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ABSTRACT

To combat the threat posed by jammers, &8Wased system has been developed to be able to rapidly localize the source of
GPS interferers. Previolys the focus of the project, an unmanned aerial syst¢A8] known as JAGER, has been on the
development of a system capable of localizing a sisighi radio frequency interference (RFI) souftg JAGER is a UAS
comprised of three main systems: the sensor to measure the bearing to the interference source, the localization systen
responsible for estimating the source location, and a path planning system to fly the vehicle o animatyize the cost of
localization (typically thought of as the time to localize a source within a thregBpldhis works presents an analysis of the
capabilities of the sensor, a phased array antenna, in an environment with multiple RFI sources. Understanding the sensor
capabilities is key to being able to choose the right approach for localization and pathgla

The introduction of additional interference sources PpPoOSE
bearing to multiple sources simultaneously from a simgleive signal strength (RS$pttern. This paper presents a
characterization and theoretl@nalysis of the performance @3, 7-, and 19elementarray in an environment with multiple
interference sources he difference in beamwidths of the different array sizes and side lobe suppression result in biases in the
bearing measurements for thmaller arrays, while the larger arraysme at additional size, weight, antbnetary costs

creating a set of tradeoffs to be considered for a system to localize multiple RFI SoamtesUAS To detect multiple

sources, JAGER uses an onboard beam steanitgnna to generate &SSpattern (by measuring signal strength). For each

RSS patternthe bearing to each of the lobes detected is determined using the 3dB method used for bearing determination to a
single source[3]. The theoretical performance of this methizd evaluated in two different simulated migturce
environments. Finally, some design constraints are presented for the bearing sensor for detecting multiple sources based or
the desired angular separation capabilities.

INTRODUCTION

JAGER has been dggned to be able to rapidly localize a single static interference source (e.g. a PPD) tedangend phased
array antenna.The technique used to determine the bearing to the signal source is to make a coflesitjoal strength
measurements by stagg the antenna to different azimuth angles to craatBSS pattetnFrom thatRSS patterna bearing
observation can be extracted given the directionality of the antenna.

Localizing signal sources requires three key systems onboard JAGER: a semsdetoneasurements to the source(s), a
localization algorithm to estimate the location of the source(s), and a path planning algorithm to fly the UAS in ttexbest di

in real time to minimize the cost of localization (typically thought of as thett localize source(s) within a threshold)he

path planning method is highly dependent on the localization approach and the sensor characteristics and is considered to be
beyond the scope of this paper.



The task of localizing multiple targets, whether moving or statia,viery active topic of research, with a wealth of different
algorithms having been designgd. The core challenge of mulsiource is the ability to associate the measurement with one
of the estimated sources. Due to thigyltisource localization algorithms tend to fall into one of three categories: joint
probability data association (JPDA), miitypothesis tracking (MHT), and random finite set (RFS) based mefiodd/ithin

each of these categories, algorithms have been developed to improve certainrgtaracatethe algorithm, such as methods

for handling bearingnly measurements or methods for handling environments with large amounts of{gJutieespite all

the differences between these algorithms, thegiegglend on an understanding of the sensor and the resulting measurements.
For all these approaches they key factor is understanding the error characteristics of the measurements which incjude both an
biases the sensor might have and the probability ofurements that do not associate with any true source, known as clutter.
For this reason, this paper focusecbaracterizinghe sensor and the measurements from three different sized antenna arrays:
a 3, 7-, and 19element phased array antenna.

The characterization of the performance is broken down into three factor: the matkiewurstical sens@rrorwhich is broken

down into error caused hyiases due to the antenna shape biases due to the incident angle of the RFI sourcé{s)
maximum rangef the sensor which is computed as relative ranges between the different sensors instead of abspautd range
finally the amount of cluttered measurements.

