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EXECUTIVE SUMMARY

This report simulates the wireless channels of a low-flying UAV relaying communications between
small-unit mobile ground units operating in urban environments. The wireless channels are simulated by
the Numerical Electromagnetics Code-Basic Scattering Code (NEC-BSC) [16]. This code approximates
the 3-D electric field propagating throughout the city to user-specified accuracy. This electric field
encompass the digital 3-D city, the multipath propagation, and the antenna patterns of both the UAV and
the ground units. Consequently, the simulations represent wireless UAV relay channels with sufficient
accuracy to assess relative performance shifts.

The UAV platform is modeled after the Coyote equipped with a bottom-mounted whip antenna.
The ground-level receivers employ half-wavelength dipoles at 500 MHz. The following following
ohservations summarize this report:

* Antenna patterns of both the UAV and ground units affect the UAV loitering patterns (Section 4).

+ City geometry, particularly building height, governs the fading modes: heavy shadowing versus
multipath fading (Sections 5 and 6).

* Fluctuating Two-Ray (FIT'R) fading is a credible model for systems employing 1 MHz or less of
bandwidth (Section 7).

* Employing the UAV as a relay simultaneously increases capacity, decreases transmission power
but requires the nodes to handle spatially varying channels (Sections 8, 9, 10).

These observations support both the requirements to bring these UAV channels into the network mod-
cling domain of the Extendable Mobile Ad-hoc Network Emulator (EMANE) [8]. Long-term payoffs
are the understanding how the UAV’s broadcasts flow through the city’s “spatial filter” [30], [11], [25],
[29]. Subsequent reports assess the payotfs delivered by different UAV platforms, more advanced UAV
antennas, and multi-antenna systems (MIMO).
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1. OVERVIEW OF THE UAV URBAN CHANNEL SIMULATIONS

This report simulates ground-to-air wireless channels of a low-flying UAV supporting small-unit
mobile ground forces deployed in urban environments. Figure 1 is a block diagram of these simulations
showing the city acting as a spatial filter between the UAV and a street-level receiver. The UAV channels
are measured from the input terminals feeding the antenna on the UAV to the output terminals at the
street-level receivers. These channels encompass the UAV’s antenna with platform effects, the multipath
propagation though the city, and the electric field surrounding the receiver’s antenna.

Transmitted

Signal
s, (.' City \/\‘/\:\

Received
Signal<€—s (1)

Figure 1. UAV channel including the antenna pattern of the UAV, the antenna pattern of a street-level
receiver, and the city acting as a spatial filter.

Figure 1 shows the UAV channel consists of multiple rays carrying the transmitted signal s7(t) from
the UAV location rr to the received signal sp(t) at the street-level location rp. A multipath model of

this channel is
L

sr(t) =Y hu(foirr,vr) - sp(t— 1), (1)

=1

where the (-th ray delavs the signal by 7, and fades the signal by he(fo; rp, rr). The multiplication
by the fading implies a narrow-band signal at center frequency fc:. As the UAV flies through the 3-D
space, the time-varying position of the UAV at location rr (1) generates time-varying UAV channels of
the form

L
=Y el fesrr(t), rr)sr(r — 7e(t))- @)
=1

These time-varying UAV channels are the “objects of discussion” of this report. When these UAV chan-
nels form a relay between street-level receivers, these channels average 30 dB less loss than ground-
to-ground channels connecting the same receivers. Assuming urban noise, these UAV relays increase
throughput by a factor of 8 over ground-level channels. These simulated gains are limited by the follow-
ing assumptions:

« Fidelity of the 3-D city

* Throughput is computed from the capacity equation,
* Latency is not simulated,

+ Urban interference is not modeled.

Despite these limitations, the simulated 30 dB performance shift argues that actual UAV relays will
deliver significant performance shifts over ground-to-ground links.



1.1 ORGANIZATION OF THE REPORT

Section 2 reviews necessary technical background: the 3-D wave equation solver, channel functions,
and fading models relevant to the time-varying wireless channels.

Section 3 details the UAV, the bottom-mounted whip antenna, and the resulting antenna patterns.
These patterns determine the complex-valued electric field around the UAV that broadcasts into the city
and produces multiple rays arriving at the street-level receivers. Each ray interacts with the receiver’s
antenna to generate a complex-valued voltage at the antenna’s output terminals. The coherent sum of
these voltages determines the channel of Equation 1.

Section 4 shows the UAV “illuminating” the city from a hovering position. The resulting coverage
plots show that the fading caused by the city’s geometry fall into two distinct regions: (i) heavily shad-
owed regions, (ff) multipath regions. Varying the UAV height and location reduces blockage while the
multipath requires the radio systems adapt to the channel.

Section 5 “flies” the UAV along horizontal straight-line tracks while broadcasting to a fixed, street-
level receiver. The UAV channels along these tracks exhibit rapid “switching” between regions of heavy
shadowing and multipath fading. Gamma fading is identified as a fading model for the heavily shadowed
regions. Generalized Rician fading is a credible as a fading model in the multipath regions. Physical
explanations for these fading models are given in the next two sections.

Section 6 explains the fading regions. By stacking hundreds of these horizontal tracks, a vertical
“slice” of the channel is produced. These slices reveal how the city’s geomelry causes non-stationary
channel features. In particular, blockage by buildings produces regions of heavy shadowing. Raising
the UAV height reduces the shadowing regions. The resulting unblocked fading is well-modeled by the
classic two-ray interference as verified by an analysis of the wideband UAV channel.

Section 7 examines wideband UAV channels along the UAV tracks. Estimates of the channel’s delay
spread function shows the Two-Ray Fluctuating Rician fading is a credible fading model.

The final sections compare the UAV relay against the ground-to-ground links. Section 8 uses the
coverage plots to assess the payoff when the UAV is employed as a relay. The scenario assumes the
UAV is loitering over two street-level transceivers. Even the simplest of power allocations shows that
the UAV relay boosts throughput over the ground-to-ground link. Section 9 lays out a circular track and
the associated channels to a single ground node. Section 10 employs this circular track to relay between
the two street-level transceivers of Section 8. The UAV’s relay performance on this circular track also
shows significant improvement over the ground-to-ground link. Section 11 closes with highlights of the
UAV channels:

* pattern and coverage,

* tactical operational height and city geometry,
* generalized Rician fading,

* UAV relay performance.

These highlights guide simulations to reveal the performance shifts available from UAV channels espe-
cially with respect to stealthy wireless networks.

1.2 VARYING THE SIMULATIONS

This report presents a framework to assess performance shifts in the ground-to-air channels of a
low-flying UAV relay operating over an urban environment. Swapping out system components in this
framework provides an “apples-to-apples” assessment of the relative performance shift. The antennas
may be swapped out for assessments of antenna placement, antenna designs, antenna polarizations, and
multiple antennas. The UAV flight patterns may be altered for assessments of UAV deployment (e.g.,
altitude versus coverage; loitering patterns for multiple UAVs). The city model may be swapped out to
assess how the city geometry (e.g., building height, street width) affects the shadowing and blockage.



