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ABSTRACT [1, 2, 3]. In this study, the connectivity providied a radio
relay UAV over a relatively small 500°mirban area was
Unmanned Airborne Vehicles, UAVS, can be used @dis ra assessed. A ray tracing model [4] was used to ctenpu
relay platforms in environments characterized bgrp@F  path losses between the UAV and ground based m¥seiv
connectivity. Those environments can be urban,sfece Excellent connectivity was found for low flying UAVin
or mountainous regions where no Line of Sight (LOSthe limited urban area considered hdfethe UAV
exists between ground transmitters and receivefge T transmitting powers are comparable to ground platfa
effectiveness of a UAV air relay was assessed irban  Under those conditions, nearly 100% of the outdoor
area using the ray tracing method. UAVs were plaged receivers have the required signal strength to taiain
various positions and heights over an approximaty desired data rate connectivity. This optimisticufess not
square meter urban area, and excess path lossivelad  applicable to the UAV relay for two reasons. SWAP
unblocked LOS propagation was computed for outdoarestrictions put a limit on available transmit povier a
receivers. UAV altitudes were 500, 1000 and 200@ree communications relay, and there is the possibibfy
and frequencies were 400 and 1800 MHZ. friendly interference. Communication systems opegain
the vicinity can be victim to the UAV transmissioifs
Excess path loss is the appropriate metric when UAMnblocked propagation paths exist between UAV and
transmitter power is limited due to Size, Weightd a potential victim receivers.
Power (SWAP) constraints and the need to minimize
friendly interference. We found that a UAV at 2080 A well designed UAV relay will minimize transmit per
provided coverage for over 90% of the ground remeiv to address the two issues raised above. Powebwiiet
within 10 dB of LOS path loss. Most of the connégti near the level allowing connectivity to ground rigees
was obtained via unblocked LOS paths due to thdl smavith LOS paths. Additional transmit power can podwi
urban area considered. Diffraction around buildingsconnectivity to receivers blocked by buildings. fiéfere,
played a larger role in providing connectivity than a practical metric is the received signal poweatre¢ to
reflections at 400 MHz and the roles were approxéatya that for an unblocked LOS path. Relative Receivedd?
equal at 1800 MHz. The percentage coverage resdte (RRP) was used throughout this paper along with
found to be stable to within +/-5% when poorly kmow Cumulative Distribution Functions (CDF) for the nioen
building and ground electrical properties or rayating  of ground receivers within a given dB range of RRP.
computational parameters were varied over reasomabl
values. In Section Il, the method used to compute RRP is
described while Section Il provides RRP results fo
Channel characteristics for time of arrival, timeeldy varying UAV altitudes and positions above the city.
spread and angle of arrival were also computed. Th€hannel statistics for time of arrival, delay spresnd
multi-path nature of the NLOS paths suggested thangle of arrival are given in Section IV, and di&ssion and
possible use of Multiple Input, Multiple Output (D) summary are presented in Section V. Appendix | riess
techniques. the effects of frequency on coverage along withrtiles
of reflections and diffractions. Appendices Il arid
present the coverage sensitivity to building andugd
I. INTRODUCTION electrical properties and ray tracing computation
parameters
Present and planned combat missions are taking fptac
urban settings where building blockages can regadet
to point radio connectivity. One way to obtain imyped
connectivity is to use airborne relays carried athddAVs
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IIl. METHOD

The urban area and UAV placements are shown
schematically in Figure 1, where Rosslyn VA buigsn
were used. The readily available building geomédiley
encompassed only an area of approximately 260An
larger computational area was created by tiling 8mis of HH

