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ABSTRACT

DESIGN OF SMART ANTENNA ARRAY FOR INTERFERENCE
SUPPRESSION IN GPS

Dabak, Omer Can
M.S.,Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Lale Alatan

Co-Supervisor: Prof. Dr. S.Sencer Kog

June 2016, 79 pages

GPS jammers add excessive noise to received low power GPS signals and have
capability to weaken or completely destroy the positioning performance of GPS
receivers. The most popular technique to overcome GPS jamming problem is
suppression of jammers by using array signal processing techniques. In this thesis, a
GPS anti-jamming system is constructed by designing an active antenna array and
implementing adaptive beamforming techniques. This thesis mainly include the design
of four element active circularly polarized microstrip antenna array, implementation
of beamforming techniques and presentation of experimental results obtained from the
constructed GPS anti-jamming system. In active antenna array design, circularly
polarized operation of the array element is achieved through nearly square microstrip
patch antenna structure. After verification of the design by comparing simulation and
measurement results, four element planar array is designed and manufactured. Then,
four channel LNA card design and production is performed in order to obtain a
compact active antenna array. All electromagnetic simulation and parametric analysis
of the antennas are performed in electromagnetic simulation tool CST Microwave
Studio. In beamforming section, two main beamforming methods that are Capon
beamforming and null steering are studied with theory and simulation results obtained
from the code developed in MATLAB environment. The jammer suppression success
of the constructed system is demonstrated by scenarios that include real satellites and

a continuous wave jammer source.



KEYWORDS: Nearly Square Microstrip Antenna, Circular Polarization, Antenna
Array, Beamforming, GPS antijamming

Vi



(0Y/

GPS SISTEMLERINDE GiRiSIM BASKILAMAK iCIN AKILLI ANTEN
TASARIMI

Dabak, Omer Can
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dog.Dr.Lale ALATAN
Ortak Tez Yoneticisi: Prof. Dr. S.Sencer Kog

Haziran 2016, 79 Sayfa

GPS karistiricilar, GPS alicilarina diisiik giicte ulasan GPS sinyallerinin {izerine
fazladan giirtiltii ilave ederek alicilarin pozisyon verisi iiretme hizmetini kismen ya da
tamamen devre dis1 birakirlar. GPS karistiricilarin etkinliginin giderilebilmesi i¢in en
popliler yontem, anten dizisi ve dizi sinyal isleme yontemlerinin kullanilmas: ile
karistiricilarinin uzaysal filtreleme ile bastirilmasidir. Bu tez ¢alismasi ile aktif anten
tasarimi ve hiizme yonlendirme algoritmalarinin kullanimi ile yukarida bahsedildigi
gibi GPS karistiricilarinin uzaysal filtreleme ile bastirilmasi hedeflenmistir. Bu tez
calismasinda, dort elemanli aktif anten dizisi tasarimi, huzme yonlendirme
algoritmalarinin uygulamasi ve gergek zamanli GPS karistiric1 bastirma testleri olmak
lizere lic ana baslik bulunmaktadir. Aktif anten dizisi tasarimi sirasinda, oncelikle
dairesel polarizasyona sahip yaklasik kare tasarimli mikroserit anten tasarimi ve
tretimi gergeklestirilmistir. Yontemin gegerliligi goriildiikten sonra ayni yontemle
dort elemanli dairesel anten dizisi tasarim ve iiretimi ger¢eklestirilmistir. Sonrasinda
ise anten dizisi ile kompakt bir dizayn olusturacak sekilde dort kanalli diisiik giiriiltiilii
yiikselte¢ kartinin tasarim ve iiretimi gergeklestirilmistir. Huzme yonlendirme
boliimiinde, Capon huzme yonlendirme ve sifir kazang yonlendirme seklinde iki ana
huzme yonlendirme algoritmasinin teorisine ve MATLAB ortamindaki simiilasyon
sonuclarina yer verilmistir. Biitlin sistemin GPS karigtirici bastirma performansi,
gercek GPS uydularinin ve gergek karistirict kaynaginin kullanildigi senaryo ile ispat

edilmistir.
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CHAPTER 1

INTRODUCTION

GPS is the first comprehensive satellite based navigation system in the world. GPS
program has started in 1973 by USA. It has become fully operational in 1993 with
functional 24 satellites in 6 orbits. Altitudes of satellites are around 20000 km. The
position finding concept of GPS is based on triangulation [1] method that uses distance
measurements from reference point to some known positions in space. Triangulation
method is visualized in Figure 1-1 in two dimensional space. For the point that we
want to find the position on earth, there are three basic unknown position parameters
that are x, y and z. Since there are three basic unknown parameters, positions of at least
three satellites should be known. The basic position finding concept by using GPS
satellites is shown in Figure 1-2. The satellites have atomic clocks that are
continuously synchronized but the receiver does not have such an advanced clock. So
the bias in the receiver clock is regarded as an unknown. Consequently, a GPS receiver

needs to receive signals from at least 4 satellites for accurate positioning.

GPS signals are transmitted in two frequency bands. GPS L1 band is centered at
1575.42 MHz and GPS L2 band is centered at 1227.60 MHz. GPS signals are
composed of three parts that are carrier wave, navigation data and spreading sequence.
Carrier waves are created in center frequencies of L1 band and L2 band. Navigation
data have a bit rate of 50 bps and includes information about the satellites orbit. The
navigation data is coded by using two different types of codes associated with each
satellite in order to benefit from the virtues of spread spectrum techniques. These codes
are coarse acquisition code (C/A) and encrypted precision code (P(Y)). C/A code
which is available for both civilian and military users has 1.023 MHz bit rate and uses
2.046 MHz bandwidth in only GPS L1 band.



Reference Point 1 Reference Point 2

S e

d2

v 4,
P P
Region of interest Point of interest

Figure 1-1 Triangulation in 2D space by using distance measurements d1 and d2
from two reference points

Figure 1-2 Triangulation for position finding with GPS satellites[1]



P(Y) code which is available for military users has 10.23 MHz bit rate and uses 20.46
MHz bandwidth in both GPS L1 and L2 bands. The GPS signal is modulated by Binary
Phase Shift Keying (BPSK) method [2] as shown in Figure 1-3.

UL

Unique Code of"
Each Satellite

Coded Data

UL
U

Figure 1-3 Effect of BPSK on the signal Structure for one antenna [2]

GPS satellites are orbiting at an altitude of about 20000 km. Because of such a
large distance between satellite and receivers, GPS signals arrive receivers at very low
power levels. The power level of GPS signal on earth is nearly -164 dBW. The GPS
receiver can retrieve the navigation data from this low level signal by using the
correlation of it with the code of satellite. However, when a jammer is present in the
neighborhood of the GPS receiver, the acquisition of satellites may not be possible and
it may interrupt the positioning service. There are two different operational modes for
C/A code. These are acquisition and tracking modes. To make the acquisition faster,
only a section of the code is used during the acquisition mode. Hence the code gain of
this mode is smaller compared to tracking mode. Consequently C/A acquisition mode
is more vulnerable to noise and interference so it may be lost at lower jammer to signal
(J/S) ratios. In Figure 1-4, the change in J/S ratio according to distance between
jammer and receiver is presented. Jammer power according to previously given GPS
signal power represents in-band jammer power for GPS L1 band width. GPS signal
power S is taken as -131 dBm. In this figure, C/A acquisition level (~25dB) refers to



the J/S ratio below which acquisition is not possible. Whereas below C/A loss level
(~46 dB), the operation in the tracking mode is lost. It is understood from the figure
that the acquisition of C/A code is prevented with even a 10-milliwatt jammer from 10
kilometers. These data show the ease of intentional or unintentional jamming on GPS
receivers to interfere positioning service. Since in both civilian and military area the
dependence on navigation systems such as GPS is increasing day by day, GPS

jamming becomes a more important problem to be solved.
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Figure 1-4  Effect of various jammers on GPS receiver [3]

In the market, there are many hand held GPS jammers that can be easily obtained [4].
In addition to that, there are some high power jammers that can be achieved only under
some military regulations. Due to increasing popularity of jamming threat with the
purposes such as personal privacy, terrorism and electronic warfare, researchers are
actively working on the solution techniques to overcome jamming problem on
navigation systems for both military and civilian users. The most commonly used
methods that are summarized in [5] are notch filtering for continuous wave jammers
[6], design of multi frequency multi system (GPS, GLONASS, GALILEO) receivers
[7] and antenna arrays with controllable radiation pattern based solutions [8]. In
addition to these, some sensors such as Inertial Navigation System (INS) can be used
to increase accuracy of GPS positioning. Among these approaches, there are more
efforts on spatial suppression of jammers by using antenna arrays with controllable

null regions in their radiation patterns. Because long term GPS availability is possible



with this way and there is no need for any other navigation system like GLONASS or
GALILEO. There are some good examples of commercially available GPS anti-
jamming systems based on spatial suppression of jammer sources. GAJT of Novatel-
Qinetic[9], DIGAR of Rockwell Collins[10], TopShield of Thales[11] and SAS of
BAE Systems[12] can be counted as the most important products in this area. These
systems are generally designed using arrays with 4 or 7 antenna systems.

The aim of this thesis is to construct a jammer protection system for civilian GPS
receivers by designing an active antenna array and implementing a beam-forming
algorithm to adaptively and automatically control the pattern of this array according to
the position of the jammer. The number of array elements are chosen as 4. Although
larger number of elements improves the jammer suppression performance of the
system, 4 elements are evaluated to be sufficient to demonstrate the main concept.
Active antenna array unit is composed of an antenna array and a Low Noise Amplifier
(LNA) for each element and this LNAs are used to amplify low level GPS signals. The
output of each LNA is converted to Intermediate Frequency (IF) band from Radio
Frequency (RF) band, then they are digitized and sent to the beamforming algorithm.
The output of the beamforming algorithm is the complex weighting coefficients for
each element. Finally, the output of the array is converted to analog and up-converted
back to RF band in order to be utilized by any commercially available GPS receiver.

The block diagram of the overall anti-jamming system can be seen in Figure 1-5.

RF/IF .
Converter
wil GPS
v —»{ Antijamming
System
RF/IF
Converter
w2 A IF/RF
' Converter
RF/IF l v
Converter
RF/IF
Converter

Application of Beamforminé
Algorithms

Weighting Coefficient
Control

Commercial
GPS Receiver

Figure 1-5  Overall block diagram of GPS anti-jamming system




In this thesis work, Chapter 2 gives information about specifications of GPS
antennas and some GPS antenna types available in the literature. In this thesis, nearly
square micro-strip patch antennas are chosen as the array elements. After reviewing
the basic concepts of micro-strip antennas, the design procedure proposed in this thesis
for the design of nearly square micro-strip patch antenna will be presented. The
electromagnetic simulations of the antenna is performed by CST Microwave Studio
[13] and the parameters of the designed antenna are further optimized through a couple
electromagnetic simulations. The optimized antennas with different substrate heights
are manufactured and measured. The measurement results and simulations of the

antennas are compared in this chapter.