2. TECHNICAL PRELIMINARIES

This report models ground-to-air channels of a low-flying UAV operating over a an urban environ-
ment. The first task of channel modeling is to simulate the UAV’s transmissions propagating through the
urban environment. This propagation is governed by 3-D wave equation. Section 2.1 reviews a 3-D wave
equation solver suitable for kilometer-sized regions. This solver approximates the UAV channels given
by Equation 1. The second task of channel modeling extracts the fading of the time-varying channels
as the UAV flies over the city from Equation 2. Section 2.2 reviews the formalism of the time-varying
channels. This simulated fading is well-modeled as multi-ray Rician subject to shadowing. Section 2.3
reviews Rician fading and generalizations,

2.1 SOLVING THE 3-D WAVE EQUATION

Figure 1 makes explicit that the UAV channels start at the input to the UAV antenna, propagate
through the 3-D city, and finish at the output the receive antenna. The propagation through the 3-D
city is governed by the wave equation [9, Chapter 3]. The Numerical Electromagnetics Code-Basic
Scattering Code (NEC-BSC) computes approximate solutions (o the 3-D wave equation in complex
environments by reflection and diffraction modeling [16]. The electric field at position r generated by a
transmitter broadcasting at frequency f is the sum of multiple rays interacting with the 3-D environment:

E(f;r) = BEuc(f) Z E(fiar) Z E“([f;q¢)
reP(r) e€E(r)
+ Z E"(f:qy) + higher-order terms. (3)
veV(r)

The first term is the incident electric field Eq,. produced by the direct path from the source to
position r, provided there is no blockage. The second term sums each electric field generated by the
ray traveling from the source, reflecting off a plate at position q,, and arriving at position r. Each plate
reflection models the dielectric of the plate and consequent spreading factor after reflection. The third
term sums each electric field gencrated by the ray traveling from the source, diffracting on an edge
at position g, and arriving at position r. The edge diffraction terms correct for discontinuities in the
incident and plate-reflected fields. Figure 2 illustrates the diffraction-cone geometry for an edge. Each
edge diffraction models the dielectric of the edge and consequent spreading factor after diffraction. The
fourth term sums each electric field caused by rays traveling from the source, diffracting at vertex q,
and arriving position r. The vertex diffraction terms correct for the discontinuities in the edge-diffracted
fields.

Figure 2. Edge diffraction [17, Figure 2].



Multiple interactions between flat faces, edges, and vertices are needed for complex environments.
Cascading these interactions determine the higher-order interactions. The higher-order terms compen-
sate discontinuities in first-order and other lower-order terms. Table 1 lists the second-order interactions.

Table 1. Second-order diffraction terms.
Plate-to-plate | Edge-to-plate | Vertex-to-plate
Plate-to-edge | Edge-to-edge | Vertex-to-edge

Plate-to-vertex | Edge-to-vertex | Vertex-to-vertex

Third-order terms follow a similar pattern (e.g., Plate-to-plate-to-plate, Plate-to-plate-to-edge, ...).
Complex environments have an infinite number of higher-order interactions. A correct application of
NEC-BSC requires that the dominant terms in an environment be determined to guarantee accuracy of
the solution. Such a convergence study was undertaken to support the propagation in [7]. Table 2 lists
the diffraction terms necessary to approximate the electric field to 30-dB accuracy. The dominant terms
were limited to plate and edge interactions.

Table 2. Diffraction terms for the urban simulation.
Order | Terms

0 | Incident

1 | Plate, edge

2 | Plate-to-plate, Edge-to-plate, Edge-to-edge

2.2 CHANNEL FUNCTIONS

A classic model of the time-varying channel is the delay spread function {h(t, 7)} mapping a trans-
mitted signal s7(f) to a received signal sp(t) as [5]:

sp(t) = /Oo h{t, T)ysp(t — 7)dr. €Y}

o =00

A classic model of a delay spread function is adapted from [21, Eq. 14-1-5]:

L
h(t,7) = Z he(t)8(T — 7¢). (5)
=1

Inserting the delay spread function of Equation 5 into Equation 4 models the received signal sg(f) as
the sum of delayed and faded copies of the transmitted signal sp(t):

L
sp(t) = > he(t)sr(t — 7).
=1
If the fading processes {hy(t)} are wide-sense stationary, uncorrelated, and ergodic [19]:

; T
EIROP) = Jim 7 [ jha(oPdt s

and the delays 7; are deterministic, the average power over time in the delay spread function of Equa-
tion 5 is the power-delay profile [27, page 77]:

L

Pu(r) = E[lh(t, 7)]*] = Y E|

=1

he(t)[?] 8(1 — 7).

This power-delay profile shows the fading power at each delay.



If the UAV is moving as in Equation 2, the delay spread function has the form [21, Eq. 14-1-5]:

L
h(t.7) = he(t)5(T — Te(1)). (©6)
£=1

Equation 3 computes each term in this fading model as a function of the UAV’s time-varying location
rp(t): each multpath ray has delay 7,(t) computable from the ray’s length; each fading process h(t) is
computable from the electric ficld. Averaging the power of the delay spread function of Equation 6 over
time produces the power-delay profile of the form

L
Pu(r) = E[Ih(t, 7)1 = Ellhe(t) ] pe(7),
=1

where pg(7) is the probability density of the random delay 7, provided the fading processes {hg(t)}
are uncorrelated, ergodic, and independent of the delay processes {74(f)} are uncorrelated and ergodic.
This power-delay profile shows the fading power spread over the distribution of each delay.

2.3 FADING MODELS FOR THE UAV CHANNEL

The simulated UAV channels exhibit generalized Rician fading on the ray paths, in addition to the
heavy shadowing caused by urban blockage. Section 2.3.1 reviews Rician fading. Section 2.3.2 intro-
duces multi-ray Rician fading where each specular component is modulated by a fluctuating process (o
produce Fluctuating Beckman fading. Section 2.3.3 specializes Fluctuating Beckman fading to two rays,
The payoff is that this Fluctuating Two-Ray fading is a credible model of the multipath fading observed
on the UAV tracks in Section 5.

2.3.1 Rician Fading

Rician fading is succinctly described by Stiiber as the complex-valued Gaussian process [27, page
51]
h(t) = sLos + g(t),

where s os is the complex-valued specular component and the {g(t)} is the diffuse component is
complex-valued Gaussian process

g(t) = gr(t) + jgo(t)

consisting of the sum of two real-valued, zero-mean, independent, stationary Gaussian processes {gr{) }
and {go(t)} with common variance o2, The average power in the fading is the sum of the specular and
diffuse powers [27, page 53]

Q = E[[h(t)[] = [sLos|* + 202

The Rician K factor is ratio of the specular to the scattered power [27, page 53]

. 2
K —10-logy ("f‘ws' ) [dB].

202

The probability distribution of {|A(t)|} is [21, Eq. 2-1-141], [27, Eq. 2.45]
2

r r? 4 s? rs
p\h|(f") = ;ﬁ‘XP (202> Iy (F) )

where Iy(r) denotes the modified Bessel function of the first kind.



2.3.2 Fluctuating Beckmann (FB) Fading

There exists a multitude of Rician fading generalizations. Proakis generalizes the Rician fading by
increasing the number of Rician processes [21]. The Fluctuating Beckmann (FB) fading generalizes
multi-path Rician fading by fluctuating the power of each specular component of the Rician processes.
The fading is adapted from [22, Eq. 1]:

L
hea(t) = Y _&(t)se + gelt).

=1
Specular Power: Each specular component sg 1s subject to a fluctuation by the Nakagami-m distributed
random process {£(t)} with shape parameter m and E[¢(t)%] = 1. This model forces all the specular
components to be subject to the same fluctuations.

Scattered Power: Each diffuse component {g,(t)} is modeled as
ge(t) = Xe(t) + 7Yo(t)

where {X;(#)} and {Y;(?)} are real-valued, mutually independent, stationary Gaussian random pro-
cesses with zero mean and imbalanced variances:
B[ X(t)*] = 0%, E[Ye()]*] = of-

This FB fading forces the all the diffuse components to be modeled by the same Gaussian process.

