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Abstract - Thispaper presents a case study based on a radar
interference control problem using frequency assignment as
the control mechanism. The results suggest that locally
autonomous agents will generally not converge to an
acceptable solution and a central control using a master will
converge, but at a higher cost. These results drive the need
for negotiation based autonomy with some form of arbitration
to work on goals common to system agents.

l. INTRODUCTION

Many agent-basedystemsare designedwith a fixed level
of autonomy. Issuesthat determinethe appropriatelevel

of autonomy are a problem by itself. The autonomy level 8

an agentwith respectto a goal is defined using four
constructs: responsibility, commitment, authority and
independencgl]. Basedon theseconstructsfour levelsof
autonomy may be assignedto the agent’s goals: (i)
command-driven: An agentwho is command-driverfor a
goal achievesthis goal by acceptingplans from another
agent, (i) consensus. Agents in consensus work
cooperativelyto meettheir goals,(iii) locally autonomous:
Agentsthat are locally autonomoudor a goal caninitiate
their own thread of executionand can work efficiently
towardthis goal in an environmentwith unreliableglobal
information, (iv) Master: The agentdevicesplansfor this
goal and the goals of other agentswho are command-
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* An agent'slevel of autonomyfor a goal specifiesthe interactionframework
in which that goal is planned [1].

driven for their respective goals. These issaareaddressed
in greater detail in [1].

In this paper,the actualimpact of autonomyin problem-
solving for radarsoperatingin a cooperativeenvironment
is discussed. For radars(or units of which the radaris a
part) operating close to one another, the issue of

interference-freeoperationis of utmostimportanceif the
radarsareto operateefficiently and effectively. In a multi-

agentarchitecturegachunit is consideredo havea radar
interference control agent (RIC agent) whagalswith the
f;signmenbf correctfrequenciesfor operation.The RIC

agenthasthe ability to detectinterference representhe
states related to the interference, reason about and
understand the possible solutions that can resolve
interference,and act upon this reasoningto choose a

particular operating frequency.

When an RIC agentdetectsinterferenceit may chooseto
deal with the interferencein three ways: (i) change
position, (i) changefrequency,or, (iii) changebandwidth.
Sometimest may be necessaryise a combinationof the
above three methods. For simplicity, we use AND/OR
graphs for representinggoal trees, where the OR’ing
operation indicates that any combination of these
approachesmay be used. Figure 1 shows a possible
AND/OR representation of this goal structure.

This paperis organizedas follows. Sectionll presentghe
radar interferencemodel. In Section Ill, the frequency
assignmentproblem is discussedin detail. Section IV

presentswo different solution approachesOne approach
presentsa simulation basedon local autonomywith no
outsideinformation, while anothertreatsthe RIC agentto

consistof command-drivergoalsthat are plannedfor by a
centralizedmaster.It has beenshown that while locally
autonomou®perationsare seeminglydesirable the use of

a centralizedmaster always providesa viable solution.
Thesetwo approachesufficiently demonstratéhe extreme
situationswith respectto the various tradeoffs involved.
SectionV concludesthe paperand discusseghe results
obtained .
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Figure 2. Antenna Gain Pattern for 4 degree beamwidth and
maximum gain of 158 (22 dB)

I RADAR INTERFERENCE MODEL

Various factors causeradar frequencyinterferencé  For

this researchyve aremostinterestedn the following three
major factorsbetweerthe sourceandvictim radars:(i) The

off frequencyrejectionfactor: This relatesto the difference
in frequencies, (ii) Bandwidth: Both bandwidthsare of

interest, (iii) Range:This representghe physicaldistance
between the radars.

A. Radar Interference Model

The interferencepower receivedby a victim radardue to
the transmissiorof a single pulsefrom a sourceradarcan
be modeled by the one-way radar equation:

R = PsGmuth*ForrFproP

(4M)°R? W
where R, is interference power received by thetim radar
(in watts), P5 is the peak power of a single pulse
transmittedoy the source(in watts),G,,, ,; is the productof

the sourceantennagain in the direction of the victim and
thevictim antennagainin thedirectionof the source A\ is
the wavelength(in meters),Fycg is the normalizedoff-
frequency rejection factor (normalized convolution of
sourcetransmitterpower spectrumand receiverfrequency
response)Fpropis the propagatiorfactor (Fpgros=1 when

both radars are within the horizon, Fopgp <<1 when

masked by earth's curvature) and R is the range (in
meters).