Rosslyn buildings together and additional buildingsre 0 —lﬂﬂﬂﬂ 0.1 ol
added outside the edge of a 500 by 500 m receivay.a 0 40 80
Receiver spacing was 2.5 m and the buildings Figure 2. Histograph of Rosslyn building heights.
encompassed approximately 25% of the area, reguhin

over 29,000 outdoor receiver positions. The UAV wafRRPs and their associated CDFs were computed tising
positioned at the city center and eight compassitpoi stated UAV heights and positions. The CDFs provitfed
Three UAV altitudes were used, 500, 1000 and 2000 npercentage of ground receivers at or above a grRRR
and the 2000 m altitude was consistent with theureut level. This metric was computed as a function ofVUA
Combat System Class IV UAVs. Frequencies were 40position, height and transmit frequency. The seiitsitof
and 1800 MHz consistent with military radio spentruse coverage percentage to building and ground pregseand
and the UAV mounted antenna transmitted isotrofyical ray tracing computational parameters was also ssdes
Building heights were color coded in Figure 1, &etyhts IIl. RELATIVE RECEIVED POWER &

were typically in the 20 m range with a few talB@>m) PERCENT COVERAGE
buildings as shown in the histograph of Figure 2.

% Buildings

120

Figure 3 shows a contour plot of RRP and the UAV

position. The UAV altitude was 500 m and situatedhe
UQVC'ZSZ:Z‘;";SAAr;%“;C‘E'?Sﬁf East of the urban area, while transmitter frequenwegp
& Compass Points 400 MHz. A large number of receivers possess a k@S
the UAV with RRPs ~ 0, while the shadowing behind
buildings can also be seen. Although contour phoes
useful, a better metric was the CDF for RRP shown i
Figure 4. Again, UAV altitude was 500 m; the blusda
black lines are for the UAV at all cardinal and
intercardinal points, while the red line was foe thAV

centered over for urban area.

UAV at Center
—-&

Using the CDF shown in Figure 4, one finds
approximately 74% of the ground receivers had signa
strengths greater than -10 dB of the free space @&

for all eight compass points. When the UAV was
positioned directly over the city, the percent cage with
RRP greater than -10 dB was approximately 87%. The
RRP = -10 dB value will be used as the criterionnmst

of this analysis.

Area Containing Receiv er
Array with 2.5 meter
Spacing

Buildings Outside of Receiver
Area Provide Reflection
Surfaces

Figure 1. Aerial view of the urban area and UAV
placement. Building heights are color coded and the
red rectangular surface area depicts receiver array
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Zua = 500m with increasing UAV altitude as building shadowing

+10 East diminished and coverage approached the LOS values.
o NLOS A N
S dB Blocked Path .
o Isotropic
i LOS Radiator Zuav=500m Zyay=1000m Zay = 2000m
40 Unblocked Path 100
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Compass Point

Figure 5. Percent coverage based on -10 dB RRP
as a function of compass position. Also shown are
North coverage values for LOS paths, dashed red, and
city centered UAV, solid blue

Buildings

East

Figure 3. Contour map of Relative Received UAV to South
Power over ground receiver array. UAV position
at 500 m altitude East is show.
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Figure 4. Relative Received Power Cumulative > <RRP<-15
. . _ . UAV to North -15 <RRP <-25=—
Density Function for Z,,, = 500 m at all eight 25 < RRP < -35——

compass points plus city centered UAV.
Figure 6. Contour map of RRP for the UAV

The effects of UAV altitude and compass point posit positioned at the four cardinal compass points plus

are summarized in Figure 5. The solid red lineswsho UAV at city center.