K Factor: The Rician K factor is generalized to be the ratio of the specular to the scattered powers [22,
Eq. 2]
L ‘
o Sy Isel?
Jr/ X (O‘i— + J;zr) ’

2.3.3 Fluctuating Two-Ray (FTR) Fading

A simpler fading model that aligns well with the simulated UAV channels in this report is is Fluctu-
ating Two-Ray (FTR) Fading that employs only two fluctuating Rician rays [23, Eq. 2]:

hetr(t) = V(O {s1 + 521 + g(t)

Specular Power: As in FB [ading, the fluctuations apply to both specular components s; and s».
The fluctuations are modeled as a Nakagami-m random processes {{({)} with a squared unit-mean
E[|¢(t)|?] = 1 or, equivalently, a Gamma distributed random variable with probability distribution [23,
Eq. 3]

,,,.nmum—l

I'(m) ¢

—Tnvik

pelu) =

Scattered Power: The complex-valued, zero-mean, stationary Gaussian process X (1) + 7Y (1) models
the “combined reception of numerous weak, independently-phased scattered waves” with

E[IX@)P], E[Y (D] = o*.

Although FTR fading is a special case of FB fading, the former paper offers the following insight with
respect to shadowing and this report that calls out as “heavy shadowing” [23]:

the word “shadowing” was used when the models [1, 20] were introduced, these models
should not necessarily be linked to the large-scale fading phenomena also called shadow-
ing, due to a complete or partial blockage by obstacles many times larger than the signal
wavelength. Instead, these models reflect any amplitude fluctuation in the specular waves
(e.g., say human-body shadowing, variations in the propagation condition, or fast moving
scatterers) that takes place over the time period of interest.



3. THE UAV PLATFORM

This section selects a UAV platform, an antenna, an antenna location on the platform, and computes
the resulting antenna patterns. The antenna patterns are placed in the 3-D digital city and carry the
UAV’s broadcasts to the street-level receivers as computed by NEC-BSC. Section 3.1 selects the Coyote
as the UAV platform. Section 3.2 selects a bottom-mounted 1-inch whip antenna. Section 3.3 shows the
vertical and horizontal antenna patterns shaped by the UAV’s geometry. Features of these patterns verify
that the UAV is correctly placed and oriented in the 3-D simulations.

3.1 THE UAV

The Coyote was developed by BAE under an ONR grant for Intelligence, Surveillance, and Re-
connaissance (ISR) operations. The typical ISR payloads are Electro-Optical (EO) or Infra-Red (IR)
cameras and data transmitters. Figure 3 shows a Coyote used for weather research and the P-3 aircraft
that serves as the launch platform. Table 3 details the standard Coyote performance bounds.

Figure 3. Coyote employed for hurricane research; launched from the P-3 in the background [18]
(Figure courtesy of NOAA).

Table 3. Coyote performance and specifications.

Endurance 90 minutes ISR collection
Max Altitude 20,000 ft AGL
Speed 60-85 knots
Weight 12-14 pounds
Wing Span 58 inches
Length 3 feet (approximately)
Control line-of-sight radio link (VHF or UHF)



3.2 BOTTOM-MOUNTED WHIP

Figure 4 shows the Coyote modeled in NEC-BSC with its local coordinate system that orients the
vehicle in the NEC-BSC simulations.

Figure 4. UAV model and the local z-y-z coordinate system.

Figure 5 shows the wire-frame model of the UAV and the whip antenna mounted on the underside of
the UAV. The next section shows the UAV platform modifies the free-space pattern of the whip antenna.

Whip Antenna

Figure 5. Wire-frame model of the UAV; The 1-inch bottom-mounted whip is located along the z-axis
and directly below the local origin.



3.3 UAV ANTENNA PATTERNS AT 500 MHZ

Figure 6 is the coordinate system on the UAV that defines the electric field of the antenna. Figures 7
and 8 show the vertical Fj and horizontal E electric fields of the antenna. The whip exhibits relatively
strong vertical polarization radiating in the downward hemisphere and broadcasting from the nose and
tail. The horizontal discontinuity in both patterns at zenith # = 90° is caused by mounting the antenna
on the underside of the UAV. There is a discontinuity in the vertical pattern out the nose (¢ = 0°, 360°)
for 0° < 6 < 180°. The next section uses the discontinuities in these antenna patterns to verify correct

alignment of the UAV in the NEC-BSC simulations.

0 (dcg;

(=]
(=]

500MHz_ Prad 1.289377 U.oaa

Coyote

A

X

Figure 6. Electric field components in the local coordinates of the UAV.

Coyote Bottom-Mounted Whip
E (0,¢) at 500 MHz
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Figure 7. E, pattern for the 1-inch bottom-mounted whip; zenith angle 6 sweeps from straight up
0 = 0° to straight down 6 = 180°.



Coyote Bottom-Mounted Whip
E ¢(0,¢) at 500 MHz
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Figure 8. E, pattern for the 1-inch bottom-mounted whip; azimuth angle ¢ sweeps from z-axis ¢ = 0°
toward the y-axis ¢ = 90°.
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4. UAV-TO-STREET-LEVEL RECEIVERS AT 500 MHZ

This section describes the “coverage” that a UAV hovering over a fixed location delivers to street-
level receivers operating within a few city blocks. Section 4.1 introduces the 3-D digital city where the
UAV transmitter hovers over the origin. Section 4.2 compares the channels from the UAV to street-
level receivers. By varying the height of the UAV, the coverage plots show the varying power levels,
shadowing effects of the buildings, and the antenna pattern of the UAV. These simulations verify the
UAV’s antenna pattern is correctly integrated into the NEC-BSC simulations.

4.1 THE DIGITAL CITY

Figures 9 and 10 show the geometry of the digital city in a 3-D view and a top-down view, respec-
tively. The UAV is located directly over the origin and broadcasts to street-level receivers.

Rosslyn, Virginia

/

& B
Py /(
0 /7 =100 x (meters)
100 /
y (meters) - 7
-200

-200

Figure 9. Urban geometry; transmitter is 50 meters above the origin.

The RF propagation in this 3-D city is modeled by NEC-BSC. The propagation code coherently
sums multiple reflections and diffractions produced by the UAV’s transmissions to approximate the 3-D
wave equation. The reflections and diffractions are governed by the dielectrics of the building and the
ground listed in Table 4. The buildings are modeled with roofs and sides as concrete slabs (.3 meters
thick. Windows, iron reinforcements, building features, foliage, and street structures are not modeled.
The ground plane is modeled as a half-plane of asphalt. Consequently, this 3-D urban model produces
representative RF environments. These RF environments model large-scale multi-path behaviors rather
than absolute levels [7]. As such, the channels produced by these simulations are best employed to
reveal relative performance shifts produced by changing of UAV altitude, orientation, frequency, and
bandwidth.
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Rosslyn, Virginia
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Figure 10. Top view of the 3-D urban model; UAV transmitter is 50 meters above the origin.

Table 4. Dielectrics for the 3-D urban simulation at 500 MHz.