B. Mutual Gain
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whereG is the instantaneousalue of antennagain, G,

is the maximum gain of the antenna,along the antenna
"boresight",0 is the angle betweenantennaboresightand
direction of interest,(e.g. toward the other radar), 8, is

the nominalbeamwidthof the antennaat the -3 dB points
either side of the antennaboresight(degrees).The peak
gain andthe beamwidthare both functionsof the physical
dimensions of the antenna,its shape, and the radio-
frequency wavelength.

Figure 2 showsthe antennapatternfor a beamwidthof 4
degreesand a maximumgain along the boresightof 158
(22 dB). These values are typidat L bandradarsusedin
air traffic surveillanceor in moderaterangesearchradars

in naval ships. The pattern is plotted as a straight ratio and

in dB units. The negativespikesseenin the plot basedon

dB units are unevenin amplitude becausea relatively
courseangle incrementof about0.5 degreeswas usedto

generatehe plot. Note that the ratio plot showsthe main
lobe of the function clearly, but interpretationis essentially
impossiblebeyondthe secondside lobe. The use of dB

units is frequently preferredin radarwork becauseof the
wide dynamic range of data encountered.

An antennarotating at 60 RPM will sweepthis entire
pattern by an arbitrary point once every seco@idviously,
the instantaneousrsalue of gain in the direction of an

The mutual gain factor depends on the dynamic behaviorapitrary point varies by a wide range as the antenna

the radar antenna,and the shapeof the antennagain
pattern. Here, we are interestedin searchradars with
mechanicallyscannedantennaghat rotate continuouslyin
azimuth. The antennagain patternfor such radarsin
azimuth and elevation can be approximated by

2 |n the following discussiona victim radardenotesthe radarthat is being
interfered(receiver)with and a sourceradaris the radarthat is interfering
(transmitter).

rotates. The mutualgainis the productof the gain of the
two antennasissociatedvith the sourceandvictim radars.
Therefore the maximummutualgainis the productof the
maximumagainsof eachantenna. This maximummutual
gain would only occur at the instantthe two antennasare
pointing directly towardoneanother.If the receivedpower
that causeddamaginginterferenceat the victim is known,
andif the sourcepower,wavelengthand mutual gain are
known, it is possibleto determinethe relationshipbetween
frequency difference and range that just producesthe
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specifiedinterferencegpower. Rangeis alsoimplicit in the
computation of the &on

A simpleapproachis proposedn [2] to relatethe mutual

gain to probability of interference(Pl1). This is basedon

the cumulative probability distribution function of the

mutual gain. From Figure 3 the fraction of one rotation

thatthe gainis greaterthan-50 dB, -40 dB, etc., may be

determined. This fraction is an estimateof the probability

that the gain exceedghe specifiedvalue. Obviously,the

probability that the gain exceed22 dB is 0, becauseét is

the maximum gain of the antenna. If these data are

determined for two antennasindependently,then the

productof the probabilitiesfor a pair of gainsyields the

probability that the mutual gain exceedsthis product.
Thus, fora 0 PI, the mutualgain usedin the expressiorior

received victim power must be the productied maximum
gainsof the two antennas.For a pair of identicalantennas
having the characteristics as in Figure 3 a PI spedifibe

.001 would resultin a mutual gain value of about14 dB,

i.e. the probability that the mutual gain exceedsl4 dB is

about.001. If this valueof mutualgainis usedin (1), the

resulting relationshipfor frequencydifference vs. range
representa constraintrelationshipsuchthat, if satisfied,
results in a PI less than or equal to .001.

