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EXECUTIVE SUMMARY

This report is the second in a series simulating UAV wireless relays supporting small-unit mobile ground
forces deployed in a 3-D digital city. Both reports employ the Coyote as the simulated UAV platform
but use different antennas on the UAV. The first report put a bottom-mounted whip antenna establishing
a baseline performance at 500 MHz. This second report employs a bottom-mounted patch antenna at
5 GHz. Both reports show the UAV relaying between two street-level nodes has more throughput than
the ground-to-ground link. This report shows the UAV loitering over two street-level nodes delivers an
average of 332 Mbps at 1 Watt total power while the ground-to-ground link delivers 0.5 Mbps at the
same power.

The quality of these simulations depends on the quality of the wireless channel simulations. The
wireless channels are simulated by the Numerical Electromagnetics Code-Basic Scattering Code (NEC-
BSC). This code approximates the 3-D electric field to user-specified accuracy. These wireless channel
models encompass the simulated 3-D city, the physics-based multipath propagation, and the electric
field patterns around the antennas of both the UAV and the ground units. These coherent, complex-
valued channels exhibit non-stationary fading, shadowing, and multipath effects that exceed standard
fading models. Given the accuracy of this 3-D solver, the quality of the wireless channel simulations
then devolves to the 3-D digital city. At 5 GHz, the wavelength is 60 mm. Simulating an actual city
with 60 mm features is impossible. Instead, the 3-D digital city in these reports provides representative
simulations. The belief is that the relative performance shifts in the simulations approximate relative
performance shifts obtained in actual cities. One study that backs this belief is [18].

Although both reports assign specific antennas to the UAV and ground-level receivers at 5 GHz,
general observations on the wireless channels of a UAV flying over mobile ground units in a city are
possible:

* Antenna patterns affect coverage and fading (Sections 4, 5, 6).

UAYV height and city geometry, particularly building height, governs fading (Sections 5, 6, 8).

* Channels are well-modeled by the Shadowed Two-Ray Rician fading subject to abrupt switching
between fading regimes (Section 5).

* Employing the UAV as a relay simultaneously increases capacity and decreases transmission
power, at a cost of employing a spatially varying channel (Section 7, 9).

These observations lead to further extensions of the UAV relay performance. The first extension equips
the UAV with multiple antennas and estimates the resulting boost in throughput. Although multiple
antennas exploit multipath, the coupling between the antennas on the UAV—well modeled by NEC-
BSC—sets an upper bound on the multi-antenna gain. Therefore, employing two to four antennas on
the UAV with different polarization is the goal of the next report. The second extension tests signal-
processing algorithms to handle the multiple fading regimes in the UAV channels while adapting to the
spatially varying network of mobile nodes. One component of these algorithms is to learn the periodic
fading of a loitering UAV pattern. Another component exploits knowledge of the city’s spatial statistics
to estimate optimal heights and loitering patterns. The final recommendation is to compare the UAV
channels against over-the-air measurements to assess the quality of the simulated performance shifts.
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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 illustrates the UAV relaying between
two street-level radios. This report finds that a UAV relay averages 34 dB /ess loss than the ground-to-
ground channels between the same street-level radios.

150

100 —

200 e T

’ 7
x (meters) 300

Figure 1. UAV relay between street-level radio nodes.

The UAV relay channel consists of two UAV channels. The UAV channels are measured from the
input terminals of the UAV’s antenna to the output terminals of the antennas of the street-level receivers.
These channels encompass the UAV’s antenna with platform effects, the multipath propagation though
the city, and the resulting electric field surrounding the receiver’s antenna. The simulations show that
the UAV channels are well modeled by multiple rays carrying the UAV’s signal sp(t) transmitted from
the UAV’s location ry to the received signal sg(¢) at the street-level receiver located at rg as

M=

sr(t) =Y he(fosrr,rr) - sp(t — ), )]

(=1

where the ¢-th ray delays the signal by 7, and fades the signal by hy(fc; v, rgr). The multiplication by
the fading implies a narrow-band signal at center frequency fo. As the UAV flies through the 3-D space,
the time-varying position of the UAV at location rp(t) generates time-varying UAV channels:

M=

SR(t) = h@(fc;l’T(t),l'R) . ST(T — Tg(t)). (2)

(=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 UAV relays increase average throughput is at least
ten times (x 10) over ground-level channels in urban noise (Section 7). These simulated gains are limited
by the following assumptions:

* Throughput is bounded by the capacity equation,
» Latency is not modeled,

* Interference is not modeled.
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Despite these limitations, the simulated gain in the relay channel argues that actual UAV relays will still
deliver significant performance over ground-to-ground links. Analysis of throughput as a function of the
UAV’s channel requires a discussion of UAYV, the antennas, the 3-D propagation into the city, and the
propagation effects. This analysis is organized as follows:

Section 2 sets out the technical background: the 3-D propagation code (NEC-BSC), the channel
functions, and selected fading models.