Chapter 3 provides information about the 4 element active antenna array design.
The designed four element antenna array is manufactured and measurements are
performed. The effect of mutual coupling on the radiation pattern of the antenna array
is discussed here. The information about four channel LNA card is also provided in

this chapter.

Chapter 4 is devoted to beamforming algorithms that aims to steer null in the
direction of arrival of the jammer. There are two main classes that include the
beamforming algorithms. These are blind (Eigen Decomposition-Based Subspace
Technique, Multiple Independent Conventional Beamformers) and non-blind (Null
Steering, Capon, Minimum Mean Square Error, MaxSINR (Signal to interference plus
noise ratio), Sampled Matrix Inversion) techniques [14]. While non-blind algorithms
use only the direction of arrival of the target signal or reference of the incoming signal,
blind algorithms also utilize a priori information like the direction of arrival of the
jammer and signal of interest. In this thesis, two beamforming approaches are
implemented. One of the approaches is the Capon beamforming method and classified
as a non-blind algorithms. For this method, only incoming direction of the target signal
is needed and it is gathered from the almanac data of the GPS system. The other
approach can be classified as a blind algorithm and includes direction finding of
jammer sources with one of the direction finding algorithms (Conventional
Beamforming, MUSIC (Multiple Signal Classification), ESPRIT) [15] and application
of null steering through these directions. The incoming direction of the target signal is
gathered from almanac data again. In application of this approach, Multiple Signal
Classification (MUSIC) algorithm is used for direction finding purposes. In Chapter

6



4, Capon beamforming algorithm and application of both direction finding by MUSIC
method and null steering algorithm are summarized. Then simulation results obtained
through two different codes developed in MATLAB [16] environment are presented

and compared for these two approaches.

Chapter 5 presents measurement results obtained with manufactured active GPS

antenna array and CW jammers.

Chapter 6 concludes my thesis with overall comments on my work and possible

future works to proceed my work.






CHAPTER 2

GPS ANTENNA DESIGN

Since the GPS antenna will be designed for C/A code, it will operate at L1 band
which is centered at 1575.42 MHz with 2.046 MHz bandwidth. Frequency
characteristics of the antenna should be designed according to these center frequency
and bandwidth requirements. An input return loss characteristic with a narrow
bandwidth helps to eliminate interference signals outside the GPS bands. One of the
important requirements of GPS antennas is to provide signal reception for all look
angles at the given signal to noise ratio of the receiver. To achieve uniform coverage
of all satellites, a radiation pattern with a broad lobe over the upper hemisphere (beam
width > 130°) is required and the maximum variation over the main beam should be
limited by 6dB. In addition to these, polarization is another important concern while
designing GPS antenna. For the wave that is propagating in a space, wave polarization
is the property that describes its electric field rotation at a fixed point as a function of
time. Existing of same polarization types between receiving and transmitting antennas
make possible to take transmitted signal by receiver without any loss [17]. There are
three types of polarization that are linearly polarized (LP), elliptically polarized (EP)
or circularly polarized (CP). GPS signals are Right Hand Circularly Polarized (RHCP)
because of two main reasons. First of all, circularly polarized signal doesn’t require
correct alignment of receiver and transmitter antennas while LP and EP need correct
alignment of these antennas. Secondly, CP is used to reject multipath signals. This
rejection is due to the fact that the sense of polarization (right or left hand) reverses
(RHCP to LHCP) when wave is reflected from ground. Hence the reflected multipath
contribution cannot be received [18]. To sum up, a high rejection of cross-polarized

signal (>17dB) helps to discriminate between the direct and reflected signals.

Helical, spiral and microstrip patch antennas are widely used examples of
circularly polarized antennas. From these design types, microstrip patch antennas are
9



generally preferred in GPS receiver applications since they are low profile,
conformable to planar and non-planar surfaces and simple and inexpensive to
manufacture. In addition to these, their resonant frequency, polarization, pattern, and
impedance can be easily tailored according to the design needs by modifying the shape
of the patch [19]. In this chapter, the theoretical information about microstrip patch
antenna is presented in the first section. Then the design procedure for nearly square
microstrip patch antenna is outlined. After that, design of GPS L1 band antenna with
nearly square patch is given with comparison of simulation and measurement results.
This section is ended with sensitivity analysis of antenna’s performance according to

changes in design parameters.

2.1 Microstrip Patch Antenna

Microstrip antenna is composed of four main parts that are metallic patch, dielectric
substrate, ground plane and feeding structure. The basic structure of microstrip antenna
is shown in Figure 2-1. Microstrip antenna with different patch shapes as shown in
Figure 2-2 can be preferred according to necessities in design. From these shapes;
square, circular and rectangular are the most popular choices because of easiness in

analysis and fabrication with attractive radiation properties [19].

Feeding Structure

Vi
Substrate

"
//

Height

Ve
7 Ground

Figure 2-1  Microstrip antenna structure
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Figure 2-2  Microstrip antenna shapes [19]

Dielectric constant, loss tangent and height of the dielectric substrate are very
important parameters while designing microstrip antennas. Dielectric materials that
have dielectric constant er between 2.2 and 12 is used generally. Designing a microstrip
antenna that has high efficiency and bandwidth is possible by using thicker dielectric
materials that has lower er. Whereas, thin dielectric materials with higher & is preferred

for microwave circuits.

Another important issue during microstrip patch antenna design is the choice of
feeding structure. There are four popular feeding structures that are coaxial feeding,
microstrip line feeding, proximity coupled feeding and aperture coupled feeding. In
this work, coaxial feeding is preferred in microstrip antenna design because of its
simple design, easiness in fabrication, matching performance and low spurious
radiation [19][20]. Figure 2-3 shows the structure of coaxial feeding in microstrip

antenna design.

In the analysis of microstrip antennas either full-wave numerical techniques or
approximate analytical methods can be used. While numerical methods provide high
accuracy with a corresponding high computational cost, analytical methods offer fast
and efficient estimation of antenna parameters for an initial design. Hence in this
thesis, the initial parameters of the antenna are predicted by utilizing analytical
methods, then they are fine-tuned by performing full wave analysis with commercially

available electromagnetic simulation software.
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a b

Figure 2-3  Coaxial feeding structure a) Antenna top view b) Antenna side view

There are two widely used analytical methods for the analysis of microstrip. One of
them is transmission line model. It is the easiest analysis method for microstrip
antennas. Although this model has lower accuracy and insufficiency to model
coupling, it provides good physical insight. The other analytical method that provides
physical insight is cavity model. It has higher accuracy but more complexity compared
to transmission line model. In transmission line model, rectangular microstrip antenna
can be represented by two slots separated by a transmission line of length L. Finite
dimensions of patch along length and width result in fringing fields at the edges.
Because of fringing, most of the electric field lines are placed in dielectric substrate

while some of them are placed in air.

Fringing fields cause extension in physical dimensions of the antenna as shown in
Figure 2-4. The amount of length extension, 4L, can be calculated by using the

following empirical formula which is proposed in [21]

w
Ererr + 0.3 T + 0.264

X
Sreff - 0.258 % + 0.8

where ereff IS the effective dielectric constant of an equivalent homogeneous dielectric

AL = h X 0.412 X

(2.1)

medium which can be substituted instead of the multilayered dielectric slab-air-

mediums. ereft is calculated by using the following well-known expression [19]

1

e+1 g —1 h12
Erefy = —5—+ [1+12W] (2.2)

12



[ 7
| i i
— MENNN|
L |
—l

| W
1
_>I
— |
l |

(a) Top view
Patch

}\+\IT\.~_8F _—y’v"'/*/(

(b) Side view

Figure 2-4  Fringing effect on patch antenna [19]

When the extended length of the patch (L+24L) is equal to half guided wavelength,
the antenna will be at resonance. Hence, the physical length of the patch is [19]

)
L=——— —24L (2.3)

Zﬁ‘\/ Sreff

where ¢ and f; represents the speed of light and resonant frequency of the microstrip

antenna.

In cavity model, the patch antenna is modeled as a cavity with perfect electric
conductors at the top and bottom surfaces (patch and ground plane) and perfect
magnetic conductors on the side walls. Then the fields inside the cavity is solved by
assuming that there are no field variations along the normal direction to the ground
plane. This assumption is quite valid for electrically thin substrates. Infinitely many
different modes can be excited inside the cavity but the dominant modes are TMoz10
and TMz00 modes. The subscripts corresponds to field variations along x,y,z directions
for a patch antenna situated at xy plane. When the patch is fed at the center of the edge

along x(y) direction, only TMoz0 (TMz100) mode is excited.

Polarization is another very important concern of antennas as mentioned at the

beginning of this chapter. Antennas can be classified as LP, EP and CP in accordance
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with their polarization types shown in Figure 2-5. Previously it is mentioned that GPS
antennas should be RHCP. However, when the patch antenna is excited at the center
of one of the edges, the antenna is LP. Therefore, some modifications on microstrip

antennas are necessary to design circularly polarized antenna.

Linear +Circular + Elliptical

Figure 2-5  Polarization types [23]

Circular polarization can be achieved by exciting two orthogonal modes with 90°
phase difference and same amplitudes. If square patch antenna is considered, CP can
be achieved by feeding the antenna from adjacent two edges. While one of the feeds
is exciting TMoio mode, the other feed is exciting TMigo mode. The 90° phase
difference can be achieved either by using a power divider and a 90° phase shifter as
shown in Figure 2-6 or by using a 90° hybrid coupler [19]. However this type of
feeding is not suitable for array design due to limited space between antennas and

increased mutual coupling effects.

Power Square
divider patch

NI
A4
Y

Figure 2-6  CP square patch antenna structure [18]
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Circular polarization can also be obtained with single feed structure. To achieve
this, two orthogonal modes should be excited simultaneously. 90° phase shift is
obtained by utilizing the phase variation characteristics of the modes around the
resonance frequency [24] When the resonance frequency of one of the modes (f2) is
slightly larger than operating frequency of the antenna (fo) and resonance frequency of
the other mode (fv) is slightly smaller than fo, the 90° phase shift is achieved as shown
in Figure 2-7. Two common patch shapes for CP operation with single feed are nearly
square patch and truncated patch as shown in Figure 2-8 (a) and (b) respectively. For
nearly square patch, length and width of the patch are nearly the same that provide the
necessary amplitude and phase relations between TMoo and TM1o0 modes [19]. In
truncated patch two opposite corners are trimmed and the patch is fed at the center of
one of the edges according to required polarization sense. In this work, nearly square

patch is preferred because of its better cross polarization properties.
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Figure 2-7  Amplitudes and Phases of Two Degenerate Modes [25]
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Figure 2-8  a) Nearly Square b) Truncated [19]
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The performance parameter to measure the quality of CP is the axial ratio (AR) and
AR levels below 3 dB is generally considered to be acceptable CP operation.