C. Off Frequency Rejection

Off frequency rejection is the attenuation of received
signalsdueto a differencein the frequencyof the arriving
signal and the tunefdequencyof the receiver. Rejectionis
defined as the normalizedconvolution of the transmitter
powerspectrumandthe receiverfrequencyresponse.The
characteristicof thesespectravary widely, dependingon
the type of power device thetransmitter(e.g.magnetron,
klystron, traveling wave tube), and on the designof the
receiver. Off frequencyrejection is usually determined
numerically, based on experimental measurementsof
transmitter and receiver characteristics. For our
simulation,we decidedto model both spectraas Gaussian
functions,with the meanrepresentinghe tunedfrequency
of the transmitteror receiver,with the standarddeviation
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Figure5. Propagation Factor vs. Range Shown as Ratio and in dB
Units

servingasa measureof the bandwidthof the device. The
Gaussianfunction representsthe approximate shape of
many spectra,and the productof two Gaussianfunctions
hasa definite integralwhenthe limits are negativeinfinity
to positive infinity, the basic definition of convolution.
This providesan analyticalexpressiorfor the convolution
that canbe easily calculatedfor any setof two frequencies
and bandwidths. Thus, Forx expressedas a normalized
convolution is given by

+IDT( f)R(f + Af )df
- 3)

Forr =—5

[T(H)R(f)df
-0

whereT(f) is the transmitterpower spectrum(normalized
to peak power), R(f) is the receiver frequencyresponse
spectrum(normalizedto maximumresponse).Whenthese
two spectra are approximated as Gaussian, the Foex
function above can be expressed as

0 0
0 0
01 O ¢
ol
02,° , o011
E 2 fpo,” 20,
Forr =€ 4)

In the above,0q and oy representhe sourceand victim

bandwidthsrespectively,Af representsthe difference in
frequenciesbetweenthe sourceand the victim radar (in
MHz). For Af=5, 01 =2.4, and 05=1.2 the off frequency

rejection(asa ratio) is Forr=0.176;in dB units, For:(dB) =
10log(.176)= -7.5 dB. Figure 4 is a plot of the off
frequencyrejectionvs. frequencyfor the two abovevalues
of o, shownbothasa ratio andin dB units. Figure4 also
shows a notional maximum rejection by the receiver of
approximately-130dB. The implication of this is that no
furtherreductionin rejectioncanbe obtainedby tuning off
more than the correspondingrequencydifference, about
20 MHz in this case.The characterof thesedatais very
similar to many transmitter-receiverpairs, except that
many receivershavean imageresponseat somefrequency
that is offset from the tuned frequencytbéreceiver. This
results in a non-symmetrical off-frequency rejection,



meaningfor examplethat a differenceof +5 MHz hasa
differentresultthan-5 MHz. Our modeldoesnot account
for this factor.

D. Propagation Factor (Diffraction)

Most radar computationsassumea line of sight between
the radarandits intendedtarget. Although high powered
radars may detect targets beyond the horizon, the
diffraction effect rapidly attenuateise powerdensityat the
target, and further attenuateghe reflected power back at
the radar antennaessentiallymaking the probability of

detectionnearzerofor targetsthat are beyondthe horizon.
Wheninterferencebetweernradarsis beingconsideredihe
assumption that diffractiorendersover-the-horizoreffects
negligibleis no longervalid becauseof the one-waypath
(i.e. the attenuatioronly occursduring the travel from the
sourceto victim) and the high powersinvolved. At the
sametime, the attenuatiorthat doesoccuris muchgreater
than predicted by free-spacepropagation, resulting in

reasonableange separationfor low interferencegiven a
particular frequencyseparation. The propagationfactor
model normally accountsfor the diffraction effect and
multipath. We consideronly the diffraction effect. The
diffraction model dependson an estimateof the rangeto

the radar horizon. The radar horizon is slightly greater
than the optical horizon, and is approximatedundernon-
ducting conditions as

Rna =123/ hsource * 4/ Mvictim) (5)
whereRyp o is the horizonrange(nauticalmiles), hggrce
is the height of sourceantenna(feet) and hy;stjy, is the

heightof victim antenna (feet). We are using mixed units
becausethe empirical diffraction predictionwe use from
Blake [3], is basedon these units and we wished to
maintain the sameconstantsusedin [3]. Conversionto
metric or otherdesiredunitsis easilydone.The diffraction
modelis complex, requiring three rangezonesto define.
The first rangezone extendsfrom the sourceradarto just
shy of the horizonrangecomputedn (5) above. We have
defined zone 1 to extend from 0 to 0.95R,,. The

propagationfactor in zone 1 is unity, i.e. there is no
attenuationdue to diffraction aroundthe curved earthin
zonel. Zone?2 is the transitionzone,for which thereis
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Figure 6: Mobile Radar Unitswith Freq. Assignments

7 = k13 k1=102.7, f=frequency (MHz)