percent coverage at the RRP > -10 dB level fortlinee

UAV altitudes at the eight compass points. The ales ~ Building shadowing can be seen in Figure 6 wheee th
from the mean value was small and decreased gs Zshadowed regions moved as the UAV was positioned at
increased. The dashed red lines depict the -100dBrage  the cardinal compass points and the urban centgrwas

for LOS paths averaged over the compass points. T®0 m to emphasize shadowing. A very conservative
NLOS paths (reflected and diffracted) increasedecage metric can be defined by computing the minimum R&P
from 12% to 4% as 4, increased from 500 to 2000 m. all eight compass points. This metric guaranteleva of
The solid blue line depicts percent coverage from &RP independent of the UAV compass point position.
centered UAV. By Z, = 2000 m, the coverage from the Contour plots of theninimumRRP values over the eight
UAVs at the city’s edge was approaching the valweaf compass positions for the three UAV altitudes drens

city centered UAV. As expected, these results wer# Figure 7. The percent coverage at -10 dB RRfvien

strongly geometry dependent. Coverage steadilyowgat as a bar chart below each respective contour ploile
coverage values for a city centered UAV are degitip
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the red lines. The benefit of increasing UAV alliguis

clearly seen. For 4, = 2000 m coverage approached the 20 RRP = 0 dB
city centered value. Even using this conservative dB

minimum RRP metric, good coverage of ~75% receivers
within -10 dB of LOS signal strength was attained f

planned Class IV UAV operation independent of the -20 RRP = -10 dB
precise UAV position. Of course, this optimisticué was dB

a result of the relatively small urban area conside

-140

-140

Zuay =500 m Zua =1000 M Zuay =2000 20
RRP = -20 dB
dB
-140
7.0 t (nsec) 8.0
Figure 8. Impulse response at three receiver

positions where RRP was (-10 and-20 dB

100 UAV at Center —

80 The probability density function fdr, andtgus at ground

z 60 receivers is shown in Figure 9, where the LOS altivne

S 40 is denoted in théy plot. Time delay spreads were modest
20 with more than 99% of the receivers havings below

0.05 microseconds. The relatively larggs values were
associated with low RRP receivers. This is demaitestr
in Figure 10 where we have parsed out receiveis RRP
in three bands centered about 0, -10 and -20 dB avitO
dB window. The 0 dB RRP receivers showeggs at ~
0.001 microseconds, while the weaker RRP receivers
showedt gys in the 0.01 to 0.02 microsecond range. Based

IV. CHANNEL CHARACTERISTICS on the above analysis, multi-path effects should no
impose system problems or require mitigation sgjiate

Zua =500 M Zua =1000 M Zuas =2000 M

Figure 7. Contour map of minimum RRP over UAV
at all eight compass points. Color code is identitto
Figure 6. Percent coverage shown in conjunction wit
city centered UAV value, solid red.

The ray tracing simulations allowed channel charéstics
to be determined, such as time of arrival, timagspread 100 100
and angle of arrival statistics. Mean time of \at;ity,

and time delay spreadrys, for an impulse response at

x X
each receiver position were accumulated. Figuradvs ;E Ambgsﬂme §
the impulse response at three selected groundigusit
where RRP was equal to 0,-10 and -20 dB. The UA¥ wa g1 i 0.01
positioned at 2000 m height and West. The 0 dB case 80  t,(nsec) 80 0 trus (NSeC) 0.4

shows a set of strong rays from LOS paths arriging 6.8 Figure 9. PDFs for all out door receiver mean
microseconds. The weaker cases at -10 and -20 dB sh gyrjval times and time delay spreadt andt rys.

delayed rays and all three receivers possess NLaDi®s p

via reflections and diffractions. Statistics on the angle of arrival provided insigitb the
propagation path diversity and the potential extptan of
MIMO techniques. The angle of arrival for ground
receivers is described by thgf() pair for an incoming ray
as shown in Figure 11, where a unit vector defithes
arrival direction for thel ray.
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are provided for theg(f ) pair. Receiver RRPs were 0, -10
>< RRP= 0dB and -20 dB. The RRP = 0 case showed the meanidimect
§ pointed up and westward toward the UAY~ 90 andf ~
27@°). The mean and the most powerful ray LOS were
aligned and NLOS rays were 20 dB below the stro®¢L
100 ray. The situation was very different for RRP = dd

& RRP =-10 dB . .
< -20 dB, where rays arrived after many reflectiomsl a
0 diffractions. The power was comparable from mudtipl
disparate directions, and the mean arrival directi@as no
120 RRP = -20 dB longer aligned with the most powerful ray. This &albr
g implied that for receivers with RRP ~ -10 dB, aragul
0 diversity was large enough to potentially exploitM
0 trus (Nsec) 0.4 techniques.