Slab Relative Conductivity Loss References
thickness | Permittivity Tangent
Buildings | 0.3 (m) 6.0 0.01 (S/m) — [6]
Asphalt | Half plane | 2.56 — 0.0011 [24, 4-30]

4.2 UAV COVERAGE OF THE CITY

Figures 11, 12, and 13 plot the channel magnitude |A( fo; rr, rr)|? of Equation 1 as a function of
the position r7 of the UAV and the position rg of the receiver at fo = 500 MHz:

rr=1[0 0 z¢]" 2 —50,100,150 [m]
T
rr=[rr yr zr] zr=2 [m]

The channel takes the signal from the input terminals to the bottom-mounted 1-inch whip to the output
terminals of the street level receiver’s half-wavelength (0.3 m) vertical dipoles operating two meters
above the street. The UAV is aligned with the city’s coordinate system: the nose of the UAV is parallel
to the city’s x axis, the wings ol the UAV align with the city’s ¥ axis, and the UAV is level. Figure 7
shows the UAV antenna pattern is almost vertically polarized with a characteristic “gap” in the local x
direction. This gap is observed in all the coverage plots where a line is seen running from the origin
parallel to the city’s z axis. This gap is caused by the discontinuity in the vertical antenna pattern out
the nose of the UAV (See Section 3.3). Likewise, all coverage plots show the null produced by the
bottom-mounted antenna located over the origin. These observations provide some verification that the
UAV’s antenna pattern is correctly integrated into NEC-BSC.
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Channel at f=0.5 GHz; RX z=2 (m)
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Figure 11. UAV coverage at 500 MHz; UAV transmitter is 50 meters above the origin.
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Figure 12. UAV coverage at 500 MHz; UAV transmitter is 100 meters above the origin.
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Channel at f=0.5 GHz; RX z=2 (m)
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Figure 13. UAV coverage at 500 MHz; UAV transmitter is 150 meters above the origin.

4.3 COVERAGE SUMMARY

The first observation about the coverage plots is that features of the UAV’s antenna patterns support
the claim that the UAV or, equivalently, the antenna patterns are correctly placed in the simulations.
Assuming correct placement, the second observation is that these coverage plots reveal multiple trade-
offs that arise as a function of the UAV height.

G-1 The null in the bottom-mounted antenna expands with increasing height.

G-2 Increasing height does not increase coverage until the UAV height exceeds the average building
height.

G-3 Increasing height decreases the average channel strength.

These coverage plots assume the UAV is stationary over the origin and illuminating the street-level
receivers in the city. The next simulations employ a moving UAV and stationary receivers.
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5. UAV TRACKS AT 500 MHZ

This section presents air-to-ground channels as the UAV flies along tracks parallel to the y-axis
while broadcasting to a fixed street-level receiver. The channels show a dense multipath and distinct
propagation regimes that vary with height. Section 5.1 identifies Rician fading as a credible model for the
multipath when there is minimal blockage, When there is heavy shadowing or blockage—distinct from
log-normal shadowing—Gamma fading is identified as a model for this propagation regime. Section 5.2
shows that increasing the height of the UAV’s tracks cause the fading regimes to change. Section 5.3
compares the fading of all the tracks and identifies Fluctuating Two-Ray fading as a credible fading
model for the multipath regimes.

5.1 STRAIGHT-LINE TRACKS AT 100-METER HEIGHT

Figure 14 shows the UAV track parallcl to the y-axis at 100-meters height and locates the UAV on
the track as follows:

xTr 25
rr = \yr| = |yr|; 0<yp <300 [m].
T 100

Referring to the UAV’s coordinate system in Figure 5, the UAV flies along this track with its nose
aligned with the y axis, its wings aligned with the 2 axis, and the bottom-mounted antenna pointing
straight down.

Rosslyn, Virginia

100

50

v (meters)

100 x (meters)

Figure 14. UAV y-axis track at 100 meters height (red line) in the 3-D city; street-level receiver marked
by the (blue) “thumbtack” with height exaggerated for clarity
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Figure 15 presents the top view of the UAV track and shows the 2-axis offset to avoid buildings. The
UAV broadcasts to a street-level receiver at the fixed location:

rp = [150 200 2].

This receiver is equipped with a half-wavelength (0.3 m) vertical dipole operating 2 meters above the

street.

y (meters)

150

100

50

Rosslyn, Virginia

=
i

100 150
X (meters)

250 300 350

Figure 15. Top view of the UAV’s y-axis track (red line); offset from the y-axis by z1 = 25 meters;
street-level receiver marked by the (blue) dot.
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Figure 16 plots the rays at selected points along the track. The figure shows that the channel gets
stronger as the UAV travels along the track because there is less blockage and shadowing by the build-
ings.

10 dB 30 dB

x (meters)

Figure 16. Rays from the UAV along the y-axis track to the street-level receiver at =150, yr=50,
zp=2 meters. The color code shows relative attenuation.

Figure 17 shows the resulting channel ensemble as a function of the UAV’s position along the y-axis

track:
L

hyr;™) =Y he(yr)d(r — mu(yr)) (7
=1

and is analogous to the delay spread function of Equation 6 except yr is the variable that indexes each
channel rather than time . This image shows the channel consists of a few strong paths spread between
0.5 and 1.5 p-sec. Figure 18 is an estimate of power-delay profile computed by averaging the delay
spread function along the y axis. The power-delay profile verifies that this UAV channel is spread in
delay from 0.5 to 1.5 p-sec and consists of two strong paths. Further discussion requires a bandwidth
assumption.
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Delay Spread Function: 500 MHz; z;=100 (m)
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Figure 17. Delay spread function h(y, 7); UAV flying along the y-axis track broadcasting the
street-level receiver at x =150, yr=50, 2r=2 meters.

Power-Delay Profile: 500 MHz; z;=100 (m)
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Figure 18. Power-delay profile; UAV flying along the y-axis track at 100 meters height broadcasting to
the street-level receiver at z =150, yr=50, 2zp=2 meters.
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If the channel is modeled assuming a bandwidth f5 of 1 MHz or less, the strong paths in the delay
region from 0.5 to 1.5 ps cannot be resolved. Therefore, one narrowband channel approximation of
Equation 7 is

L
hng(yr; T) = {Z hﬂ(?ﬂ“)} o7 — 7o),
—1

where the gross delay is 7o = 1 ps. Figure 19 plots the magnitude of this channel as a function of the
UAV’s position along the 50-meter track. There are two distinct fading regimes

* Heavy shadowing: 0 < y7 < 140 meters,

» Multipath fading: 140 < y7 < 300 meters.

Coyote Channel: zT=100 meters; 500 MHz
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Figure 19. Narrowband channel amplitude from the UAV flying the y-axis track at 100 meters height
broadcasting to the street-level receiver.

Figures 20 and 21 “identify” potential fading processes to model these two fading regimes. The
heavy shadowing admits Gamma fading [4] whereas the multipath regime admits Weibull, Nakagami,
or GEV fading. However, the quotes call out that goodness-of-fit tests are sensitive to both the correlation
between samples and outliers. Consequently, a physics-based approach identifying fading processes is
always preferred. The forthcoming wideband channel analysis shows that this multipath regime consists
of two Rician paths exhibiting fluctuations on the Line-of-Sight (1.oS) components. Such generalized
Rician processes are an active research area and the resulting models subsume Nakagami, Rician, log-
normal, and Hoyt fading [23], [22]. Section 5.3 analyzes the multipath fading in this 100-meter track
and verifies that a fluctuating two-ray Rician model produces a good approximation to this fading.
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Goodess-of-fit: | i(y)| for y <140
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Figure 20. Fading models; shadowing in the first part of the track.