H=k2/f/3 k2=6988

z1 = z1'/H, z1' = height of antenna 1 (feet)
z2 = z2'/H, z2' = height of antenna 2 (feet)
RIow =.95 R«on Rhlghzllo R«or,R = l'ange

Uz1 = 10(1985( 2147 -09)/20)

Uz2 = 101985 2247-09)/20)

VX =2/[1Re?%R R =R/t

Table 1: Empirical valuesfor calculating Fprop
little dataavailableand no suitableempirical model. In
[3], it is suggestedhatinterpolationbe usedbetweenzone
1 andthe full diffraction effect, definedas zone 3. Full

diffraction was assumed to be actatel.10R,,; therefore,
zone2 extendsfrom 0.95R, 5, t0 1.10R, 5 At the shorter

range the propagatiorfactoris 1; atthelongerrange,it is
forced equalto the propagationfactor computedfrom the
empiricalrelationsfrom [3]. In our model, we uselinear
interpolationbetweerthe two rangesanddo not attemptto
matchslopes.Tablel givesthe empiricalexpressionsised
in our calculationfor Feropfor zone3. Thus, Feropfor the
full diffraction zone (for zone 3) is given by:

Fprop = VX*UzL* Uz2 (6)
Figure 5 showshe propagatiorfactor dueto diffraction for
a typical L bandradar. The frequencyof this radar is
assumedo be1305MHz. The sourceantennaandvictim
antennaare eachassumedo be at a height of 75 feet,
yielding a horizon range of 21.3 nautical miles. Vhkies
of Riow and Rpigh are 20.2 and 23.4 nautical miles,

respectively. Note that this factor, which is a function of
range,is multiplied by the remainingportionsof equation
(1) whichis alsoa function of range.Whenequation(1) is
being solved for rangasa function of frequencydifference
(given a value for the interference power level), the
solution must be obtained iteratively becauseof the
propagationfactor. A simple application of Newton's
method results in fast and reliable convergendbdoange
value that balances the equation.

The above model can be used to modify propagation
conditions, allowing interferencecontrol methodsto be
testedin the presenceof uncertainty about propagation.
For example, the horizon range can be artificialreased
to simulateducting. The result,in termsof interference,
would be a larger frequencydifferencerequirementat a
givenrangeto maintainan acceptablédevel of interference.
Thekl termcanbe adjustedo changethe slopeof the full
diffraction curve to simulate a less severe ducting
condition. Increasingthe k1 term abovefrom its nominal
valueof 102.7to 200 reduceghe slopeof the propagation
curve such that the attenuationat 140 nautical miles
decreases from -120 dB to about -60 dB.



Il. RADAR FREQUENCY ASSIGNMENT

Figure 6 shows a group of five mobile units, each
containingan L bandradar. An identifying numberand
the frequencyare shown oppositeeach unit. Complete
parametesetsdescribingeachradararegivenin Table 2.

Parameter Radar 1| Radar 2| Radar 3| Radar 4| Radar 5
Peak Power (w) 50 50 100 250 250
Freg. (MHz) 1310 | 1305 | 1315 | 1320 | 1325
Min Tuning Freg 1300 | 1300 | 1300 | 1300 | 1300
Max Tuning Freg 1340 | 1340 | 1340 | 1340 | 1340
Tuning Increment 5 5 5 5 5
Hor. Beamwidth (deg) 3.94 5.27 7.84 3.91 3.89
Ver. Beamwidth (deg) 15.75| 15.81 | 15.69 | 7.81 7.78
Peak Gain (dB) 22.02 | 20.73 | 19.04 | 25.09 | 25.09
PRF (pulses/sec) 1000 | 1000 | 1000 | 1000 | 1000
Pulsewidth jis) 1 2 3 1 0.5
BW (MHz) 1.2 0.6 0.4 1.2 2.4
g, used in ber (MHZ2) 1.02 0.51 0.34 1.02 2.04
Easting (m) 0 10 25 -40 -10
Northing (m) 0 0 20 -30 45
Ant. Height (m) 25 25 25 25 25
Thermal Noise -140 -140 -140 -140 -140
Int. Flr. (w) -140 -140 -140 -146 -146
Max ForrRejection (dB)| -130 -130 -130 -130 -130
Desired Prob. of Int. 0.001 | 0.001 | 0.0005| 0.0005| 0.0005
Max Int. Level 4 4 4 5 5
Max Int. level - source 2 1 1 5 4