Nearly square microstrip patch antenna design begins by specifying substrate type,
height of substrate and operating frequency. After decision of these parameters, patch
dimensions needs to be estimated. In this thesis, nearly square patch antenna design is
performed based on works presented in [26] and [27]. As it well known from circuit
theory the sharpness of the amplitude variation curve and the slope of the variation
curve of a resonator are related to the quality factor (Q) of the resonator. Hence fy, fo
and f, are related to each other through the Q value of the antenna. Moreover W and L
values determines fa and f,. Based on these observations [26], the W/L ratio is proposed

to be equation (2.4)

W 2xQ+1
T 2x0-1 @4)

Hence to estimate the W/L ratio one needs to know the Q value of the antenna. Q value
of the microstrip antenna depends on the parameters of the substrate and the operating
frequency. To predict the Q value of the chosen substrate at the design frequency, the
bandwidth-Q value relations proposed in [27] are utilized. The input impedance
percentage bandwidth of a LP antenna (BW.r™?) for VSWRmax (Voltage Standing

Wave Ratio) is given as:

VSWRpmar — 1

JVSWR, e X Q

BW/MP = (2.5)

Generally input return loss values below -10 dB are considered to be a good match and
this corresponds to VSWRmax=2. To calculate the Q value of the antenna, first a LP
square antenna is designed by using transmission line model then this antenna is
analyzed by using electromagnetic simulation software CST-Microwave Studio. The
impedance bandwidth of this antenna is found from the simulation results and
corresponding Q factor is calculated by using equation (2.5). Finally W/L ratio is

calculated from equation (2.4).

After the initial length and width values for nearly square patch antenna are decided,
antenna is analyzed through the CST simulations and antenna dimensions are fine

tuned. The probe feed location where antenna matches with 50Q is also very important
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and it is found with parameter sweep property of CST MS. In [27], the following
expressions for estimating the input impedance bandwidth and the axial ratio

bandwidth of the CP antennas are proposed:

_ V2X (VSWRpax — 1)

BW/MP = 0 (2.6)
ARy — 1

BWAR = —=—— (2.7)
ARmaxQ

The bandwidth values obtained from simulation results and calculated values from
(2.6) and (2.7) are compared to explore the validity of the proposed equations in [27]
for different heights of materials in next section.

2.2 Design of GPS L1 Band Antenna with Comparison of Simulation

and Measurement Results
During this thesis work, nearly square patch antenna design was performed with
different materials like FR4, RO4003 and TMM10 and different height of substrates.
At the beginning, FR4 material is chosen due to its easy availability and low cost.
However, when the antenna is manufactured and measured, it is observed that the
resonance frequency of the antenna is 40 MHz above the target frequency. After some
research, it is learnt that FR4 material is a low quality material and its dielectric
constant can vary from one plate to the other. In addition to this, dielectric constant of
this material may not be homogeneous for the same plate. Therefore, it has been
decided to use a material with higher quality and stable dielectric constant. For that
purpose RO4003 material from Rogers Corporation is chosen. In this part, the two
designs performed with same RO4003 material but with different substrate heights are
discussed. The design process, simulation and measurement results are presented in

detail at the following subsections.

2.2.1 Nearly Square Patch Antenna Design with RO4003 (h=1.524 mm)
RO4003 is a dielectric material that is fabricated by Rogers Corporation. Maximum
height of manufactured dielectric material is 1.524 mm. The dielectric constant of
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RO4003 material is 3.55. The operating frequency for GPS L1 band is 1575.41 MHz.
After decision of material, substrate height and operating frequency, linearly polarized
square patch antenna is designed. Input return loss versus frequency plot of LP antenna
is shown in Figure 2-9. Using 15.97 MHz 10dB impedance bandwidth in equation
(2.5), Q value is calculated approximately as 70 and the relation between width and
length is found through equation (2.4). Dimensions of LP and CP antennas are listed
in Table 2-1. As mentioned before probe locations are determined by parameter sweep
tool of CST MS.

15.97 MHz
o —3)

10 H i —

ﬁ; o\

\/ i (8(1.5753e9,-28.409 dB)
1

Return Loss (dB)

-30
1.4999 1.52 1.54 1.56 1.58 1.6 1.62 1.64 1.6503

Frequency(GHz)

Figure 2-9  Return Loss of LP Antenna

Table 2-1 Dimensions of LP and CP Antenna

LP CP
Length 48.8 mm 48.5 mm
Width 48.8 mm 49.2 mm
Probe Location (Length Dir.) 19 mm 18 mm
Probe Location (Width Dir.) 19 mm 17 mm

As you can see from Table 2-1, the values of calculated dimensions and found values
after fine tuning in CST are very similar that prove the accuracy of dimension

estimation formulas that are given in equations (2.4), (2.5), (2.6) and (2.7).

The return loss plot of the CP designed antenna is shown in Figure 2-10.
According to this figure, antenna is successfully matched to 50Q and its operating
frequency is proper for our purpose with 31.34 MHz 10 dB impedance bandwidth.
According to AR plot that is shown in Figure 2-11, 3 dB AR bandwidth is larger than

target bandwidth of GPS L1 band and antenna is proper to manufacturing according
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to simulation results. It is very important to note that 3dB AR bandwidth region is
inside the 10 dB impedance bandwidth. That means, antenna is CP in only some part
of the radiation region.

30.52 MHz

Return Loss (dB)
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Figure 2-10  Return loss of CP antenna
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Figure 2-11 AR plot of CP antenna

3dB AR bandwidth and 10dB impedance bandwidth of simulated antenna are
compared with calculated values obtained from equations (2.6) and (2.7) in Table 2-2.

The results in this table demonstrates the accuracy of the relations proposed in [27].

Table 2-2 Comparison of calculated and simulated bandwidth values

Calculation Results Simulation Results
BW/MP 31.9 MHz 30.52 MHz
BW{R 7.85 MHz 7.2 MHz
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Since the specifications are satisfied according to simulation results, the
antenna is manufactured. Designed antenna was produced with LPKF ProtoMat H100
prototyping machine. After manufacturing, return loss of antenna was measured.
According to measurement results, the center frequency of the antenna was at 1587
MHz. Because of the 12 MHz shift in the center frequency, tuning process is needed.
According to sensitivity analysis performed and results presented in the following part
of this chapter, antenna center frequency is tuned to target center frequency by
increasing the length and the width of the antenna with copper band. The comparison
of length and width of the patch before and after tuning is shared in Table 2-3. Top
and bottom view of tuned antenna is shown in Figure 2-12. Comparison of return loss
and AR results between simulation and measurement of tuned antenna are shown in
Figure 2-13 and Figure 2-14.

Table 2-3 Comparison of patch dimensions before and after Tuning

Before Tuning After Tuning
Length 48.5 mm 49.3 mm
Width 49.2 mm 50 mm

gL

=

Figure 2-12  Top and bottom view of tuned antenna
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Figure 2-13  Comparison of return loss between simulated and manufactured
antenna
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Frequency(Hz) 107

Figure 2-14 Comparison of AR between simulated and manufactured antenna

When this designed and tuned antenna is used in the array environment, the center
frequency of AR bandwidth shifts more due to mutual coupling effects and the AR
requirement within the target band cannot be achieved. One of the solutions for this
problem is to design an antenna with larger bandwidth. An easy approach to increase
the height of the substrate. The antenna design for h=3.048 mm is presented in the next
subsection.

2.2.2 Nearly Square Patch Antenna Design with RO4003 (h=3.048 mm)

Because the availability of more RO4003 dielectric plate with h=1.524 mm, it is
decided to press two plates with 1.524 mm height and obtain RO4003 plate with 3.048
mm height. First of all, linearly polarized antenna is designed and simulation results
imply the 10 dB impedance bandwidth of the antenna is 30.6 MHz as shown in Figure
2-15. Using equation (2.5), the Q value of the antenna is calculated as 36.4. Recall that
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the Q factor for h=1.524 mm was 70. Hence the Q factor is almost halved by doubling
the height of the substrate. Using equation (2.4) dimensions of the patch are specified.
The comparison of dimensions between LP and CP antennas and their feeding

positions are given in Table 2-4.
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Figure 2-15 Return loss of LP antenna

Table 2-4 Dimensions of LP and CP antenna

LP CP
Length 47.71 mm 46.9 mm
Width 47.71 mm 48.3 mm
Probe Location (Length Dir.) 18.5 mm 17 mm
Probe Location (Width Dir.) 18.5 mm 16 mm

The importance of return loss measurement and axial ratio measurement was
mentioned in the previous section. For the CP antenna with 3.048 mm substrate height,
return loss and axial ratio simulation results are given in Figure 2-16 and Figure 2-17,
respectively. 10 dB impedance bandwidth and 3dB axial ratio bandwidth of the
simulated antenna are compared with the bandwidth values that are calculated
according to equations (2.6) and (2.7) in Table 2-5. As it can be seen from the table,
calculated and simulated values are close to each other. This comparison shows that

the expression proposed in [27] are also valid for thick substrates.
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Figure 2-16 Return loss of CP antenna (RO4003 with 3.048mm height)
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Figure 2-17 AR plot of CP antenna (RO4003 with 3.048mm height)

Table 2-5 Comparison of calculated and simulated bandwidth values

Calculation Results Simulation Results
BW/MP 61.2 MHz 60.62 MHz
BWAR 15.07 MHz 15.44 MHz

Note that the simulated 10dB CP impedance bandwidth and 3dB CP axial ratio
bandwidths for the antenna with h=1.524 mm are 30.52 MHz and 7.2 MHz. For the
antenna with h=3.048 mm, these values are 60.62 MHz and 15.44 MHz that are nearly
double of the previous values. This is because of the relations between bandwidth
values and Q factor. Since Q value of the antenna is halved, such an increase in

bandwidths is an expectation.

RO4003 dielectric materials are produced with maximum 1.524 mm dielectric height.