Section 3 describes the UAYV, the bottom-mounted patch antenna, and the UAV platform effects.

Section 4 shows how the UAV “lights” up the city from a fixed position showing the fading caused
by the city’s geometry and the nulls produced by the patch antenna.

Section 5 “flies” the UAV along straight-line tracks of varying heights while broadcasting to a
fixed, street-level receiver. These simulations show the non-stationary fading along the UAV
tracks is caused by the buildings modulating with blockage, shadowing, and delay.

Section 6 explains the fading along straight-line tracks. By stacking hundreds of these tracks,
a vertical “slice” of the channel is produced. These slices show the shadowing and blockage
are caused by the city’s buildings. As the UAV flies through the blockage patterns, the channel
switches across multiple fading regimes.

Section 7 uses the coverage plots to assess the payoff when the UAV is employed as a relay. When
the UAV is loitering over street-level radio nodes, the UAV relay shows substantial throughput
over the ground-to-ground link when both systems operate using the transmit power.

Section 8 undertakes a simple “COST 231" modeling for the UAV flying overhead. The simula-
tions show the COST model bounds the channel gain requiring only rudimentary estimates of the
city geometry. These bounds are useful for link budget but cannot model the distribution of the
channel gains or the rapid fading.

Section 9 flies the UAV on a circular track loitering over a street-level radio node. As with the
linear tracks, the channel shows heavy blockage and shadowing caused by the city’s buildings.
The example shows the potential of “loitering” patterns—ground nodes can “learn” this periodic
pattern and the switching between fading regimes to boost throughput and reduce RF broadcast
power.

Section 10 summarizes the observations about the UAV channels: how the UAV’s antenna pattern
determines coverage, how performance is affected by the city’s geometry coupled with the UAV’s
hieght, and the payoff using the UAV as a relay. This section concludes with a collection of tasks
supporting network emulation and longer-term tasking assessing the payoffs for UAV channel,
especially with respect to stealthy wireless tactical networks.
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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 simulates 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 chan-
nels 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. The simulated time-varying channels are 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 of the receive antenna. The propagation through the 3-D
city is governed by the wave equation [20, Chapter 3]. The Numerical Electromagnetics Code-Basic
Scattering Code (NEC-BSC) computes approximate solutions to the 3-D wave equation in complex
environments by reflection and diffraction modeling [29]. 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) = Euc(f) + Y F(f;a) + D E(fiaqc)
reP(r) e€&(r)
+ Z EY(f;q,) + higher-order terms. 3)
veV(r)

The incident electric field Ej;; . is produced by the direct path from the source to position r, provided
there is no blockage. The electric fields EEP denote the plate reflections. Each field is generated by
a 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 spreading after reflection. The electric fields E€
denote the edge diffractions. Each field is generated by a ray traveling from the source, diffracting on
an edge at position q., and arriving at position r. Each edge diffraction models the dielectric of the
edge and spreading after diffraction. The edge diffractions correct for discontinuities in the incident and
plate-reflected fields. Figure 2 illustrates the diffraction-cone geometry for an edge. The electric fields
E" denote the vertex diffractions. Each field is generated by a ray traveling from the source, diffracting
at vertex gy, and arriving position r. The vertex diffraction terms correct for the discontinuities in the
edge-diffracted fields.

Figure 2. Edge diffraction [30, Figure 2].
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Multiple interactions between plates, edges, and vertices are needed for complex environments. Cas-
cading these interactions determine the higher-order interactions. The higher-order terms compensate
discontinuities in first-order and other lower-order terms. All the second-order interactions are listed in
Table 1.

Table 1. All second-order reflection and 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 [18]. 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. Reflection and diffraction terms to model the electric fields in the 3-D city to 30-dB accuracy.
Order | Terms

0 | Incident

1 | Plate, Edge

2 | Plate-to-Plate, Edge-to-Plate, Edge-to-Edge

The reason NEC-BSC propagates using electric field rather than power is the high-quality antenna
modeling. These simulations model the UAV’s patch antenna to include the effects of the UAV platform.
Section 3.3 shows how the UAV platform affects both the vertical and horizontal electric field patterns
around the UAV. Consequently, the UAV broadcasts rays through this “antenna+platform” electric field
pattern before propagating through the 3-D city and arriving at the receiver’s antenna.