The detection analysis compares 3 different antenna arrays:7a 8nd 19element array on aeltagonal gridwith a half
wavelength spacin@s shown ifrigurel. A hexagonal grid layout is used so that the resulting pattern has circular symmetry
making it ideal for generatingSS pattersto deect bearing to signal source[6). The antennas are modeled using thesed

array toolbox in Matlab.
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Figure 1: Element layout for heagonal grid arrays of (a) 3 elements, (b) 7 elements, and (c) 19 elements
Frames of Reference

Throughout this paper the dominant frame, when discussing the antenna pattern and signal directions, is a spheri@al coordinat
system with angles andd. T h e a is gdfired as the angle from the Y axis towards the X axis and is defined on [0, 360)

T this is the same as the definition for heading in an NED frammb.e a is ddfired ad the angle from the Z axis towards

the XY plane. For this projedhe antenna axis is defined to have the Z axis normal to the antenna elements. Furthermore, the

antenna is mounted upside down on the vehicle and the X axis of the frame is aligned with the East axis of an NED frame,
effectively | i XiYZgaupsthe aheenweads!| elolsi 4 omead n sh otrh a&to ntt tad
angle from vertically down towards the horizon (d=0A poi

Organization

The organization of the paper is as follovighe first section (Sens@haracterization) characterizes the expected performance

of three different sized antenna arrays for observing bearing to two interference sources. The characterization foeuses on t
theoretical accuracy of each array sizeegimultiple interference sourcesd the effects of distortion when steering an array

The second sectiorBéaring Observatigndemonstrates the capabilities, and limitations, of the 3dB method of bearing



extraction from a multisourcBSSpatternin a $mulated environment containing 2 equal powered sourEazlly, the last
two sections present some concluding remagkating the simulation results to necessary design choices for the localization
algorithm and path plannirendpresentuture areas fodevelopmenfor successful simultaneous localization

SENSOR CHARACTERIZAT ION

This section focuses on characterizing the theoretical performance of each array size due to the array geometryhigself. As 't
number of elements in the array increasesehalting pattern has a narrower beamwidth and has greater side lobe suppression
when being steered. These two traits greatly affect the resRiBSgpattermvhen being steered-his section will first present

some patterns for cases of a single sowitle these arrays and then will present the theoretical patterns for several illustrative
two source casedAll the RSS patters shown in this section as a resulstdering the antenna te ¢ 1@ and%o

o ¢ 1in onedegree interals and measuring the received signal strength due to the signals present.

Single Source Pattern

The number of elements and geometry of a phased array antenna greatly impact the shape of thR&Spltitigre when
being steeredFor a simple 2lement array, the steered pattern will take on one of the shapagine2. Forexample, for
%o 1 the resulting pattern wilhave one main lobe and 2 side lobes as depictEdjime2a. For%o w dthe
result will have one main lobe and go@minentback lobe, as depicted Figure2c. Finally, forsome «oucebetween those
angles, the result is a partially distorted pattern that typically has one sizeablelmxkthd a small side lobe in addition to
the main lobeseen irFigure2b.
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Figure 2: RSS pattercreated from steering a@ement array for a source at (a)= 0(B). = 4,508 (c) =90 A

For the larger arrays there are moigtidct possible choiceer the patterns. The more interesting property to highlight is the
side lobe suppression of the larger arralyaking the example ofsource= 0° the resulting RSS pattesfor all three array sizes

to the same sour@@e depicted ifrigure3. Here it cam be see that thel@ment arrayshown in3a, are ~5dB below the main

lobe, while the 7and 19element arrays have side lobes that are 15dB and 18dB below the main lobe, depicjed: Bb
andFigure3c. In addition to the improved size lobe suppression of the larger arrays (and beamwidth reduction), there is also
an increase in the gain, whiclillwesult in a larger range for the larger arrays.
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Multi -source Pattern