Goodess-of-fit: | i(y)| for y > 140
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Figure 21. Fading model; multipath in the later part of the track.
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5.2 STRAIGHT-LINE TRACKS AT 150 AND 200 METERS HEIGHT

The final simulations move the UAV to greater heights. Figure 22 shows the UAV’s channel when
flying the y-axis track at zz = 150 (m) height. The multipath fading is still identifiable in the multipath
region (140 < yr) whereas the shadowing region (yr < 140) shows multipath in 0 < yr < 50.
Figure 23 moves the UAV up to 27 = 200 (m) height. The multipath fading is still seen in the multipath
region but exhibits “fatter” lobes. The shadowing region continues its migration from shadowing to
multipath with increasing height. These 100-, 150-, and 200-meter tracks belong to the ensemble of
tracks with variable heights. The next section examines such ensembles of tracks to explain these fading
regions.

Coyote Channel: z. =150 meters; 500 MHz
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Figure 22. Narrowband channel amplitude from the UAV flying the y-axis at zp = 150 (m) broadcasting
to the street-level receiver.

Coyote Channel: zT=200 meters; 500 MHz
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Figure 23. Narrowband channel amplitude from the UAV flying the y-axis track at zp = 200 (m)
broadcasting to the street-level receiver.
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5.3 FADING SUMMARY

The UAV simulations of the y-axis tracks flying at 100, 150, and 200 meters height reveal two
distinct fading regimes:

 heavy shadowing,
* multipath fading.

Figure 24 justifies “multipath” by comparing the multipath fading on the 100-meter track (Figure 19) to
a Fluctuating Two-Ray (FTR) fading model of the form

hetr(yr) = hsLow(yr) - {1 + pexp(i2nkpyr)} + g(yT).

The slow fading {hsrow(yr)} is estimated from the 100-meter track and plotted in both panels for
clarity. The FTR model consists of two paths with spatial “Doppler” frequency kp ~ 11 meters, a path
ratio p = 0.8, and a small Gaussian noise {g(y7)} term. Figure 24 shows that this FTR model captures
most of the multipath fading. Therefore, developing robust FTR estimators and identifying slow fading
processes are recommendations in Section 11.

Multipath Fading on the 100-meter Track

dB
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Fluctuating Two Ray (FTR) Fading
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Figure 24. Upper panel: Multipath fading plotted with the slow-fading component. Lower panel:
Simulated FTR fading plotted with the slow-fading component.
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6. TRACK STRUCTURES IN 2-D VERTICAL SLICES AT 500 MHZ

This section examine vertical “slices” of the narrowband channels to understand how the y-tracks
of the preceding section behave as a function of the UAV height. Section 6.1 fixes the street-level
receiver and varies the UAV’s location over y and z at a fixed downrange distance. These y-z slices
are graphical explanations of the fading regimes: buildings cause shadowing; non-shadowed regions
exhibit two-ray fading. Section 6.2 moves the slices down range to observe increasing shadowing and
slower spatial interference. Section 6.3 reports these findings: (i) simple geometry explains how the
building’s shadows expand as the slices move downrange (ii) the non-standard fading is caused by the
UAV traveling across the face of an interference ring rather than traversing the rings as is typical for
ground-level vehicles.

6.1 VERTICAL SLICE AT X, = 25 METERS

As in the preceding section, the UAV broadcasts from position rr through a bottom-mounted 1-inch
whip to the street-level receiver at fixed location rg equipped with a half-wavelength (0.3 m) vertical
dipole. The receiver’s location is fixed:

TR 150
rp = |yr| = |200 [m].
ZR 2

xT 25
rr = |yr| = |yr| [m].
2T 2T

Figure 25 shows the channels in the y-z slice. As in the preceding track simulations, the UAV is aligned
with the y-axis and flying level parallel to the y-axis.

Rosslyn Slice: f,=0.5 GHz; RX-LOC=[ 150 100 2] (m)
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Figure 25. UAV channels at 500-MHz to the street-level receiver; UAV is on the slice at = = +25
meters.
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Figure 26 puts this slice in the city to orient the UAV channels to the 3-D geometry. The vertical slice
explains the fading regions observed along the y-axis tracks of Section 5. The vertical slice shows that
buildings cause heavy shadowing in the shadowing region (y7 < 140), provided the UAV is below 120
meters. This vertical slice also explains the fading transition to a multipath in the shadowing region with
increasing height—the tracks at 150- and 200-meters height are not blocked but traversing a multipath
region. In the multipath region (yr > 140), the 100-, 150- and 200-meter tracks are indeed flying
through a classic two-ray interference region with the lobes “fattening” with increasing height.

Rosslyn, Virginia
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Figure 26. UAV channels at 500-MHz; UAV is on the slice at z7 = 425 meters. The street-level
receiver is at zp = 150, yp = 200, 2 = 2 meters.

6.2 VERTICAL SLICES MOVING DOWNRANGE

The next series of images move the vertical slices further away from the receiver to reveal the effect
of shadowing and blockage by the buildings.

Slice at —50 meters: Figure 27 moves the slice down the z-axis to 7 = —50 meters. Figure 28 puts
this slice in the city’s 3-D geometry. The consequence for this move is that the building increases
shadowing up to 140 meters in the first part of the track (y7 < 140). The interference tends to a
circular pattern centered at y ~ 125 meters.

Slice at —100 meters: Figure 29 slices the UAV channel at 27 = —100 meters. Figure 30 shows that
a low building blocks the lower heights while the buildings now shadow the entire first part of the
track (y7 < 140). The remaining interference still shows the circular pattern centered at y ~ 150
with the interference rings getting “fatter” compared to the rings at © = —50 meters.

Slice at —200 meters: Figures 31 and 32 slices the UAV channel at 27 = —200 meters. The buildings
are shadowing the entire first part of the track (yr < 140) and the interference rings are even
“fatter” than the previous slices.
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f=0.5 GHz; RX-LOC=[ 150 100 2] (m)
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Figure 27. 500-MHz channels from the UAV to the street-level receiver; UAV is on the slice at

xp = —50 meters.
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Figure 28. UAV channels at 500 MHz in the 3-D city; UAV is on the slice at zr = —50 meters.

Street-level receiver is at .z = 150, yp

= 2 meters.
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Rosslyn Slice: f C=0‘5 GHz; RX-LOC=[ 150 100 2] (m
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Figure 29. UAV channels at 500 MHz to the street-level receiver; UAV is on the slice at 27 = —100
meters. Street-level receiveris at zx = 150, yr = 200, 2z = 2 meters.
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Figure 30. UAV channels at 500 MHz in the 3-D city; UAV is on the slice at z = —100 meters.
Street-level receiver is at iz = 150, yr = 200, zg = 2 meters.
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Rosslyn Slice: £, =0.5 GHz; RX-LOC=[ 150 100 2] (m)
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Figure 31. UAV channels at 500 MHz to the street-level receiver; sliced at =7 — —200 meters.
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Figure 32. UAV channels at 500 MHz in the 3-D city; UAV in on the slice at 2y = —200 meters.
Street-level receiver is at xy = 150, y = 200, 2z = 2 meters.
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6.3 FADING ANALYSIS

Figure 33 illustrates the associated shadow geometry. For a ground-level receiver located a distance
dp from a building with height /i 5, that building’s shadow height /i 4 increases linearly as the distance
d 4 increases from the building:

h
ha — (da +d;;)£.

This simple shadow geometry explains the growing shadows cast by the several buildings as the slices
move down range.

h

.
>

d > < d

A

B

Figure 33. UAV shadowing geometry.

The slices also explain the multi-mode nature of the narrowband fading observed in Section 5 that
varied with UAV height:

F-1 Increasing UAV height transitions the fading from shadowing to multipath.
F-2 The rapid switching between fading regions is caused by the UAV flying across shadowing regions.
F-3 The multipath regions exhibit classic two-ray interference.