Figure 10. PDF for time delay spreadt gus,

where receivers have been parsed at three RRP
levels, 0, -10 and -20 dB and a 10 dB window.
/\ RRP=0 dB
PDFs or CDFs for the angle of arrivals are notseful as Gows =1.3°
the angular rms deviation about the mean directbn

arrival. The angleg between the™ ray and the mean

direction is given by
A
i =Ccos(R-R
Ci R-R) < RRP=-10 dB
where R and Rare the unit direction vectors for the mean Guis = 49.5
and I" ray, respectively. A power weighted rms angular

variance was defined by

Frus =S g° Pn
. . . . RRP=-20 dB
Pn is the normalized power in each ray and the sumomat / s = 51.8°
is over all rays.
q f

Unit Vector R; for i Ray

Figure 12. Arrival angle pairs (gff ) for three receivers
with RRP =0, -10 and -20 dB. Green arrow depicts gan
direction, red dots show @ff ) for the most powerful rays.

V. SUMMARY and DISCUSSION

X

~

|
|
' The ray tracing method was used to assess the
Figure 11. Direction of " ray defined by (ff ) pair. effectiveness of a UAV communications relay over a
relatively small urban area of 500°.nwWe found that for
fruvis provided the proper measure of the signal’s anguldransmit powers with free space margins of 10 dBigh
diversity. Receivers with a strong LOS dominateghal, level of ground coverage, > 80%, was possible favU
RRP ~ 0 dB, have R pointed at the UAV and smalltarg altitudes of 2000 m. For these UAV heights, coverags
variance about that direction. As RRP decreasdiécted independent of precise UAV position and the UAV dhee
and diffracted paths began to strongly contribRtevas no not be directly over the city center. These resulese
longer in the direction of the UAV arglys became large. geometry driven with a majority of paths being LGS,
This is shown in Figure 11 where polar plots for pawer consequence of the relatively small urban areaidere.
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A-l1l. PERCENT COVERAGE: BUILDING and
GROUND PROPERTY DEPENDENCY

The coverage results were found to be stable toirwit/-
5% as building and ground electrical properties and
computational parameters were varied over reasenabl
values. Channel statistics showed a narrow timeaydel The effects of building and ground permittivitiess, and
spread, while angle of arrival statistics showedgda €s, On percent coverage were determined by a sefies o

angular diversity for NLOS paths. This implied putel
exploitation of MIMO technologies.

The limited urban area can easily be expandedrgeiar
different urban settings to assess UAV communioatio
relay capabilities in other environs.

APPENDICES

A-l. PERCENT COVERAGE: FREQUENCY,
REFLECTION, DIFFRACTION DEPENDENCY

The effect of higher frequency and the roles ofetions
and diffractions are summarized in Figure A-l-1.eTied

line shows percent coverage based on the -10 dB RRP

criterion for a UAV positioned West at three altis.
This case was representative of the other cardinal

intercardinal points. Coverage decreased as freguen
increased, and the loss in coverage was less as UAV

altitude increased, consistent with geometry effectd the
role of diffraction. For a fixed degree of blockage
diffracted path’s power decreases by 1/f.

The role of building and ground reflections andrdittion

was determined by exercising the software with an@fhe roughness paramet

without them. The relative roles of building ancbgnd
reflections depended weakly on frequency ang.. Z
Diffraction provided a greater coverage increasetG
MHz than reflections, while these roles were simid
1800 MHz.