While the large side lobes of the 3
element array can be properly accounted
for when there is only a single
interference source, the side lobes can
have large effects on the resultiR$S
pattern when multiple interferece
sources are presegteating biases in the

| obe directi O0NBuce A€
This affect is illustrated inFigure 4
which shows the resultinRSS pattern
from having two interference sources at
(19 2) =(0° 90°) Due to the large side
lobes for the 3lement array, the
resulting lobes in the pattern e®not
point at %o 6o 7t o 1t Jout rather
at %o 6o T UR@ ¢ 1t JRegardless
of how well we can extract bearing fron
the RSS patternthere is a bias due tc
the distortion of the pattern that needs
be resolved either through using mode
of the theoetical antenna performanct
or larger arraysWhile the bias is large
for some incident angles, theeBement
array can also returan RSS pattern
with no bias illustrated ifigure5 when
the sources are incident Gty ») €
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2 sources at 11 2) = (0°, 90°) the resulting pattern for the @nd 19element arrays are depictedFigure6. The side lobe
suppression of the-@lement arrays already enough teemove allbias The 19element array, having a much smaller
beamwidth, creates a set of even more defined lobes pointed in the direction of the sources and does not have any significant
large side lobes.

TheRSS patterifrom an array can also result in biases when the sources are angularly close to each ottieallppéwn

%0 Yo ¢z 6 w, where%o and%o. are the incident angles of the two sourcesintthed i r ect i on and BW i s
of the steered antenna. When the sources are that close to each other, and have the same power level, the main lobe blen
together, resulting in one larger main lobe pointed about half way between the two s&igoes? illustrates this case for

(19 2) =(0° 40°) for the (a)3 (b) 7-, and (c) 19lement arrays. The 40 degree angular separation is less than 2*BW for all
three arrays so all of the arrays have distorted main lobes with a central peak around 20 degrees. It is worth hetit@ that t
element array also begins to highliginother challenge which is the apparetdt® affect. Visually it can appear that there

are 3 different peaks, two of which point towards the sources and a third pointing between the two. However, the ability to
detect this as a single or as threelsdaa a function of the bearing extraction method, discussed in the next section
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Figure 7: RSS pattemmfor (a) 3element, (b) £lement,and (c) 18 | ement arr ay s, (@ MO0°sources at
BEARING OBSERVATION RSS Pattern
0
Throughout the section the method used to determine the bearing from a 330 -50 30
givenRSS patternmeasurement is the 3dB method developed previously
[3]. This method has been previously demonstrated to outperform other 55
methods, such as cross correlatamd ma due to being agnostic to the 3gg 60
nominal beamwidth (CC is effectively beamwidth dependent) and due to 50
its robustness to noise in the signal strength measurements that make v \
the RSS patterii7] [3]. For a quickrecap of the method, to capture the
effect of the shape of tHRSS patternpoints on the pattern that are 3dB S
below the max valuéshown as the gragk6marks inFigure 8) are used 270 %
as the edges of the lobad the bearing is taken to be the average value of

those angles 7

To evaluate the effesteness and abilities of the different antenna array24o 120
sizes, &8km*3km world was simulated with two differensets ofsource

locations (discussed separately in Source Set A and Source SEhS).

metrics used for comparison are the ability to resolve argeto each 210 150

single source, the number of clutter measurements (bearings that do not 180

point to a valid source), and the error of the bearing measurement due to o )
the bias of the antenn&or this evaluation, a bearing was considered ~ Figure8: depiction of the 3dB methodrfbearing
be associated to a goe if the error was less than 20°n each deternination from an RSgattern. The biue X

. . represents the max of the gain patternl &ime gay 'x'
simulation, the sources have the same power levels (1W) and the represent the points 3dB below the max



antenna gain (2dBi). The only losses accounted for in the simulation are freespace path losses. A theoretical model of each
the 3, 7- and B-element array is rotated at &eters intervals over the entire world. For each position the antenna is held at
a constant altitude of 100 meters and the antenna is steered to ¢ 1@ and%o 1o @ 1N onedegree intervals.