In order to get higher dielectric substrate, we used two pieces of RO4003 plates with
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1.524 mm and press them with LPKF machine. During press process, 0.1 mm thick
FR4 prepreg material is used between two materials. After press process is finished,
RO4003 material with new substrate height was ready. Then, the production is
performed with the parameters given in Table 2-4. In return loss and axial ratio
measurements of the manufactured antenna, nearly 16 MHz shift in center frequency
Is observed although the bandwidth measurements are almost same with the simulated
one. In order to tune this antenna, the necessary shifts in length and width of the patch
are calculated and applied in simulation program. Then, antenna is remanufactured
with this updated dimensions. After manufacturing of this tuned antenna, the return
loss and axial ratio measurements are performed. The return loss comparison of
simulation and measurement results for the manufactured antennas is shown in Figure
2-18. As shown in this figure, the firstly manufactured antenna has shifted center
frequency with good matching property. After remanufacturing with tuned

dimensions, the antenna has nearly same return loss properties with the simulated one.
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Figure 2-18 Return Loss Comparison between Simulations and Measurements

For circularly polarized antennas, AR characteristics are more important than return
loss variations. AR comparison of simulation and measurement results for the
manufactured antennas is shown in Figure 2-19. From AR measurements of the
manufactured antennas, it can be said that the shift in the target center frequency of the
antenna is disappeared with tuned antenna. The 10 dB impedance and 3 dB axial ratio
bandwidth of the manufactured antenna is compared with the simulated one in Table

2-6. Although the center frequency of the tuned antenna is not at the target center
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frequency, the 3dB AR bandwidth includes the bandwidth for the civilian users at GPS
L1 band.

AR Comparison Between Simulation and Measurements
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Figure 2-19 AR Comparison between simulation and measurements

Table 2-6 Bandwidth comparison between simulation and measurement results

Measurement Results

Simulation Results

BWep"

59.5 MHz

60.52 MHz

BWAR

15 MHz

15.44 MHz

After return loss and axial ratio measurements, radiation pattern of the tuned antenna
is measured. Under transmission of RHCP and LHCP signals at 1575 MHz, the
radiation pattern comparison for the first principle plane is shown in Figure 2-20.
According to this measurement, this antenna has around 20 dB cross polarization
rejection rate and above 25 dB front to back ratio. 3dB beamwidth of the antenna is
above 105°. Cross polarization rejection and front to back ratio is very good for the
usage in GPS application. Although 3dB beamwidth is slightly smaller than the target

3dB bheamwidth, this is not an obstacle to use this antenna as a GPS antenna.
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Figure 2-20 Radiation pattern of the antenna for first principal plane

2.3 Sensitivity Analysis According to Changes in Antenna

Parameters
In order to get better insight about the effect of small changes in antenna parameters
on the antenna performance, sensitivity analysis of CP antenna is performed. During
the sensitivity analysis, the effects of changes in the length of the patch, size of the
ground plane, the location of probe and dielectric constant of the substrate on the
antenna performance are observed. These analysis help to interpret the differences
between simulation and measurement results. Also they guide the antenna designer
during the tuning phase of the manufactured antenna. The sensitivity analysis are
performed by using parameter sweep property of CST MS electromagnetic simulation
tool. For evaluation of the changes in parameters, the CP nearly square antenna that is

presented in section 2.2.1 is considered as reference.

2.3.1 Changing Length of the Patch

Length and width of the patch antenna are very important parameters that specify the
radiation properties of the antenna and circular polarization. According to equation
(2.3), the length or width of the antenna is inversely proportional with frequency. In
other words, if the length, width or both of them for the manufactured antenna are
higher than the dimensions in simulations, the operating frequency of the antenna
decreases. If there is change only in length of the patch, the center frequency of the
corresponding mode changes and the circular polarization property of the antenna can
be lost and W/L ratio is disturbed.
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Sensitivity analysis for length of the patch was performed changing the dimension
from 48.1 mm to 48.8 mm with 0.1 mm steps. The real value of length is 48.5 mm.
The change of return loss measurements according to change in length is given in
Figure 2-21. In addition to this, the change in axial ratio according to change in length
IS given in Figure 2-22. Since length is the smaller dimension and width is the larger
dimension of the antenna, the lower resonance is determined by the width and the
higher resonance is determined by the length of the antenna. Consequently as it can be
observed from Figure 2-21, the changes in the length slightly affect the lower
resonance while it considerably shifts the higher resonance. From Figure 2-22, it is
understood that the polarization property of the antenna is directly affected by the
change in length as discussed above. CP operation is possible only for a restricted
range of W/L ratios. From both return loss and axial ratio measurements according to
change in length, it can be concluded that any manufacturing error above 0.1 mm in
length or width can prevent the achievement of desired antenna properties. Another
result that can be concluded from these figures is that, if the measured center frequency
of the manufactured antenna is different from target center frequency, the target center

frequency can be achieved by tuning the length or the width of the patch antenna.
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Figure 2-21 Return loss change for various length dimensions
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Figure 2-22 Axial ratio change for various length dimensions

2.3.2 Sliding the Feed Point of the Antenna

Feed location of the patch antenna is also very important in order to get desired
radiation properties. Therefore, the effects of possible shifts in feed location on the
radiation performance of the antenna is studied. For the antenna that is mentioned in
section 2.2.1, the feeding point is 18 mm far away from left bottom corner in x
direction and 17 mm in y direction. For the sensitivity analysis, the feed location is
swept between from 17.4 mm and 18.6 mm in x direction. According to return loss
simulation results that are given in Figure 2-23, the change of feed location can
seriously change the radiation properties of the antenna. The feed location mainly
determines the amplitudes of the two orthogonal modes. These modes have almost

same amplitudes as long as the feed remains on the diagonal.
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Figure 2-23 Return loss change for different feed locations
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As the feed diverts from the diagonal, one of the modes is excited more dominantly
and circular polarization may not exist. This result can be verified also examining
Figure 2-24. In conclusion, the shift in the feed location can be the potential cause of
the differences in the antenna performances for the simulation and measurement

results.
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Figure 2-24 Axial ratio change for different feed locations

2.3.3 The Effect of Changes in Dielectric Constant on the Antenna Performance
Dielectric constants of dielectric materials are varying with change in operating
frequency. In addition to this, dielectric constants of some materials may change from
one sample to other sample according to production quality of the material. For
RO4003C material, the dielectric constant for the design is reported as 3.55. For the
sensitivity analysis, dielectric constant er of dielectric material is varied between 3.4
and 3.7 with 0.05 steps. The return loss results and axial ratio results are given in Figure
2-25 and Figure 2-26, respectively. It can be observed that the dielectric constant
directly affects the center frequency. More explicitly, if the dielectric constant of the
material used in manufacturing is higher than the value that is used in simulation, the
measured center frequency of the antenna will be smaller than the simulation results.
Another interesting observation is that the circular polarization of the antenna does not
change but CP operation occurs at different frequency. This is due to the fact that
dielectric constant variations affect the electrical lengths W and L in the same manner

and W/L remains almost same.
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Figure 2-25 Return loss change for various dielectric constants
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Figure 2-26 Axial ratio change for various dielectric constants

At the beginning of this thesis, FR4 material is chosen in first nearly square patch
antenna design. Sensitivity analysis on this antenna is also performed before
production. In literature, the dielectric constant of the FR4 material is given as 4.3.
Return loss sensitivity analysis for FR4 material wrt. change in dielectric constant is
given in Figure 2-27. After manufacturing of the antenna with FR4 material, the center
frequency of the antenna was found at 1612 MHz that is nearly 40 MHz higher than
the desired GPS L1 band center frequency. When the measured and simulated return
loss values are compared, it is concluded that the return loss characteristic of the
manufactured antenna is very similar with the simulated one but center frequency is
different. According to sensitivity analysis with varying dielectric constant, the return
loss measurement of the manufactured antenna was consistent with the antenna that

has dielectric constant 4.1. Hence the discrepancy between the measurement and
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simulation results of the antenna manufactured on FR4 was most probably due to the
dielectric constant variations of this low quality material. To sum up, by performing
sensitivity analysis on dielectric constant, the potential reason of manufacturing error
in the first antenna design is found.
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Figure 2-27 Return loss change for dielectric constants of FR4
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CHAPTER 3

ACTIVE GPS ANTENNA ARRAY DESIGN

As discussed in the introduction section of this thesis, antenna array provide
flexible radiation pattern that maximizes the signal in the desired direction and
suppresses the undesired signals. Amplification just after the antenna is necessary in
order to decrease overall noise figure. In this chapter; design, manufacturing and
measurements of the antenna array are presented in the first section. In the following
section, the potential effects of the mutual coupling on the array performance is
discussed. At the end of this chapter; design, production and performance of the 4

channel LNA card are introduced.

3.1 Antenna Array Stage

An antenna array is a set of two or more antenna elements. The signals from the
antennas are combined or processed in order to achieve improved performance over
that of a single antenna. The antenna array can be used to increase overall gain, provide
diversity reception, cancel out interference from a particular set of directions, steer the
array so that it is most sensitive in a particular direction, determine direction of arrival
of the incoming signals and maximize the signal to interference plus noise ratio (SINR)
[28]. In this thesis, antenna array is used in order to maximize SINR by steering main
lobe toward desired location and null regions toward jammer directions. For antenna
arrays, increasing number of elements in array increase the desired performance of the
array. Due to the limitations in RF front end and processing units, the number of
elements are chosen as 4. Most common array configurations are linear, circular and
planar types as shown in Figure 3-1. For 4 element two dimensional arrays, circular

and planar configurations result in the same placement of the array elements.
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Figure 3-1 Array types a) Linear b) Planar c) Circular

In antenna array theory, if the elements of array are identical and oriented similarly,
the total radiation pattern(R(¢p, 6)) can be found with multiplication of radiation pattern

of a single element(r(p ,0)) and array factor(AF) as shown in equation (3.1).

R(p,0) =1(p,0) « AF (3.2)
where ¢ is the azimuth angle measured from x-axis and @ is the elevation angle
measured from z-axis. 4 element circular array is shown in Figure 3-2. 1% element can
be accepted as reference element and the AF of this array can be written as shown in
equation (3.2) by considering the complex excitation coefficient of i element to be

Wi.

3rd Antenna 1st Antenna

4th Antenna 2nd Antenna

Figure 3-2 Four Element Array and Incoming Angle of Source Representation
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dy sin(6)sin(¢) d,sin(8) cos(p)

AF = w, +w, x e/# c +wy x e 712 c -
sin(0)(dy sin(@)+dy cos(¢)) (3.2)
+w, X e /2 c
Considering dx=dy=4/2, AF simplifies to the following form.
AF = Wy + Wy X e—insin(q))sin(e) + wy X e—incos((p)sin(e)
(3.3)

+ W, X e~ iT(sin(@)+cos(@))sin(6)
CST MS has two different modules to analyze arrays. In one module it calculates the
array factor and multiplies it with the simulated pattern of an isolated element. This
approach neglects mutual coupling effects. In the other model, the full-wave analysis
of the overall array is performed to include the mutual coupling effects. In this section
the former approach is used. Mutual coupling effects will be considered in the next

section.