Consequently, F-1 identifies the city’s buildings as causing the heavy shadowing. This identification
points to physics-based fading models in these regions, such as the recent advances in the Gamma
distribution [2], [4], [26]. F-2 points out that the rapid switching between fading regions requires the
radios to adapt to this switching. F-3 identifies classic two-ray interference pattern in the multipath
region. The twist is that the observed non-standard interference is caused by the UAV traveling across
the face of an interference ring rather than traversing the rings that are typical for ground-level vehicles.

Up to now, the UAV channels are narrowband. The next section examines wideband UAV channels.
The finding is that the narrowband fading is caused multiple paths observed in the wideband delay spread
function.
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7. WIDEBAND TRACKS AT 500 MHZ

Wideband channels reveal additional insights into the fading along the UAV tracks. The two fading
regimes—heavy shadowing and multipath fading— are displayed in the spectral plots of the channel.
Bringing these channels into the time domain reveals the multipath and the fading. Section 7.1 reports
on the wideband fading for the UAV flying a straight-line track at 100 meters height. At this height, the
channel splits into two paths: the multipath region shows fast fading on two paths; the heavy shadowing
region shows slower fading on one path. Section 7.2 raises the track height to 200 meters. This height
puts the track into multipath region with relatively slow fading on two paths. Section 7.3 observes that
the narrow-band fading regimes are present in these wideband channels.

7.1 WIDBAND TRACKS AT 100-METER HEIGHT

The UAV broadcasts from position ry through a bottom-mounted 1-inch whip to the street-level
receiver at fixed location rg equipped with a half-wavelength (0.3 m) vertical dipole:

g 25 TR 150
rr(yr) = |yr| = |yr |; rr= |yr| = [200 [m].
2T 100 2R 2

Figure 34 displays the wideband channel as the UAV travels along the 100-meter track and transmits to
the street-level receiver.
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Figure 34. The 10-MHz channel centered on 500 MHz; UAV on the track at 100-meter height
broadcasting to the street-level receiver.

The figure displays the channel as a function of UAV position y7 and frequency f:
[h(f;er(yr),er)* [4B]

and is analogous to the time-varying transfer function [5]. The “hat” denotes the Fourier transform

A(f;rolyr), rR) = / eI (s po(yr), TR)dT,

—o0

where h(7;r7(yr), rr) is the spatial analog of the delay spread function of Equation 6.
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Context for this figure is found in two preceding plots. Figure 19 shows the narrowband fading at
500 MHz. Figure 25 is the associated 2-D slice showing the initial portion of the track is shadowed by
the buildings while the remainder of the track is well modeled by two-ray fading:

* heavy shadowing: 0 < yr < 100 [m]
» multipath fading 150 < y7r < 200 [m]

Figure 34 extends these narrowband slices to a 10-MHz bandwidth to reveal the fading in the heavy
shadowing region is almost independent of frequency whereas the multipath region shows that the fading
varies with frequency. Pulling this wideband channel into the time domain makes explicit the fading in
these two regions.

Estimating a delay spread function from a bandlimited observation of its spatially varying transfer
function requires windowing the inverse Fourier transform:

Wriveee) — [ eUR e e ()

—oo

This report employs Gaussian windows:

1 12
wi{t) — —exp| —7m—
Wi p( té)

where the scaling in the time domain is rigged for unit area:

- /  wbyd.

— o0

If the channel is to deliver a time resolution At at level wq defined as

wo = lew(At/2),

Lo At -7
¢ log(wp)

The next two figures estimate the delay spread function using time resolutions of At = 1 and 0.5 ps.
The wideband channel shows that there are two paths hidden in the fading.

Figure 35 shows the delay spread estimate with the time resolution At = 1 us for wy = —20 dB. The
estimate shows one path at 7 ~ 0.8 ps. This path attenuates in the heavy fading region (0 < yr < 100
meters) but is the dominate path in the the multipath region (100 < y7 < 250 meters). The estimate also
shows a weaker second path with variable delay: 0.8 < 72(y7) < 1.5 ps. Increasing the time resolution
provides finer detail of the two paths.

Figure 36 employs Af = 0.5 us resolution while still using wy = —20 dB. The delay spread function
shows the two paths with finer delay resolution: the strong path at 71 = 0.8 s delay; the weaker path
with time-varying delay now resolved to 1.0 < 7a(yr) < 1.5 us. The closest model in the literature
to this fading is the Fluctuating Two-Ray (FTR) fading [22]. The heavy shadowing region reduces the
magnitude of both paths and slows the fade rate of both paths. These observations are consistent with
the narrowband channels of Section 5.1.

the time spread t¢ is set at
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Figure 35. Delay spread estimate of the 10-MHz channel centered on 500 MHz; UAV on the track at
100-meter height broadcasting to the street-level receiver; Gaussian window with 1-us resolution.
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Figure 36. Delay spread estimate of the 10-MHz channel centered on 500 MHz; UAV on the track at
100-meter height broadcasting to the street-level receiver; Gaussian window with 0.5-us resolution.
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7.2 WIDBAND TRACKS AT 200-METER HEIGHT

Figure 37 shows the wideband spatially varying transfer function plotted over a 10-MHz band cen-
tered on 500 MHz as the UAV flies the y-track at 200 meters height. Two preceding plots provide
explain the slowly varying interference pattern. Figure 23 shows the narrowband interference at 500
MHz. Figure 25 is the associated 2-D slice showing that the y-track at 200 meters is lifts the UAV out
of the shadowing by the buildings—the wideband channel is only registering two-path interference.
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Figure 37. The 10-MHz channel centered on 500 MHz; UAV on the track at 200-meter height
broadcasting to the street-level receiver.

Figure 38 estimates the delay spread function using the 0.5-us window. This figure shows the fading
consists of a strong path at nearly constant delay of 0.8 us and a weaker path with delay varying from
1.0 to 1.5 ps. This weaker path consists of two sub paths in 0 < yr < 90 meters that merge into a single
path. Because this second path is substantially weaker than the first path, this three-path modeling is
not significant for this channel modeling. What is significant is that there are two paths and that the
FTR fading is still a credible fading model. Therefore, development and application of FTR fading is
a recommendation called out in Section 11. Other windows, such as the Kaiser window [12], provide
different tradeoffs for delay spread estimation. Assessing windows a lower priority and not included in
the recommendations of Section 11.
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Figure 38. Delay spread estimate of the 10-MHz channel centered on 500 MHz; UAV on the track at
200-meter height broadcasting to the street-level receiver; Gaussian window with 0.5-us resolution.