Table2. Radar Parameter Sets

For the data given, each of the five radarsexperiences
interferenceto somedegree. The table at the bottom of
Figure 6 indicateswhich source-victimpairs exhibit the
maximum level of interference. For example,radar 2 is
beinginterferedwith, andthe maximuminterferencdevel
is attributed to radar 1. The exampleradarson which
Figure5 and Table 2 are basedare generallyrealistic, but
are not basedon any particularradarunit. An exhaustive
searchwas conductedthroughall frequencycombinations
to determinewhich frequencyassignmentsesultedin an
acceptable interference level at eaatiar,i.e. onethatmet
the probability of interferencecriterion for eachradar. An
exhaustivesearchwould not be used in practice. It is
providedhereto indicatethe completesolution spacewith
which to judge other methods.

Table 3 showsthe minimum frequency differencesthat
must exist betweeneachradar pair to meetthe minimum
interferenceprobability specifiedin Table 2. Of course,
thesedifferencescannotbe exactly met becausehe tuning
incrementfor eachof the radarsis 5 MHz. Thusthe only
available frequenciesare at intervals of 5 MHz between
1300 and 1340 MHz. Table 4 shows the twenty-four

Radardi. j) Freq.Diff Radars(i,j) Freq.Diff

(1,2) 8 (2,4) 8
(1,3) 7 (2,5) 14
(1,4) 10 (3,4) 6
(1,5) 15 (3,5) 14
(2,3) 5 (4,5) 13

Table 3: Minimum Freq. Differences Between Radars

frequencyassignmentdor the five radarsthat result in
each radar meeting its criterion for probability of
interference(PI)Note that of the twenty-fourassignments,
four produceglobal minimum interferencelevels, defined
asthe sumof the maximuminterferenceat eachof the five
radars.

V. RIC AGENT AUTONOMY

When a RIC agentdetectsinterferencejt may attemptto
solve the problem using three basic approachesThese
include: (i) totally on its own, i.e. using locally
autonomousgoals, (i) through consensuswith other
agents, i.e. through negotiative autonofiii), by accepting
orders from a master, i.e. command-drivenautonomy.
Solutions basedon local autonomy and an omniscient
centralized master are discussed below.

A. Locally Autonomous Approach

In this situation,an agentdetectsnterferenceand attempts
to solvethe problemwith no knowledgeof otheragentsor
the environment. It only has information on its own
interferencestate,availablefrequenciesfor assignmento

Seq. |Radar 1{Radar 2|Radar 3|Radar 4|Radar 5| FOM
Number Total*
1 1300 1310 1315 1325 1340 | -20
2 1300 1315 1310 1325 1340 | -20
3 1300 1320 1325 1310 1340 | -17
4 1300 1325 1320 1310 1340 | -21
5 1310 1320 1325 1300 1340 | -17
6 1310 1325 1320 1300 1340 | -21
7 1315 1300 1305 1325 1340 | -19
8 1315 1305 1300 1325 1340 | -19
9 1315 1325 1330 1340 1300 | -20
10 1315 1330 1325 1340 1300 | -20
11 1315 1335 1340 1325 1300 | -18
12 1315 1340 1335 1325 1300 | -18
13 1325 1300 1305 1315 1340 | -18
14 1325 1305 1300 1315 1340 | -18
15 1325 1310 1315 1300 1340 | -20
16 1325 1315 1310 1300 1340 | -20
17 1325 1335 1340 1315 1300 | -19
18 1325 1340 1335 1315 1300 | -19
19 1330 1315 1320 1340 1300 | -21
20 1330 1320 1315 1340 1300 | -17
21 1340 1315 1320 1330 1300 | -21
22 1340 1320 1315 1330 1300 | -17
23 1340 1325 1330 1315 1300 | -20
24 1340 1330 1325 1315 1300 | -20

* FOM stands for Function of Merit
Table 4. Freq. Assignments Meeting PI. Criteria

itself, and a measuremenof the current frequency. A

Run#| Freql |Freq?2|Freq3|Freq4|Freg5
1 1310* | 1300 | 1315*| 1320*| 1335
2 1310* | 1305*| 1300 | 1340 | 1325
3 1310 | 1305*| 1300 | 1340*| 1325
4 1310 | 1305*| 1300 | 1340 | 1325*
5 1340 | 1310 | 1300 | 1320*| 1325*