In order to demonstrate the jammer suppression capability of the active array by
placing nulls of the array radiation pattern in the direction of the jammers, a scenario
with two jammers are investigated. One jammer is placed at 6 = 79° and ¢ = 53,
and the other one is placed at & = 71° and ¢ = —101° . In order to find the complex
weighting coefficients of the array elements, Capon algorithm which will be explained
in section 4.1 is used. The azimuth array patterns obtained with these weighting
coefficients are shown in Figure 3-3 for 8 = 79° and in Figure 3-4 for 8 = 71°. As it
can be observed from these figures, nulls of the radiation pattern are successfully

placed at the direction of jammers.

4 element array is analyzed in CST MS. The CP antenna which is designed for RO4003
material with 1.524 mm is used as the array element. It should be noted that after 4
element array is manufactured and measured, it is realized that AR bandwidth shifts
out of L1 band due to mutual coupling effects in the array environment. Hence the
element design is changed to the one with thicker substrate to obtain wider bandwidth
so that the desired CP operation is achieved in spite of the frequency shift in the array

environment.
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Figure 3-3 Azimuth Pattern at 6 = 79°
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Figure 3-4 Azimuth pattern 8 = 71°

However this design was concluded quite later, so the studies on the array is continued
with the element on thinner substrate. Circular ground plane and dielectric substrate is
used for the array and the radius of the ground plane is 135 mm. The antenna structure

of simulated array is shown in Figure 3-5.

The comparison of return losses for each element is shared in Figure 3-6. According
to return loss simulations, all antennas in the array seems identical in terms of radiation
properties. However, when these simulation results are compared with the simulation

results of the isolated element, shift in center frequency is observed.
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Figure 3-6 Return loss comparison of array elements in CST

In order to get better understanding of array performance, axial ratio simulations can
be investigated as shown in Figure 3-7. It can be observed that AR center frequency
of AR bandwidths are shifted below the center frequency of the isolated element when
antenna is put into array. In addition to this, two different characteristics are observed
between elements. The cross elements show very similar polarization properties. If we
look at AR bandwidths, 2" and 3" antennas show similar characteristics as the isolated
element. However, the center frequency for the 1%t and 4™ antenna in the array is almost
4 MHz smaller than 2" and 3" antenna and the AR bandwidth is also smaller than

these antennas. Before detailed investigation on reasons of these differences, it has
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been decided to manufacture the antenna array and compare the simulation and
measurement results.

12 Axial Ratio of Array Elements in CST
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Figure 3-7 Axial ratio comparison of array elements in CST

4 element array manufactured with LPKF machine as shown in Figure 3-8. The
measured return loss results of all elements and the isolated element is given in Figure
3-9. In this figure, return loss properties for all elements seem identical but a frequency

shift compared to isolated element is observed similar to the observations in
simulations.

Figure 3-8 Produced 4 element antenna array
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Comparison of Return Losses Between Antenna Elements in Array and Isolated Antenna
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Figure 3-9 Return loss measurements of array elements and isolated element

In AR measurements, a transmit antenna is kept fixed and the antenna that is wanted
to be measured is rotated around its axis. AR measurement process is performed for
all frequencies that is defined by system user. AR measurements are performed in
anechoic chamber that is placed in Ayasli Research Center and the picture from the
AR measurements is shown in Figure 3-10. AR measurements of all elements are given
in Figure 3-11 with AR results of isolated element. Similar to the observations in

simulation results, the AR bandwidth shifts more for Antenna 1 and Antenna 4.

Figure 3-10 Anechoic room-Axial ratio measurements of antenna array
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Figure 3-11 AR comparison of array elements and isolated antenna

Since the mutual coupling between the array elements results in such a degradation in

the array performance, it will be studied in more detail in next section.

3.2 Effect of Mutual Coupling on Array Performance

Mutual coupling can be defined as the electromagnetic interaction between different
objects or between different parts of a single object. The effects of the mutual coupling
on the array performance depend upon the antenna type, relative positioning of the
elements in the array, feed structure and scan volume of the array [19]. Mutual
coupling is an inevitable effect for antenna arrays and it can change the array radiation
pattern, array manifold and matching characteristics of the antenna elements. The
return loss and polarization properties of the antenna are related with the matching
properties, unexpected differences between individual antenna and antenna in array
become possible as observed in Figure 3-10 and Figure 3-11. In order to investigate
whether the shape and size of the ground plane affect the amount of mutual coupling,
a 4 element circular array with nearly square ground shape as shown in Figure 3-12 is
analyzed in CST MS. Since mutual coupling is observed to be more effective on
polarization characteristics, only AR comparison of the elements in new array
configuration is studied. In Figure 3-13, the AR results for the elements of the new
antenna array configuration and isolated antenna element are given. When AR results,
are investigated, it can be concluded that mutual coupling doesn’t affect the center
frequency of the antennas considerably. Comparing with the results given in Figure

3-7 for circular ground plane, this new array configuration seems better in order to
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avoid mutual coupling effects as much as possible. The reason of this might be related
to the scattering and diffraction that each edge of each antenna experience. Recall from
transmission line theory that radiating edges of a microstrip antenna can be modeled
by an equivalent slot. In a CP antenna all 4 edges are radiating edges. As it can be
observed from Figure 3-12, for antenna 3, edges 1 and 2 interact with the adjacent
antenna elements and edges 3 and 4 interact with the edges of the ground plane. Since
all the radiating slots are affected CP operation is preserved. However for circular and
larger ground plane, while field distributions at edges 1 and 2 will be disturbed by
other elements, field distributions at edges 3 and 4 will not be affected. Hence this

unbalance may cause degradation in CP operation.

On the other hand, like in the case of circular ground plane, the AR performance of
the cross elements (2 and 3, 1 and 4) are similar. The answer of the question why
mutual coupling doesn’t affect all elements symmetrically may be the feed locations

of the antennas.

Edge 3
g o
o &
e 3 T .
Edge 1
3rd Antenna 1st Antenna
4th Antenna 2nd Antenna

i:‘.‘}\(
X

Figure 3-12 4 element planar array with new ground shaping
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Eventhough the mutual coupling effects can be reduced slightly by changing the size
and shape of the ground plane, total elimination of those effects is not possible.
Moreover, tuning of the antenna elements (either experimentally or through
simulations) within the array environment is not practical since a change in one
antenna affects the performance of the other, the best design approach would be to
design antennas with wider bandwidths that could tolerate the effects of mutual

coupling.
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Figure 3-13 AR Comparison between Array Elements and Reference Element

3.3 4 Channel LNA Stage

In RF front end design, overall noise figure of the system is a very important parameter.
As in any other system, additive noise and degradation of SNR in GPS receiver is
unwanted. Considering f, as the noise figure of the n" element in cascade system and
gn as the gain of the n" element in a cascaded system, the overall noise figure fs can

be expressed as,

-1 -1 -1
fZ + f3 + o+ fn

91 919> 919293 - Gn-1
It can be concluded from this equation that first element in the cascaded system

fs=h+ (3.4)

dominates the overall noise figure. According to this, passive components prior to the
first amplifier will severely degrade the noise figure. For GPS, the cable between
antenna and RF front end is very long except for hand held device applications. If there

is no amplifier prior to this long cable, there will be serious decrease in SNR. However,
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if an amplifier is incorporated within the antenna prior to long cable, noise figure
performance is increased. This implementation is applied in many systems and known
as active antenna [2]. Hence it is decided to design active antenna array for this GPS
application. In this work, since the data from 4 antennas in array are processed
separately, 4 channel LNA card is needed. For LNA card design, wideband LNA
integrated circuit is chosen in order to use it in multi frequency GNSS receiver
applications in future. The chosen LNA IC was PMA4-33GLN+ from Mini Circuits.
This LNA works between 0.7 GHz and 3 GHz with varying amplification performance
according to working frequency. During design process, Altium Designer program is
used. In schematic preparation, the reference design given in datasheet of the product
is utilized [29]. For schematic of LNA card, one channel is prepared as shown in Figure
3-14. In PCB preparation, same schematic is used for all channels in the card. After
production of the PCB and soldering of the components, the 4 channel LNA card was
ready for performance tests. The top and bottom sides of LNA card is shown in Figure
3-15. The LNA card is designed to be located below antenna array. In order to make
compact design, the SMA connectors for the RF inputs of the LNA card are placed in
top side of the card while SMA connectors for the outputs of the LNA are placed in
bottom side of the card. The pictures that show cabling between the antenna array and
4 channel LNA card are shown in Figure 3-16. The amplification performance of the
LNA card can be understood from the comparison of measured values and values that
are reported in datasheet of LNA IC as listed in Table 3-1. According to gain
comparison result, amplification performance is smaller than the values given in
datasheet. It should be noted that the reported gain values are the maximum available
gain of the IC only. The difference may be due to the loss introduced by the total PCB

design with all other components.
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Figure 3-16 Active antenna array

Table 3-1 LNA card gain comparison table

0.7GHz | 09GHz | 15GHz 2 GHz 3 GHz

Measured Gain(dB) 38.94 36.14 28 23 17

Given Gain(dB) 413 389 318 26.9 18

45



46



CHAPTER 4

BEAMFORMING APPROACHES FOR JAMMING
SUPPRESSION

Array signal processing is a technique to get better performance than single
antenna by processing the data coming from each element in the antenna array.
Beamforming with many alternative methods is counted in array signal processing
class and can be classified as spatial filtering. Beamforming methods can be classified
as conventional and adaptive beamforming. Conventional techniques use fixed set of
weights and fixed pattern. However, adaptive techniques use the received data to
specify weighting coefficients of each antenna. Adaptive techniques can also be
separated as blind and non-blind beamforming. For non-blind beamforming
algorithms, there is reference information about received data or incoming direction
of the target signal. If there is no information about the received data, blind
beamforming techniques are necessary. Since obtaining reference signal for GPS
application is very difficult, reference signal based beamforming methods are not

applicable for GPS antijamming purposes.