Source Set A
For the first analysighe world hagwo sources placed at (800m) and (0, 40fn). This source placement ensures that the
sources go out of range of the antenna before they reacicthe%o ¢z 0 wthreshold. Inthe second source configuration

that will not be the case, erady the comparison of these effects.
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Figure 9: Bearing simulation results for a@ement antenna with 2 interference sources a4@)m) and (0, 400m) showing: (a) the
ability to observe a bearing to each source, (b) the number of bearing otisesveategorized as clutter, and (c) an



Figure9 illustratesall of the results for the-8lement array Figure9a shows the visibility of each source from each location;
Figure9b shows the number of clutter observations, or bearing measurements thatessdathaneither source.€. a side
lobe large enough to be detected as a main lobe)Eigine 9c andFigure9d show thebearingerror in the extracted bearing
as a result of a bias in the patt

Immediately it can beeen that the -2lement antenna results in a lot of cluttered Bearing Result
measurements due to the very large side lobes dR8% pattern Furthermore, those 330 0 g
large side lobes also cause biases in the bearing results which are dephiagedefc 40
andFigure9d. These biases result in errors that are up to 15° before the source became
out of range ofhe sensorAnother notable result is the fact that the overlapping region g"so

B

60

does not maintain a circular shape that would be expected since the only loss consid:
is the freespace path loss. This is as a result of the fact that as one signal souanes bg( - o0
strong enough, the lobe to the weaker signal drops below the 3dB threshold of -
maximum signal strength received causing it to not be detected, illustrategiie 10.

In this example, only the larger lobe is selected as a possible bearing and the smaller,|o

is missed.

V'
120

i 210 150
The same results for theefement array are shown kigure12. 180

Figure 10: RSS paernand bearing
result demonstrating missed detect|
of weaker signal

Immediately it is seen that, for theefement array, there are no clutter measurement
any location on the grid. As was seen previously, thkeihent side lobe suppression
much greater than that for theeBement array resulting in raln smaller side lobes in the
createdRSS patters leading to the significant reduction in the number of clutter measurements. Looking back to the
requirements for a localization algorithm and the challenges of data association, increasing the &way3tre7 can greatly

affect the overall performance due to the reduced amount of clutter. The smaller side lobes also reduce the distrtion of th
pattern and bias in the bearing measurements such that the worst case errd®S3i$ thatters bearingss less than 5°.
However, it can also be seen that the region of overlap, where both of the sources can be seen, is also significantly reduced
Since the felement array has a higher gain than thee3nent array, the range to the source before theenaimal is no

longer detectable is reduced, resulting in fewer measurement locations that can provide information to bothFaoaiiges.

as expected, the higher gain of thel@ment array results in a larger range of visibility of each of the sources.

1500 19-element Visibility of Sources The 19element array maintains very similar error perforneanc
as the felement array with the main difference being the
additional range provided due to the higher gain, seé&gure

1000 | 11, showing the viible signals from the antenna.
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Figure 11: Visibility of each source using a ¥lement array
with sources at (0:400m) and (0, 400m)



T-element Visibility of Sources
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Figure 12: Bearing simulation radts for a7-element antennwith 2 interference sources at (@00m) and (0, 400nshowing: (a) the
ability to observe a bearing to each source, (b) the number of bearing observations categorized as clutter, and (¢)eaolisgtyed
bearing error foreach source

Source Set B

For the second scenario considered, the sources are place@0(@) and (0, 200m). The placement is such that, within the
range of the sensor, the angular separation of the two sources will be within the I2rBW6 illustrate the resulting
performance.

Once again rotations were simulated throughout the world with each theghd 19element arrays. The results are presented
in the same format, witkrror! Reference source not found.showing the results from theeement array an#ligure 16
showing the results from theélement array.
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Figure 13: Bearing simulation results for a@ement antenna with 2 interference sources a2@m) and (0, 200m) showing: (a) the
ability to observe a bearing to each source, (b) the number of bearing observations categorizadraamtufc) and (d) the observed
bearing error for each source

Looking at the results for theéement array ifrigure13, the effects of the angular proximity of the sources is immediately
apparent in the visibility plot for each sourdégure 13a) as there is a region in the center that presliohas overlapping
measurement that is nawarked in grayand only seen in the cluttehe gray marking indicates that a bearing was seen, but
did not meet the errohteshold for agsciation and therefore is not considered to associate with either source and is only clutter.
For these simulations a bearing error of greater tham28°considered to not be associated with the source, which is why
those measurement now appear in clutter anéhrtbie visibility plot. An RSS patterim this region looks similar to theSS
patterndepicted inFigure14 where the main lobe is stretch and the bearing is estimabedttee midpoint of the two different
sources.