*: Unable to find interference-free frequency assignment in this run
Table 5. Resultsof Locally Autonomous Approach



simulation was preparedbasedon the radar interference
model describedin Sectionll. A run in the simulation
consisted of random ordering the fizgentsthenallowing

eachagentto successivelyestfor interferenceand attempt
to getrid of it by a frequencychange. To maintainsome
degreeof control we choseto randomizethe order, then
force the agentsto work sequentially(not simultaneously
within the random order. Basically, each agent with

interferenceincreasedits frequencyuntil the maximum
tuning value was reached then set the frequencyto the
minimum tuning value and continuedincreasinguntil the
interferencewas goneor until the original frequencywas
reached. After going through this cycle, the second
randomly chosenagentperformedthe samesteps. When
all agentshadno interferencethe simulationhalted.In all

test cases attempted based on the initial conditions
indicatedin Table 2, no completesolution evolved. The
results of five such tests are shown below in Table 5.

B. Centralized Master Based Approach

In this approach, the master is given all pertinent
information about eachradar, and a utility basedsearch
approach[4] was usedto find frequencyassignmentsit

resultedin an interference-fredrequencyassignmentgor

all radars (within PI requirements).The utility based
searchapproachgenerateda solution in every test case.
The length of the searchvaried widely, due to the many
non-global minima encountered.

The basicalgorithmwasto find the combinationof radar
and frequency change that resulted in the maximum
changein the global figure of merit. After making the
changethe processwas repeateduntil the figure of merit
indicatedthat a solutionhasbeenfound or until no further
reductionin the figure of merit was possible.If no further
reductionin the figure of merit waspossible,a randomset
of frequency assignments was generated for ehtte five
radars,andthe utility-basedsearchrepeated. The number
of random initializations varied from 1 to 35, with the
averagebeingabout12. Typically, rapid convergenceo a
near solution occurredfor eachset of initial frequencies,
but the existenceof manylocal minimathatdid not satisfy
the interferencecriteria causedhanging. This problem
might benefit from the genetalgorithmapproachputthis
was not attempted.

V. CONCLUSIONS

This paper presented a case study for assigning
interference-free frequencies to radars woking in a
cooperative environment. While, the use of a locally
autonomougonstructseemsto be intuitively appropriate,
the efficiency of this approacthis highly dependenon the a
good initial (random) assignmeniwf frequencies.n this
situation, no appropriatesolution was found. A possible

reason for thisituationis becausefor the interference-free
operationof radarsthat are experiencinginterference,a
radar that is currently interference-free may have to gjpve
its frequency and mutually resolve the interference
problem. However, since the problem solving activity is
completely local, this does not happen. Therefore, the
radarsthat experiencenterferencecontinueto do so (stuck
in groupsof 2 or 3). An easycompromisesolutionis to use
table 4 for the initial value assignment®f 3 or 4 radar
frequencieandthe otherremainingradarsfind the correct
operatingfrequencywhen assigneda completelyrandom
initial frequency.However, this implies, that the RIC’s
ability to find an interference-fredrequencydependson
the initial value assignmentThe absenceof a centralized
effort in problemsolving leadsto two or threeradarsbeing
in conflict with respectto frequency assignmentsThis
problem is further handicappedby the absence of
coordinated / negotiated consensus.

On the otherhand,the centralizedapproachllustratesthe
other extreme.To its merit, it always finds a solution.
However, it may require a high communication /
computationaloverhead Although, it is assumedhat the
centralizedmasterhas completeknowledgeaboutall the
otherRIC agentsjt might alsorequiredynamicdatafrom
each RIC agent. The assumptionthat the centralized
masterhascompleteinformationabouteachagentandthe
propogationis too simplistic. However, this presentsa
valuable insight into centralized problem solving
approaches.One possible solution may be to have a
negotiated problem solving approastih a cleararbitrator
taking the role of the centralized agent.

Finally, the simulations are entirely based on
accommodatinghe interferenceproblem using just one
method - modification of radar frequencies. Fun@search
remains in addressingthe combination of the control
methods.
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