In this thesis, two adaptive beamforming algorithms are implemented. These
algorithms are Capon beamforming approach and null steering. Capon beamforming
approach needs only the incoming direction of the target signal and classified as non-
blind approach. In GPS antijamming application, the target signal is the signal coming
from any GPS satellite. There is no necessity to know information about the incoming
direction of the jammer signals. Because the position of the satellites in the sky is
known with almanac data, this information can be used as an input to Capon
beamforming algorithm. For null steering algorithm, there is need for both the
direction of jammer and target signals. Target signal is again GPS satellites and

positions are known at each time of the day. However jammer directions aren’t known.
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Therefore, the direction of jammers need to be estimated by employing direction of
arrival (DOA) algorithms.

4.1 Capon Beamforming Approach

Capon beamforming method provide adaptive choice of complex weighting
coefficients that maximize SINR and provide distortionless response in the direction
of target signal [30]. Capon algorithm only need the direction of the target signals as
mentioned at the beginning of this chapter. Therefore, this algorithm can be used in
GPS applications with jamming suppression purpose. With Capon beamforming
application, the main beam of the antenna looks toward GPS satellite while the null

regions are directed to jammer sources.

The received data of an M element antenna array can be expressed with X vector
of length M that contain target signal S, interference signal | and overall noise N as

shown in equation (4.1).

X=S+I+N 4.2)
The MxM cross covariance matrices of the received data and interference signal are
expressed as Rx and Rin that are given with equation (4.2) and equation (4.3),

respectively for K number of snapshots.

1 K
R, = Ekzzlxxlf 4.2)
1 K
Ry = E;U +NY(I + N)H (4.3)

The purpose of the Capon beamforming approach is to maximize SINR that is
expressed with equation (4.4) while maintaining the distortionless response toward
target signal source. In other words, Capon beamforming method is looking for the
solution of the following linearly constrained quadratic problem where a is the steering
vector of the target signal and given in equation (4.5) for the four element antenna

array that is shown in Figure 3-2.

minwR;yw subject to wha=1 (4.4)
w
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AF = [1;e—jk%sin(9)sin(<p);e—jk%sin(@)cos(q));e—jk%sine(sin(p+cos<p)] (4.5)

The solution of the problem in equation (4.4) with Lagrange Multiplier method gives

optimum weighting vector wopt that put nulls in jammer directions and maximizes the

target signal and woqpt can be found with equation (4.6) where a is the steering vector.
Rija

Wopt = (46)

Because interference signal is not known under jamming threat, Rin cannot be
calculated. However, Rin can be approximated as Ry under jamming threat. Therefore
Wope Can be found with equation (4.7).

R:la
Wopt = aHR—;la (47)
After desired complex weighting vector is found, the output signal y that includes GPS

signal purified from jammer can be calculated with the following formula.

Y =wlh X (4.8)
Performance test of Capon beamforming approach is first performed in MATLAB. A
modulated signal is created in MATLAB and transmit it with GPS L1 carrier
frequency. A circular array with omnidirectional elements is designed in MATLAB.
White gaussian noise is used as a jammer source. Capon beamforming algorithm is
applied to the received data by antenna array in MATLAB and the performance of
Capon Beamforming approach is observed. In these tests, the number of snapshots is

taken as 500 because performance is observed acceptable with this value.

4.1.1 Example Scenario-One Jammer and One Target Signal

For this scenario, the jammer suppression test is performed with varying jammer
power level. In addition, jammers and target are located at different places and tests
are repeated. In all of these test, algorithm has showed similar performance. In one of
the tests, the target is created with specific modulation and applied from 54° azimuth
and 71° elevation angle. Note that, elevation angle is measured from ground surface in
this chapter. In this test, one jammer is used and applied from -29° azimuth and 13°
elevation angle. The direction of the target signal is an input to the algorithm. The
modulated transmitted signal that is received from one of the elements in array is
shown in Figure 4-1 (a). After jammer is applied, the received signal from one of the

elements in the array is shown in Figure 4-1 (b). As it can be seen from the figure, the
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modulated signal is lost under jammer signal and there is no information coming from

target source.
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Figure 4-1 a) Modulated target signal b) Received signal under jammer threat

After application of the Capon beamfoming approach to received data from 4 element

antenna array, jammer is suppressed and target signal is extracted with small noise on

it as shown in Figure 4-2.
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Figure 4-2 Target signal after jammer suppression
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The weighting coefficients that are obtained with application of Capon beamforming
algorithm give radiation patterns in the plane of target sources (8 = 71°) and in the
plane of jammer (8 = 13°) are shown in Figure 4-3 (a) and (b), respectively. The
purpose of Capon beamforming algorithm is to put null in jammer region and steer

main lobe to target signal. Results given in Figure 4-3 (a) and (b) verify the

performance of the algorithm.

Azimuth Cut (elevation angle = 71.0")

0 P BN
N
g X: 54 N
P N Y: 0.0002672

{ \
{ \
/ \
/

Power (dB)

-20 \ |‘

200 150 100 50 0 50 100
Azimuth Angle (degrees)
a

150

Power (dB)

=

=

o

[
=3

[
=l

A
=

&
=

=23
=

-70
-200

Azimuth Cut (elevation angle = 13.0")

X:-29
Y:-7128

100 50 0 50 100
Azimuth Angle (degrees)
b

Figure 4-3 Radiation Pattern a) In the plane of target b) In the plane of jammer

In this scenario, jammer to signal ratio was set as 30 dB. Jammer suppression level

was 75 dB. Therefore, the target signal is obtained with almost zero distortion.

4.1.2 Example Scenario-Two Jammer and One Target Signal

For this scenario, two jammer sources and one target sources are applied from different
directions. A lot of simulations are performed and the jammer suppression
performances were very similar. In one of the experiments, one modulated signal is
transmitted with GPS L1 carrier frequency from -38° azimuth and 53° elevation angle.
One of the jammer sources is located in -127° azimuth and 18° elevation angle. The
other jammer source is applied from 63° azimuth and 29° elevation angle. The target
modulated signal is same with signal used in section 4.1.1. Under two jammer sources
threat, the received signal from one of the antennas is shown in Figure 4-4. Again the
modulated signal is lost under jammer threat.
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Figure 4-4 Received signal when two jammers are active

After application of the Capon beamforming algorithm to data received by 4 element

antenna array, the jammers are suppressed and modulated target signal is extracted as

shown in Figure 4-5 (a). The radiation pattern in the plane of target signal is given in

Figure 4-5 (b). In this figure, it is shown that the distortionless response is provided in

target direction. The radiation patterns in the planes of the jammer sources are given

in Figure 4-6 (a) and (b). As it can be seen from these figures, the weighting coefficient

that is obtained by application of Capon beamforming algorithm put null regions where

jammer sources are exactly coming from.
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Figure 4-5 a) Target signal after jammer suppression b) Radiation pattern in the
plane of target signal
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In this scenario, the power levels of jammer sources and target source were same with
the scenario 1. However suppression rate of jammers was nearly 65 dB. Therefore the
extracted signal from two jammer sources has more noise on it. From this suppression
level, it can be concluded that the jammer suppression performance of the Capon
beamforming approach decreases with the increase in number of jammer sources. With
4 element antenna array, there is possibility to suppress 3 jammer sources. With 3
jammer sources, the suppression performance of the Capon beamforming approach is

observed to be more dependent on the direction of the jammer sources and to be not
so stable.

In conclusion, according to MATLAB simulation results, the jammer suppression

performance of the Capon beamforming approach is satisfying. Hence this algorithm
is decided to be used in real time experiments.

4.2 DOA Estimation of Jammer and Null Steering

Null steering is the second approach to suppress jammer sources to protect GPS
receivers. Null steering is one of the oldest beamforming algorithms. It was a different
kind of multiple sidelobe cancellers developed by P.Howells[31] and soon after by
S.Applebaum([32]. Null steering needs both direction of the target signal and jammer

signals. In GPS antijamming application, target signal is coming from again GPS
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satellite and the positions of satellites are known with almanac data. Because direction
of jammers aren’t known, application of DOA algorithm is necessary to find jammer
directions. In this thesis, MUSIC algorithm is used to estimate coming directions of
jammer sources. MUSIC is an abbreviation of multiple signal classification that is one
of the high resolution subspace based DOA algorithm and extracts the direction of

sources [33].

4.2.1 DOA estimation of Jammer Sources with MUSIC Algorithm

The basic idea of the DOA estimation with MUSIC algorithm is separating the signal
and noise by using orthogonality property of their spaces. This can be achieved with
eigendecomposition of the correlation matrix of the received signal. Because noise
signals in each channel are uncorrelated and jammer signals are correlated, correlation
matrix includes information about the number of jammer signal sources and strength.
Considering M as an antenna element number in array and K number of received
snapshots, the covariance matrix Rx can be created with equation (4.2). After
eigendecomposition of the correlation matrix, eigenvalues (4o, A1,...,Am-1) and
eigenvectors(qo,ds, ...,gm-1) are found such that Ao is the largest eigenvalue and Am-1 is
the smallest eigenvalue. While using MUSIC algorithm, the number of jammer sources
should be known. Since the eigenvalues of the correlation matrix depend on the power
levels of signals sources, the number of jammer sources can be extracted from the
relations between eigenvalues. In simulations with MATLAB, the number of jammer
source is considered to be the number of eigenvalues that are significantly larger than
the others. Considering the number of jammer sources are D, the eigenvalues from Ap
to Am-1 are extracted and the corresponding eigenvectors to these eigenvalues create

the noise subspace as given with equation (4.9).