7.3 WIDEBAND CHANNEL SUMMARY

The extra bandwidth of these wideband channel simulations reveal that multiple paths underlie the
fading observed in the narrowband channel simulations. For example, the narrowband simulations of
the UAV flying the y-track at 100 meter height show an interference pattern characteristic of two paths
in Figure 19. This narrowband fading conjecture is verified by the wideband simulation that does show
two paths in Figure 36. The payoff of these wideband simulations is:

* Verification of the paths in the multipath and heavy shadowing regions,
e Verification that some paths have time-varying delays 7;(t).
This verification of the multiple paths simplifies the channel modeling—the fading of the narrowband

channels is representative of the wideband channels up to 10 MHz. Therefore, the remainder of this
report employs the narrowband channel.
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8. UAV AS A RELAY

This section assesses the performance shift that a UAV relay delivers over direct ground-to-ground
communication. Figure 39 illustrates the two-node simulation. Node 1 and Node 2 are located at ry and
r, respectively. These street-level nodes operate at at 500 MHz through half-wavelength (0.3 m) vertical
dipoles. Section 8.1 computes the ground-to-ground channel between Node 1 and Node 2. There is no
line-of-sight—the channel between the two nodes consists of multiple rays that arrive by reflections
and diffractions. Section 8.2 computes the UAV-relay channels connecting both nodes when the UAV
operates at 150 meters height. Section 8.3 compares the ground-to-ground channel to the UAV-relay
channels. The payoff is that the UAV-relay delivers five times throughput over the ground-to-ground
channel at 1 Watt total power. The UAV-relay still delivers over three times throughput at 0.1 Watt total

power. Assessing throughput as a function of UAV height and linking to the city’s average geomelry is
an ongoing investigation.
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Figure 39. Top view of Node 1 and Node 2.
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8.1 GROUND-TO-GROUND CHANNELS

The narrowband channel linking Node 1 and Node 2 at fo = 500 MHz is computed by NEC-BSC
to have gain
|h(feirr2)® — —115 [dB].

The flat external urban noise model across a fg — 1 MHz band is [13]:
py = —121 [dBW].

This external noise is distinct from the internal radio noise. By using only this external noise rather
than the summing both the external and internal noise, the resulting SNR estimates are upper bounds.
The performance shifts of the SNR arise from differences in the signal models and not the noise model.
Therefore, using the external noise model is sufficient for this report. Figure 40 plots an upper bound on
the link’s throughput [10, Equation 4.1]

Ry, = fplog, (1 + p—Tlhlg)
PN

as a function of transmit power for fixed noise p and channel |h|?. This plot benchmarks the UAV
relay channel between these two nodes.

Node 1 to Node 2: R, = fp logy(1 + |h|*pr/px)

500 MHz; fp = 1 MHz

fe

2 1 1 1 1 1 1 1 1
1 2 3 - 5 6 7 8 9 10
pr (Watts): py = —121 dBW; |h|? = —115 dB

Figure 40. Throughput versus power for the ground-to-ground link between Nodes 1 and 2.
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8.2 GROUND-TO-UAV

Figure 41 shows the channels from each node to the UAV operating at 150 meters height. In both
channels, there is a null directly over each ground node caused by their vertical antennas. The aver-
age Node-to-UAV channel over this region is approximately —84 dB. The ground-to-ground link has a
gain of —115 dB. Although relay systems can exploit this 30-dB difference, especially by reducing RF
emissions from the nodes, not all UAV positions deliver this gain.

RX-to-UAV C'Illllnl‘l:f(P 0.5 GHz RX-to-UAV Chnnncl:f(,= 0.5 GHz
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Figure 41. Node-to-UAV channels at 500 MHz.

Figure 42 is a “worst case” for employing the UAV as a relay between the two nodes. This coverage
plot is generated by plotting the weakest channel in the two coverage plots of Figure 41. For example,
each coverage plot show the nulls caused by the vertical antennas are visible at both nodes. Figure 42
shows both nulls providing verification of “worst case”. This plot provides a lower bound on relay per-
formance by requiring the up- and down-links to overcome the worst channel. Figure 43 is a histogram
of these worst channels. Most channels center around —88 dB but there is a relatively long tail down
to —120 dB. Although ground-to-ground channel has gain —115 dB, 79% of the worst-case channel
exceed —95 dB. Comparison of the average throughput clarifies the performance shift this UAV relay
delivers.
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Figure 42. The worst Node-to-UAV channel at 500 MHz.
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Figure 43. Histogram of the worst Node-to-UAV channels at 500 MHz; UAV flies at 150 m.
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8.3 PERFORMANCE SHIFT DELIVERED BY THE UAV RELAY

Any relay scheme assumes wireless power control, even if the power allocation is set at the outset. A
simple power allocation equally divides the total relay power ps; between the transmitting node’s power
pr and the UAV’s transmitting pyav:

Py — pr -+ Puav: Pr.Puav — Px/2.

The associated Shannon rate for this UAV relay—not accounting for latency—is computed at each UAV
position as

2
Ry(ruav) = [B - log, (1 + |hMIN(rUAV)2p§_:r) [Mbps].

Figures 44 and 45 are the histograms of this Shannon rate for total relay power ps; = 1 and 0.1 Watts
using the same bandwidth and noise as the ground-to-ground link in Figure 4(. The ground-to-ground
link delivers approximately 2.1 Mbps at 1 Watt. The UAV relay rate using py; = 1 Watt, (equivalently,
0.5 Watts between the ground nodes and the UAV) shows an average rate of approximately 10 Mbps
with only a small fraction of the links failing to deliver more than 0.5 Mbps. Reducing the power to
py; = 0.1 Watts still shows an average rate of approximately 7 Mbps and a relatively small fraction of
the links delivering less the 2.1 Mbps on on the ground-to-ground link.

h=min{ TX-UAV, UAV-RX}: f C=500 MHz
2
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Figure 44. Relay rate; UAV at zp = 150 (m) height; fz = 1 MHz; py, = 1 Watt.
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Figure 45. Relay rate; UAV at zp = 150 (m) height; fg = 1 MHz; py; = 0.1 Watt.
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9. CIRCULAR TRACKS

Flying the UAV around a circular track illustrates the opportunities afforded by UAV “loitering”
schemes. Section 9.1 sets out the geometry of the circular track and the street-level receiver. Section 9.2
flies the UAV around circular track: the wings are level and the antenna is vertical. The fading exhibits
deep nulls but is periodic. This periodic fading could be “learned” by a smart radio to manage through-
put. Section 9.3 flies the UAV around the circular track rolled at 45°. The fading exhibits still exhibits
deep nulls but pointing the main load of the UAV’s antenna into the city raises the overall gain by 10 dB.
Both sections show opportunities to boost throughput.

9.1 CIRCULAR TRACK AT 200 METERS

Figure 46 is a 3-D view of the city and the circular track of the UAV. The circular track is 400 meters
in diameter, raised to a height of 200 meters, and centered on ry — [100, 100, 200]" meters. The
circular track is parameterized by the azimuth angle ¢ measured from ry:

100 cos(o)
rr(¢) = [100| + 200 [sin(¢)| [m].
200 0

The UAV broadcasts to a street-level receiver fixed at xrp = 150, yp = 100 meters. Figure 47 is a top
view of this geometry clarifying relation between the circular track and the street-level receiver.

Rosslyn, Virginia
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Figure 46. Circular track and the receiver; the large “thumbtack” marks the location of the street-level
receiver.
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Figure 47. Top view of the circular track and the receiver.

9.2 UAV FLYING THE CIRCULAR TRACK WITH 0° ROLL

The orientation of the UAV is determined by its location along the circular track. Referring to
Figure 5, the nose of the UAV or the unit vector X points along the tangent vector to the circular track,
the wing or the unit vector ¥ is horizontal, and Z is the cross product of X and y. Figure 48 views the cross
section of the UAV’s track along y-axis when the UAV has flown halfway around the circle. The vertical
and horizontal antenna patterns of Figures 7 and 8 orient their spherical coordinates to this moving X-y-z
coordinate system attached to the UAV.

>I—> &)
"-‘,)

200 m

< 200 m

Figure 48. Vertical cross section of the circular track at azimuth ¢ = 180° showing the UAV’s
orientation; X points out of the paper.
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Suppressing this orientation, the channel at f — 500 MHz is the mapping
¢+ |h(feirr(d),rp)* [dBl; rp=[150 100 ] [m]

plotted in Figure 49. This circular track exhibits a deep null at ¢ = 180° similar to the deep null
observed in the linear tracks (See Figure 23). This null provides verification that the antenna pattern is
correctly integrated onto the circular track. This fading repeats everytime the UAV completes an orbit,
This periodic fading provides channel knowledge to the radio system to boost throughput.
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Figure 49. Channel on the circular track.

