversity of their patterns
have very low mutual coupling. It was shown that despite
the small footprint of the antenna compared to conventional
larger arrays, by combining the signals of each channel of
the antenna with appropriate weights, null-steering similar to
conventional larger arrays can be achieved.With a total size of
only 0.26 λ, this antenna can cancel up to 2 jammers incident
from low elevation angles.

Further improvements can be made in the antenna geom-
etry as follows. First, using a higher dielectric constant,
the patch element could be made smaller. Second, the
hollowed section of the patch can be made much smaller by
choosing a smaller coaxial feeding for the monopole element
on top (e.g. U.FL connectors instead of SMA), resulting in
further miniaturization of the patch element. Third, both of
the patch and monopole elements can be made multi-band
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using well-known techniques for multi-band GPS/GNSS
receivers.
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