Vo = [4a Qa1 e voe oo qm-1] (4.9)
Because the jammer signal and noise subspace are orthogonal, the following equation

is valid considering € and ¢ as an incoming angle and a as a steering vector of the

jammer signal.

a’ (¢, 0V, Vil a(p,0) = 0 (4.10)
Then the DOAs of the jammer signals can be found by looking the peaks in the MUSIC
spatial spectrum that is given by equation (4.11).
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DOA estimation accuracy of the MUSIC algorithm can depend on the number of taken

(4.11)

snapshots and number of elements in the array. If the environment is stable and all
systems are constant, increased number of snapshots give sharper spectrum. In
addition, increased number of elements in array also give sharper spectrum and
increase the DOA accuracy. In [34], there is simulation work about the previously
mentioned effects in MUSIC spectrum. These effects are tried and verified in
MATLAB. In the following subsections, some experimental results of DOA

estimation performance is presented

4.2.1.1 Example Scenario-One Jammer Source

In the first experiment the same scenario that is used for Capon algorithm is repeated.
Jammer is placed in -29° azimuth and 13° elevation angle. Target signal is again
located in 54° elevation and 71° azimuth. After eigendecomposition of the correlation
matrix, eigenvalues are found as 1.238e5, 48.13, 0.25 and 0.24. Since biggest
eigenvalue is not closed to following biggest eigenvalue, it can be said that there is one
jammer source. After application of MUSIC algorithm, the MUSIC spectrum in 3D
and 2D is found as shown in Figure 4-7 (a) and (b), respectively. The MUSIC spectrum
index shown in the figures is between 1 and 360 that corresponds to azimuth angle
between -180° and 180°. In addition, the real elevation angle of the jammer is one
defeat of the shown value due to indexing of the matrix. Therefore, sharp peak that is
found in MUSIC spectrum is located in 13° (14-1) elevation angle and -29° (152-181)

azimuth angle which is consistent with the given scenario.
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Figure 4-7 MUSIC spectrum under one jammer source a) 3D b) 2D
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4.2.1.2 Example Scenario-Two Jammer Sources

In another experiment, two jammer sources are used as a threat to target signal. The
location of jammer sources were same with the scenario given in section 4.1.2. After
eigendecomposition of the correlation matrix, the eigenvalues are found as 1.319e5,
1.2161e5, 47.26 and 0.25. The algorithm detected existence of two jammer sources
from eigenvalues and applied MUSIC algorithm to find locations of them. 3D Music

spectrum is given in Figure 4-8.
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Figure 4-8 3D music spectrum under two jammer sources

With explanation about the index of MUSIC spectrum, one of the jammers is located
in 63°(244-181) azimuth and 29° (30-1) elevation angle. The other jammer is located
in -127° (54-181) azimuth and 18° (19-1) elevation angle. When these results are
compared with the actual locations of jammers, it can be concluded that the DOA

estimation performance of the MUSIC algorithm is perfect.

In tests with 3 sources, MUSIC spectrum give instable results in terms of accuracy. If
the DOA performance is not good, the jammer suppression performance of the null
steering algorithm is directly affected. When number of jammer is less than 3, MUSIC

algorithm generally gives accurate DOA results.
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4.2.2  Null Steering with Known Target and Jammer Signal Directions

In application of the null steering algorithm, it is aimed to direct the main lobe toward
target direction and null regions toward jammer source directions. The position of the
satellites are known with almanac data. After finding the jammer direction with the
MUSIC algorithm, null steering algorithm can be applied with jammer suppression
purpose. Considering N as the number of elements in the array and L as the number of
jammer sources, v(k) represents the steering vector of the target and v(ki) (i=1,2,...,L)
represents the steering vector of the jammers. Using steering vector of the target and

jammer sources, A matrix can be formed by using the following relation,

A=) vk)E; ... vk )] (4.12)
In usage of null steering algorithm, the complex weighting coefficient w can be

calculated solving the following equation,

Aw =s (4.13)

where s is the result vector and expressed with the following relation,

s =[1,0;...;0] (4.14)
When the number of jammer sources are less than one defeat of the number of antennas
in array, the weighting coefficient vector can be solved with minimum norm technique

and it can be expressed by equation (4.15).

w = A7 (AA")1S (4.15)
If the number of jammers is equal to one less of number of the antennas in array,
weighting coefficient vector can be obtained with simple matrix inversion technique

as given in equation (4.16).

w=A4"1s (4.16)

4.2.2.1 Example Scenario-One Jammer and One Target Signal

This scenario is exactly same with scenario in section 4.1.1. The target signal is same
modulated signal and jammer is again white Gaussian noise. The direction of jammer
source is found with MUSIC algorithm application and null steering is performed. The
radiation pattern in the plane of target signal and received signal after toward target
signal and extracted signal after jammer suppression are shown in Figure 4-9. The

radiation pattern in the plane of jammer source is given in Figure 4-10.
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Figure 4-9 a) Radiation pattern in the plane of target signal b) Received signal after
jammer suppression

Azimuth Cut (elevation angle = 13.0°)

el
// A\

-70

-200 -150 -100 -50 0 50

Azimuth Angle (degrees)

100 150 200

Figure 4-10 Radiation pattern in the plane of jammer source

4.2.2.2 Example Scenario-Two Jammer and One Target Signal

This scenario is exactly same with scenario in section 4.1.2. The target signal is same
modulated signal and two jammer sources are again white Gaussian noise. The
direction of jammer sources are found with MUSIC algorithm in section 4.2.1.2 and
null steering is performed. The radiation pattern in the plane of target signal and
received signal after jammer suppression are shown in Figure 4-11. The radiation
pattern in the plane of two jammer sources are given in Figure 4-12. From these
figures, it can be concluded that null steering shows good suppression performance on

jammers and the target modulated signal is extracted.
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4.3 Effect of Mutual Coupling on the Performance of Array Signal

Processing Algorithms
The mutual coupling also degrades the performance of the array signal processing
algorithms [35]. With mutual coupling effect, the radiation pattern of the antenna
changes from its isolated value when it is inserted in the array and the pattern of an

element in the array environment is called active element pattern. With increasing level
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of mutual coupling effect, accuracy of the array factor equation decreases. Therefore,
the expected patterns with given weighting coefficients cannot be obtained.

In order to investigate the effect of mutual coupling on the array radiation pattern, a
test scenario is formed in MATLAB. In this scenario, two jammer sources are located
at azimuth angles [-103° 86°] and elevation angles [13° 34°]. In addition, the target is
placed at -25° in azimuth and 68° in elevation. The direction of jammers are found with
MUSIC algorithm and the weighting coefficient set to suppress jammer sources is
found with application of null steering. | have applied these coefficients to elements
of antenna array in CST and observed what type of changes are observed with and
without mutual coupling on radiation pattern. The radiation pattern in the plane of
target signal is given in Figure 4-13. According to this comparison, it can be said that
there is no such a big difference on the radiation pattern toward target signal with or
without the mutual coupling effect. The radiation pattern toward 1%t and 2" jammer
sources are given in Figure 4-14 and Figure 4-15.According to these comparison
results, it can be said that the mutual coupling can seriously decrease the expected
suppression performance in desired direction and can shift the position of the null
regions that also affect the performance of jammer suppression. In many other
scenarios, the weighting coefficient sets are obtained and comparisons are performed

in CST. Results were generally same.
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Figure 4-13 Radiation pattern comparison for target signal
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Figure 4-14 Radiation pattern comparison for 1st jammer

Comparison of radiation pattern for 2nd jammer

— Without MC
sy ——— With MC
0F == \\
N\ S
X: 86 it

-
(=]

Amplitude(dB)
. z .
o

w
o
—

401
X: 86
Y:-49.24
-50 L : : : e .
-200 -150 -100 -50 0 50 100 150 200

Azimuthal degree(Elevation is 34 degree)

Figure 4-15 Radiation pattern Comparison for 2nd Interference

There are some methods in the literature to compensate the mutual coupling effect to
improve array signal processing performance [35],[36],[37]. In this thesis a mutual
coupling compensation method is not applied, it is planned as a future work. Moreover,
in application of Capon beamforming algorithm, the purpose is to maximize SINR and
signals are coming from the antenna elements under mutual coupling effect. Therefore,
mutual coupling will not cause any serious decrease in suppression performance of
jammer sources for this algorithm. However, in the application of direction finding

and then null steering, the algorithms make use of the steering vector which also
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neglects mutual coupling effects like AF. Therefore, the accuracy of direction finding
algorithm can be affected by mutual coupling and it directly affects the null steering

performance.

In this chapter, jammer suppression approaches are studied. Capon beamfoming
approach showed similar jammer suppression performance with the null steering
approach. Since Capon beamforming approach doesn’t need DOA estimation of the
jammer sources, it needs lower processing power. This is one of the advantage of
Capon beamforming approach. If DOA estimation and null steering are used together,
there will be possibility to estimate positions of the jammers by using multiple sensor
systems. In usage of null steering algorithm, the DOA estimation performance is very
important. If there is mismatch between real coming direction and estimated one, null
regions will be directed towards wrong places and jammers can’t be suppressed. When
there is mismatch between the real incoming direction and estimated direction of the
target signal, it is possible to increase the performance of the Capon beamforming

approach by using robust Capon techniques [38].

In theory, with n element antenna array design, it is possible to suppress n-1 jammer
sources at the same time by giving only one target signal direction. However, in
MATLAB simulations, it is observed that the performance of beamforming algorithms
degrades considerably as the number of jammers increases. It is also observed that it
is not possible to suppress 3 jammers successfully with a 4 element antenna array.
Another factor that affects the suppression performance is the angular separation
between the jammer and target signals. When the angle between jammer and target
source is below 15° beamforming algorithms give inapplicable coefficient set and

jammers cannot be suppressed.
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CHAPTER 5

EXPERIMENTS WITH REAL SETUP

In this thesis, active GPS antenna array design and measurements are discussed
with subsections. In addition, beamforming is placed in one chapter in order to get
insight about the theory and MATLAB simulations of implemented algorithms. In this
chapter, there will be GPS antijamming experiments with real time test setup. Two
types of experiments are applied step by step. These experiments can be named as
postprocessing of real data in MATLAB and experiments in real environments with
live GPS and jammers. It should be noted that, the contribution of my colleague Fatih

Erdem in the development of test environment was so important.

5.1 Post Processing of Real Data in Matlab

With this test procedure, it is aimed to see performances of the previously discussed
beamforming algorithms on the real signal sources. For that purpose, | have used active
antenna array, transmitters, receiver and recording device. The diagram that provide
some insight about this experiment is shown in Figure 5-1.

In order to test the performance of Capon beamforming algorithm, different scenarios
are created with one target and one constant jammer, one target and two constant
jammer and one target and one mobile jammer. The serial data (10101010101...10) is
used to modulate carrier with on-off keying by repeating in each seconds. Then this
modulated signal as the target signal in order to see whether bit error exist or not after
jammer suppression. Continuous wave jammer is used as a jammer source. In one of
the test scenarios, target signal broadcasting as started at the beginning. Then record is
started. After 1.5 s later than the beginning of record, the jammer is activated for 2

seconds and then it is closed again.
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Figure 5-1 Antijamming tests on recorded data

The serial valuable information is repeated in every second during this record. The
recorded data in one of the antennas in array is shown in Figure 5-2. In this figure, the
repeated valid signal in every one second is shown around 4.45 seconds as an example.
Normally, this valuable signal should be obvious around 2.45 seconds. However, the
jammer is active in this region and there is no data. In other words, the jammer
successfully jammed the target signal. The Capon beamforming approach was applied
on the received data taken from 4 element array and the output of the beamformer is
taken as shown in Figure 5-3. It can be seen from the output signal that, the data which
was disappeared under jamming is extracted. When the output data is investigated in
detail, it is concluded that the data is obtained without any bit error. In application of
Capon beamforming algorithm, I noticed that the taken number of snapshot while
calculating autocorrelation function is very important. In MATLAB simulations,
increasing number of snapshot increases the jammer suppression performance.