9.3 UAV FLYING THE CIRCULAR TRACK WITH 45° ROLL

The final simulation files the UAV flying around the circular track at constant roll of 45°. Figure 50
shows the cross section of the UAV’s track viewed along the y axis when the UAV has completed half
the circle flying with a constant roll of 45°. The vertical and horizontal antenna patterns of Figures 7
and 8 orient their spherical coordinates to this coordinate system.
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Figure 50. Vertical cross section of the circular track at azimuth ¢ = 180° showing the UAV flying with a
constant roll of 45°; X points out of the paper.
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Figure 51 shows that rolling the UAV by 45° boosts the channel gain over the non-rolled channel
(Figure 51). When the UAV is rolled 45°, the antenna points at the street-level receiver with zenith
6 = 90° from the region of maximum gain. In contrast, when the UAV is flying the circular track with
zero roll, the antenna points at the street-level receiver with zenith € /~ 135° or when the gain pattern is
rolling off to its null at @ = 180°. This shift in the gain caused by the roll provides another verification
that the antenna pattern is correctly integrated onto the circular track.

Rosslyn Circular Track: 0.5 GHz

— -70 T T

=]

(="

Wy

q-‘

A -80 &

(¥

E

E o~

'E‘g 90

£ G

i

oWt 00 -

T

S g

= B,

S 10t

0 e

=]

e

o

< -120

=

(=]

M -]30 1 1 1 L | 1 1
0 50 100 150 200 250 300 350

¢ (deg): RX-LOC=[ 150 100 2] (m)

Figure 51. Channel on the circular track; UAV rolled 45°.

9.4 CIRCULAR TRACK SUMMARY

This section focused on flying the UAV around the circular track with and without a roll. Neverthe-
less, some the resulting channels in Figures 49 and 51 show that:

* The UAV can increase gain by pointing the main beam into the city,

» Periodic fading on the circular track provides channel knowledge for the radio system to adapt to
this orbiting UAV.
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10. UAV RELAY ON A CIRCULAR TRACK

This final simulation flies the UAV around a circular track and compares the UAV relay on this track
to the UAV relay over the 2-D region in Section 8. Figure 52 is a top view of the city, the circular track
of the UAYV, and the two nodes. As in Section 9, the circular track is 400 meters in diameter, set at 200
meters height, and centered at 7 = 100 and yr = 100 meters. The UAV flies around this circular track
with wings level or zero roll angle (See Figure 48).

Rosslyn, Virginia
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Figure 52. Top view of the circular track and the two nodes.

10.1 UAV CHANNELS ON THE CIRCULAR TRACK

Figures 53 and 54 show the UAV-to-Node channels {h;(¢)} and {h2(¢)}. Both channels show
heavy shadowing and multipath fading. Both channels show a deep null when the UAV is closest to
the associated node. This null is caused by the upward pointing null of whip antenna employed by the
nodes. Figure 55 shows the worst channel

|hmin(¢)| = min {|ha()], |ha(d)]}

that determines a lower bound on the throughput of the UAV relay.
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Figure 53. Channel on the circular track at Node 1.
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Figure 54. Channel on the circular track at Node 2.

46



Circular Track: Worst UAV Channel
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Figure 55. Worst channel relay on the circular track.

Throughput requires allocating power between the up-link and the down-link. A simple power
allocation equally divides the total relay power py; between the transmitting node’s power pr and the
UAV’s transmitting puav:

ps = pr +puav; Pr,puav = px/2.

The associated Shannon rate for this UAV relay—not accounting for latency—is computed at each UAV
position as

Ry(9) = fB - log, (1 + |h'MIN(¢)|2p;:—[{r2> [Mbps],

where the additive noise has power py = —121 dBW. Figure 56 shows the histogram of this throughput
on the circular track. The UAV relay delivers 9.1 £ 2.8 Mbps using total power py; = 1 Watt. Using
the same power, the ground-to-ground relay delivers only 2.1 Mbps. The tail of the histogram shows
that only a small fraction of the channel perform worst than the ground-to-ground link. In terms of
stealthiness, the UAV relay delivers almost five times the throughput with the ground nodes emitting
half the power.
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Circular Track: Worst UAV Channel
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Figure 56. Histogram of the worst channel throughput on the circular track; equal-power allocation;
Py = 1 Watt

10.2 SUMMARY OF THE RELAY

The circular relay (CR) track retains a “sufficient” sample of the 2-D coverage of Section 8 to deliver
a statistically significant shift in throughput with less power subject to the following considerations:

CR-1 Latency is ignored.
CR-2 The channel is known.
CR-3 Equal power allocation.

Latency has a substantial effect in relay networks [15] and requires a per-packet simulation, such as the
EMANE simulation [8]. The fundamental problem is wireless communication is knowing the channel.
It the nodes are stationary, the channel can be “learned” after a couple of UAV orbits. Consequently, a
UAV relay operating in a loitering pattern should enable high-quality channel estimation, efficient power
allocation, and latency mitigation, and extensions to multiple UAVs [28], [29], [30].
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11. UAV CHANNELS: SUMMARY AND RECOMMENDATIONS

These UAV simulations quantify the fading and spectra of the wireless channels interacting with
mobile ground forces—assuming a 1-inch bottom-mounted whip on the UAV, half-wavelength vertical
dipoles used by all ground-level nodes, and operating at 500 MHz. Even under these specific assump-
tions, the simulations produced the following observations repeated here for convenience:

» Both the UAV and ground antenna patterns affect the UAV loitering patterns (Section 4).

* The city’s geometry, particularly building height, governs the fading extrema: heavy shadowing
versus Fluctuating Two-Ray (FTR) fading (Sections 5 and 6).

» FTR fading appears as a credible model for systems employing a 1 MHz or less of bandwidth
(Section 7).

» The UAV relay both increases capacity and decreases transmission power at the cost of transmit-
ting over a spatially varying channel (Section 8, 9, 10).

These observations support both the modeling of the UAV fading for EMANE simulations and the long-
term payoffs gained by understanding how the UAV antenna patterns interact with the city’s “spatial
filter” to gencrate end-to-end channels. The initial recommendations aim at the fading while the later
recommendations address selecting UAV antennas to assess the performance shift of the UAV relay as a
function of power and throughput.

UAV-1 Develop TR estimators to model the multipath fading observed in to the UAV channels [22].
UAV-2 Extend Gamma fading estimators to model the heavy shadowing [4].

UAV-3 The multipath in the simulations point to employing MIMO systems on the UAV rather than
single antenna systems [3].

UAV-4 The shadowing observed in the lower altitudes and the coverage plots point to simulations seck-
ing optimal UAV loitering tracks based on city geometry (e.g., average building height and density
determine UAV height).

UAV-5 The UAV relay produced substantial gains using only the simplest power control. These ur-
ban simulations are ideal for ranking wireless power control (WPC) algorithms (e.g., the WPC
algorithms must contend against the time-varying channels [14]).

UAV-6 Extend these relay simulations to multiple UAV relays (c.g., UAV loitering patterns should min-
imize power and latency [28], [29]. [30]).

UAV-7 Undertake large-scale simulations in rural scenarios [3].

UAV-8 Extend these urban simulations to model a standoff UAV conducting RF surveillance against
non-cooperative wireless operations,
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