The street-level receivers employ a half-wavelength vertical dipole placed two meters above the
street. These dipoles intercept the multiple rays arriving with polarization affected by the transmitter’s
platform and the interactions listed in Table 2. There is no receiver platform—the vertical dipole inter-
cepts the vertical component of the electric field of each incident ray. The complex-valued voltages are
coherently summed to model the voltages at the output terminal of the receive antenna that arrive at the
same delay (See Equation 3). The coherent sum allows NEC-BSC to model receivers using multiple
antennas. Future extensions of this report will assess receivers carrying multiple antennas to exploit
polarization and multipath [5] and include receiver platforms effects. However, both this report and the
first report compare only the performance shift delivered by different antennas carried by the same UAV.
This comparison eliminates the confounding effects of the receiver platforms from these simulations.

2.2 CHANNEL FUNCTIONS

A classic model of the time-varying channel is the delay spread function {h(t,T)} mapping a trans-
mitted signal s7(t) to a received signal sg(t) as [11]:

sg(t) = /OO h(t,T)sp(t — T)dT. 4)

—00

A classic model of a delay spread function is adapted from [37, Eq. 14-1-5]:

h(t,7) = > he(t)o(T — 7). &)

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

M=

sr(t) = > he(t)sr(t — 7).

=1

If the fading processes {h¢(t)} are wide-sense stationary, uncorrelated, and ergodic [33]:

1 T
Ellhe(t)] = Jim / (0Pt (as)

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 [48, page 77]:

L
Pu(r) = E[|h(t,7)]*] = Y _ E[he(t)]’] 6(r — 70).
(=1

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 [37, Eq. 14-1-5]:

M=

h(t,7) =) he(t)o(1 — 7e(2)). (6)

(=1

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

L
Py(r) = E[|h(t,7)]*] = Y Ellhe(t)[*] pe(r),
/=1

where py(7) is the probability density of the random delay 7y, provided the fading processes {hs(t)}
are uncorrelated, ergodic, and independent of the delay processes {7¢(t)} that also are uncorrelated and
ergodic. This power-delay profile shows the fading power spread over the distribution of each delay.

2.3 SELECTED FADING MODELS

As the UAV travels along its flight path, the spatially varying channel modulates the transmitted
signal. Equation 1 is the narrow-band “multiplicative” or fading noise model. The simulations in the
first report and this report show rapid switching between short- and long-term fading leading to the
composite fading models.

Short-Term Fading [40]: “[when] the received signal fluctuates deeply in a small local
area around the receiver (typically in few wavelengths covered) ...caused by the multi-
path propagation. In the literature, this small-scale fading has been characterized using the
Rayleigh, Rice, Weibull and Nakagami-m distributions [34], [44].”

Long-Term Fading [40]: “for displacements of hundred of wavelengths, the received sig-
nal suffers slow variations due to the propagation shadowing of the direct path between
the transmitter and receiver. These slow variations are the well-known long-term fading or
shadowing which have been mainly modeled using the lognormal distribution [42], [49].”

Composite Fading [38]: “A composite multipath/shadowing distribution such as Rayleigh-
lognormal, Rice-lognormal and Nakagami-lognormal distributions can be expressed as the
product of a multipath fading [random variable] and a shadowing [random variable] [45,
page 33]....

Distribution A



Distribution A 6

Composite fading is undergoing rapid development with many combinations of products and asso-
ciated estimators [24]:

“The short-term fading can be observed within short distance with few wavelengths such
as k-u, n-, a-i, Rayleigh, Nakagami-m and Weibull, and the long-term fading is usually
described by lognormal distribution which can be represented as «-u distribution (includes
special cases e.g. gamma, Nakagami-m, negative exponential, Weibull, one-sided Gaussian
and Rayleigh).”

These simulations show Shadowed Two-Ray Rician is a credible fading model [28], [39] [41], [19],
[9], [10]. Examples of Rician fading, Two-Ray Rician Fading, Shadowed Two-Ray Rician Fading, and
Two-Ray Shadowed Rician Fading are presented next.
The definition of Rician fading is adapted from Stiiber as the complex-valued Gaussian process [48,
page 51]
h(t) = I27IDt {5 05 + (1)},

where fp denotes the Doppler shift, s| os is the complex-valued specular component and {g(t)} is
the diffuse component consisting of the sum of two real-valued, zero-mean, independent, stationary
Gaussian processes {g(t)} and {gg(t)} with common variance o'2:

g(t) = g1(t) + 7gq(t).