However, process of jammed signal with sub-blocks provide higher suppression rates.

Capon beamforming algorithms is applied on many test scenarios that include constant
jammer, mobile jammer and multiple jammer. In these tests, Capon algorithm has

successively extracted the valid data with varying suppression ratios. The jamming
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suppression performance on these tests was between 25 and 40 dB. When the
suppression level is around 25 dB, the valid data may not be visually observed but the
accuracy of the extracted data can be measured from the autocorrelation of the jammer

suppressed data and the reference data signal.

Recorded Data on from 1st antenna

Peak Voltage( uV )
6 .

'%.

:

243 2435 244 2445 245 2455 246 2465 247
108

Figure 5-2 Recorded data on antenna 1 under constant jamming threat
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Another beamforming approach that is used in this thesis is the combination of the
DOA estimation with MUSIC algorithm and null steering algorithm. In order to test
these algorithms, only jammer signal is used and it is aimed to estimate DOA of this
source and suppress it. In one of the test scenarios, the jammer signal is applied from
180° azimuth and 60° elevation angle. MUSIC algorithm is applied to specific time
interval of the received data. In Figure 5-4, the recorded data with 1% antenna is given.
The MUSIC algorithm is applied between 2.865s and 2.869 s. The MUSIC spectrum
is found as shown in Figure 5-5. Peak is not as sharp as the one observed in MATLAB
simulations. This might be due to several effects such as multipath and mutual
coupling. The peak of the MUSIC spectrum is at 170° azimuth and 59° elevation
angles. From this incoming angle information of jammer, null steering algorithm is
applied through previously determined specific portion of the recorded data and the

output is shown in the right bottom side of Figure 5-4.
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Figure 5-4 Recorded data on antenna 1 under constant jamming threat

In experiments for DOA estimation and null steering, it is noticed that the DOA
estimation accuracy can seriously degrade in some cases. In this situations, jammer
suppression with null steering performance is also degraded. It can be noted that the

relation between number of jammer sources and the amplitudes of eigenvalues is
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verified in experiments. When the DOA accuracy is high, the null steering
performance varied between 20 and 30 dB. Because the tests of DOA estimation and
null steering on recorded data didn’t give perfect results, it is decided to use only

Capon beamforming algorithm in real time GPS antijamming tests.

Amplitude

Figure 5-5 MUSIC spectrum under 1 jammer source

5.2 Experiments in Real Environments with Live GPS and Jammer

Sources
With this thesis work, the main purpose is to develop such a system that can detect the
existence of GPS jammer source, suppress it and transmit the clean GPS signal to any
commercial GPS receiver. In this part, real time GPS anti-jamming performance of the
system that is discussed in this thesis will be investigated. In this experiment, the
antenna was located in outside and real jammer source was used. All tests are
performed in real time by calculating and applying complex coefficients to digitized
data in ARM processor. A commercial GPS receiver that includes SirfStar chipset is
used. In order to see the situations of satellites under jamming and after jamming
suppression, the Visual GPS View program is used. In addition to that, the suppression

rates are observed by connecting output of the antijamming receiver platform to

67



spectrum analyzer. The overall block diagram about the real time antijamming tests is

shown in Figure 5-6.
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Figure 5-6 Real time GPS antijamming tests

In introduction part of this thesis, the self-resistance of the GPS receivers due to code
gain is discussed. This code gain may show small differences from receiver to receiver.
In order to measure the code gain of receiver that is used in real time antijamming test,
some measurements in controlled environment are performed according to block
diagram that is shown in Figure 5-7. According to this measurement the GPS antenna
is placed to outside. The GPS antenna output is combined with tunable CW jammer
source. Then, the output of the combiner is divided two output. One of the output is
connected to spectrum analyzer in order to see power level of the jammer and other
output is connected to GPS receiver. GPS receiver is connected to PC and the health
of the satellites under jamming source with increasing power level is observed.
According to measurements, the receiver lose the tracked satellite after 50dB J/S ratio
if we take the GPS signal level as -130 dBm. The J/S level of different jammers w.r.t.

change in distance is investigated in [3] and the 50dB J/S resistance is placed on these
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values as shown in Figure 5-8. According to this figure, jammer with 10mW output
power can jam my receiver from 550 m.
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Figure 5-7 GPS receiver self-resistance measurement
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Figure 5-8 J/S Ratio of different jammers w.r.t.change in distance

As discussed in previous part, Capon beamforming algorithm is the only anti-jamming
algorithm used in real time antijamming tests. During many test scenarios with varying
jammer locations, the real time antijamming system that is shown in Figure 5-6 is

performed and GPS jammer suppression has successfully performed. In these tests,
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jammer suppression level changed between 30-35 dB and GPS operation was

continued under jamming threat.

In this section, results of one of the scenarios is shared. In this scenario, the active
antenna array is located outside and jammer is placed such that it looks toward the
antenna array. At the beginning of test, the jammer was inactive and GPS satellites
were acquired and tracking was started with 9 satellites. After 10 seconds later jammer
become activated and all the tracked satellites have become lost. When jammer was
activated, the real time system was detected it and started the antijamming operation.
After application of beamforming, the jammer was suppressed and all of the previously
tracked satellites become visible again with smaller power level. The code gain for the
tracked satellites during this test is shown in Figure 5-9. As you can see, at the
beginning of test, there are nine tracked satellites and the situations of these satellites
when the jammer is inactive is also shown in Figure 5-10. When jammer is activated,
there is no tracked satellites and the situation of satellites is also shown in Figure 5-11.
The waiting time about 10 seconds can be decreased with defining it in software. This
waiting time is kept a bit longer due to better observation in jammer active region. In
this test, the jammer power level is suppressed 35 dB and after jammer suppression all
of the previously tracked nine satellites have become visible again. The power level of

the tracked satellites after jammer suppression is also shown in Figure 5-12.
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Figure 5-9 Code gain levels for the tracked satellites
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Figure 5-12 Power Levels of Tracked Satellites after Jammer Suppression

In real time GPS antijamming tests, it is observed that the jamming suppression level

varied between 30-35 dB. When this suppression level is put above the self-resistance
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of GPS receiver, the resistance of the receiver increases from 50 dB J/S ratio to 85 dB
J/S ratio. In Figure 5-13, the external 35dB protection of the proposed GPS
antijamming system is added to 50 dB self-resistance of the GPS receiver. According
to this figure, a jammer with 1W output power level can jam the standalone GPS
receiver from 5 km. With 35dB external resistance, the same jammer can jam the
receiver from only 100 m. This improvement shows the importance of antijamming
systems for GPS receivers. The jamming concept cannot be completely disappeared
but antijamming systems may get some extra protection and provide GPS service up

to some higher jammer power levels.
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CHAPTER 6

CONCLUSION

In this thesis, GPS jamming suppression system with four element active antenna
array design and implementation of beamforming algorithms are discussed. The main
motivation of this thesis is to create awareness about the importance of GPS jamming
threat and design an alternative system with much lower cost according to equivalent
products summarized in the introduction. The work on the antenna array design and
implementation of beamforming algorithms have progressed in parallel. The most
important section of this thesis is the active antenna array design that is performed step
by step. First of all, nearly square microstrip design is chosen as a GPS antenna in
order to achieve circular polarization. For antenna design, RO4003 material was
chosen. Simulations of the designed antennas were performed in CST MS.
Manufacturing and measurements was performed in Ayasli Research Center. After
manufacturing and measurements of one antenna element, 4 element array design and
manufacturing were performed. After measurements, it was noticed that measurements
of the array elements were slightly shifted from the measurements of the reference
element. The potential reason for this shift was the mutual coupling effect between
array elements. Although 10 dB impedance bandwidth of the elements in the array
included the GPS L1 band, antennas were not circularly polarized in this band. Then
increase in bandwidth of the antenna was tried in order to compensate the potential
shift in the target center frequency due to mutual coupling. For that purpose, new
antenna was designed and manufactured with thicker substrate. This new antenna has
nearly two times bandwidth of the antenna with thinner bandwidth. However, the
center frequency of the antenna was again shifted from the target center frequency and
tuning was necessary for that antenna. The supplementary part of the active antenna
array design was the amplifier unit. LNAs were placed just after the antenna in order

to decrease the overall noise figure as in most communication systems. Therefore, it
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is decided to make a compact design for a card with four channels on it and integrate
with the antenna array. After the design, manufacturing and tests stages of the LNA

card, the four element active antenna design was completed.

Spatial suppression of the GPS jammers is possible by adaptively changing the
radiation pattern of the antenna array. This is possible by multiplying each channel
with complex coefficients. These complex coefficients are named as weighting
coefficients. In order to find these coefficients, beamforming algorithms were used. In
this thesis, two main approaches that are Capon beamforming and null steering are
used. The purpose of Capon beamforming algorithms is to maximize SINR. Only
necessity while performing this algorithm is the direction of the target signal. In GPS
antijamming system, the targets are GPS satellites and their position information is
known from the almanac data. This algorithm can adaptively suppress the jammer
source. In application of null steering, both target signal direction and jammer direction
is needed. In order to obtain the jammer signal direction, | have used MUSIC direction
finding algorithm. Jammer suppression performances of these two systems (which are
mostly close) can be found in Chapter 4. However, after doing experiments using with
experiments using real signal sources and processing of offline data in MATLAB, it is
decided that use of Capon algorithms is better option due to its higher suppression rate
and more stable performance. Therefore, only this algorithm was used in real time GPS
antijamming tests. In real time antijamming tests, active antenna array and
antijamming receiver system runs the beamforming algorithms were used. In these real
time tests, CW jammer was applied from different directions according to the antenna
array. When jammer was activated, the GPS receiver lost the satellites and GPS
positioning stopped. The antijamming system has detected the existence of a jammer
source and applied suppression in the jammer direction. Suppression levels were
varied between 30-35 dB. After jammer suppression, GPS satellites have become

visible again and positioning operation continued.

In this part, all works that were performed during this thesis are summarized.
At the beginning of this work, the purpose was to construct an active GPS antenna
array and achieve real time GPS antijamming by using this array and beamforming
algorithms. At this point, it can be said that this purpose is achieved. Of course there
are a lot of things to do for future work. Compensation of mutual coupling in order to

increase jammer suppression performance, designing antennas with wider bandwidth
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in order to cover multiple satellite system, designing dual band antennas to cover both
L1 and L2 band of the GPS, increasing number of the antenna elements in the system
to get higher angle resolution, improvement in suppression performance and
implementation of new beamforming methods to suppress different types of jammers

can be counted as a potential future work of this thesis.
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