100 f =400 MHz f = 1800 MHz
x
@ 80
X
60
1000 2000 1000 2000
Zuav Zuav
All Building, No Ground
Building & Ground Reflections
Reflections LOS

Figure A-1-1. Percent coverage versus 4, at 400 and
1800 MHZ. LOS and reflection only results are given
to show the effects the various path mechanisms.
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computations for the 4 =500m West case at f = 400
MHz, and is given in Figure A-1l-1. Again, othetialdes
and positions showed similar behavior. As building
reflections contributed more to the signal thanug
reflections, coverage results depended weaklhe0rrhe

ez value of 2 was low and conservative for typicaldiog
material whilees = 4 was more characteristic. There was
approximately 5% difference across these two values

90
&g =4

e =2 (@)

Values used in
this study

% Rx

70

5 15 25

€c
Figure A-11-1. Percent coverage as a function of grund
permittivity, @, for two values of building permittivity.

The effect of building surface roughness on coverag
shown in Figure A-11-2 for the same UAV case as\abo
@, mimics the effects of non-
specular reflections where energy is scatteredréciibns
other than specular (reflection angle equals intidagle).

As energy was “lost” due to non-specular scatterthg
percent coverage decreased. The use of smoothngsld
(s=0) tends to over-estimate coverage; a result
compensated by use of a conservative valuesfor

80

o}

\

Value used in

70 this study

% RXx

60

5 10

s (cm)

Figure A-11-2. Percent coverage as a function of
building roughness parameters.



A-1ll. PERCENT COVERAGE: COMPUTATIONAL 85
PARAMETER DEPENDENCY

A number of computational settings must be chosen f & s o

any ray tracing simulation. Wireless Insite allothe user S A

a high degree of control over these parameters effbets Vé:'hulz :tsu?j(i/ in

of two settings were assessed. They were: (1) tingber

of allowed reflections and diffractions connectitig Tx 65

and Rx and (2) the number of rays launched by the ° ?\lumberof égys Lo
transmitter, or "ray spacing”. Figure A-111-2. Percent coverage as a function of
The number of reflections, gn diffractions, @, and number of rays launched,i.e, ray spacing.
reflections between diffractions,g#) can be set for

determining an individual ray path. The percenterage REFERENCES

Figure A-lll-1 for Z,,, = 500 m West case is shown in

Figure A-lll-1 as a function of fg np, nkp]. Single [1] “Unmanned aerial vehicles and unihabited combat
diffraction paths contributed substantially to twerage aerial vehicles,” Defense Science Board Study
relative compared to only allowing reflections an@S February, 2004.

paths. Paths with multiple diffractions did not tidsute [2] F. J. Pinkey, D. Hempel and S. DiPierro, “Unmad

significantly. aerial vehicle commnications relay£EE MILCOM
1996 Vol. 1, pp. 37-51, October 1996.
85
[3] Ramesh Palat, A. Annamalai and J. Reed, “Cadper
relaying for ad-hoc ground networks using swarm
UAVs,” IEEE MILCOM 2005Vol. 3, pp. 1588-1594,

é75 (e
S October 2006.
Value used in
this study [4] K. J. Rizk, J. Wagner and F. Gardiol, “Two-
dimensional ray-tracing modeling for propagation
6 [800] [810] [820] [821] prediction in microcellular environments,IEEE

Figure A-1ll-1. Percent coverage as dunction of Trans. On Vehicular Tech5, (2), pp. 508-518, 1997.

allowed number of reflections and diffractions.

Paths between Tx and Rx are found by “launching” a
number of rays from the Tx position and searchiomal
potential paths. The number is determined by the ra
spacing which is specified in degrees, and numbeays

and ray spacing are inversely related. Figure A I8hows
percent coverage versus number of rays launched.
Although increasing this number from the one usedld
have decreased coverage by ~ 2 to 3%, and been more
“accurate”, the smaller value was chosen to keep
computation times reasonable (less than 1 day).ties
increase as the number of rays squared.
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