The average power of this Rician fading process {h(t)} is the sum of the specular power and the diffuse
power [48, page 53]
E[|h(t)]] = |stos|* +20°

The Rician K factor is ratio of the specular power to the diffuse power [48, page 53]

|sLos |
K =10-1 dB].

The probability distribution of {|A(t)|} is [37, Eq. 2-1-141], [48, Eq. 2.45]

T r? + 52 TS
p|h\(7’) = ﬁeXP T 952 Iy (ﬁ) )

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

Example 1 (Rician Fading) Figure 3 shows the amplitude and phase of simulated Rician fading {h(t)}
with K = 10 dB and fp = 3 Hz. The diffuse component {g(t)} is modeled with the power spectrum

[51]: ) )
_ 2 7

where f is the RMS bandwidth [3].
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[h(t)]* (dB)

Lh(t) (k-deg)

Rician fading appears in these simulations as a strong ray accompanied by a collection of weaker
rays. The fading observed in the simulations is similar to Two-Ray Rician fading [37].

Example 2 (Two-Ray Rician Fading) Figure 4 shows the amplitude and phase of simulated Two-Ray
Because both Rician K factors exceed 10 dB, their specular
components dominate and the interference pattern with a period of 2 seconds is caused by the difference

Rician fading h(t) = hi(t) + ha(t).
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Rician Fading
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K =10dB; fp =3 Hz, fy =1Hz
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Figure 3. Amplitude and phase of Rician fading.

of 0.5 Hertz between the Doppler shifts.
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Figure 4. Amplitude and phase of Two-Ray Rician fading.

Two-Ray Rician Fading: h(t)

— ha(t) + ha(?)

0 10

20 30 40

50

K = {10,8} dB; fp ={3,3.5} Hz; fnv = {1,1} Hz

20 30 40

Distribution A

50




Distribution A 8

Fluctuating Two-Ray (FTR) fading generalizes Rician fading by modulating the specular compo-
nents of two Rician processes with the same shadowing. This report adapts FTR fading by shadowing
two Rician processes as [41, Eq. 2]:

hetr(t) = C(8){h1(t) + ha(t)},

where {((t)} is a slowly varying Nakagami-m random process with E[|¢(¢)|?] = 1 that is independent
from the Rician processes.

Example 3 (Shadowed Two-Ray Rician Fading) Figure 5 shows the amplitude and phase of Shad-
owed Two-Ray Rician fading. The Rician fading processes {h1(t)} and {hz2(t)} are realized using the
parameters of Example 2. Their sum is modulated by the Nakagami fading {{(t)} with m = 2.

Shadowed Two-Ray Rician Fading
h(t) = C(E){h(t) + ha(t) };m = 2

0 10 20 30 40 50

K ={10,8} dB; fp = {3,3.5} Hz; fx = {1,1} Hz

0 10 20 30 40 50

Figure 5. Amplitude and phase of Shadowed Two-Ray Rician fading.

This unity gain of the shadowing process {¢(¢)} and their independence preserves the second-order
statistics of the Rician fading processes and their K factors:

(©)ha(t)] (1A (2)
(Oh2()]?] = Ellha(t)

] = ‘| = s+l

e E |
¢ E 1] = 52 4 o3.

The simulations show the shadowing modulating the Rician processes is caused by different ray bundles
arriving at the UAV with relatively small angular separation between the ray bundles. The small angular
separation means that buildings could simultaneously shadow the rays or that both rays could arrive at

an antenna null.

Distribution A



Distribution A 9

Fluctuating Beckmann (FB) fading generalizes Rician fading by fluctuating the power of each spec-
ular component of multiple Rician processes [39]. The final example of this section adapts FB fading
by shadowing two Rician processes as

h(t) = Ci1(t)hi(t) + C2(t)ha(2),

where {(1(t)} and {(2(¢)} are slowly varying Nakagami processes with unit second moment, indepen-
dent from the Rician processes, and independent from each other.

Example 4 (Two-Ray Shadowed Rician Fading) Figure 5 shows the amplitude and phase of Two-Ray
Shadowed Rician fading. The Rician fading processes {hi1(t)} and {ho(t)} are from Example 2. Each
process is modulated by Nakagami fading {(1(t)} withmy = 2 and {(2(t) } with ma = 0.5, respectively.
The resulting fading shows most the interference pattern caused by the Doppler shift as in Example 2.
The smaller mo causes relatively greater shadowing variations. This boost the weaker fading process
{ha(t)} and causes some “filling” of the nulls.

Two-Ray Shadowed Rician Fading
h(t) = G(t)hi(t) + G(t)he(t); m = {2,0.5}

0 10 20 30 40 50

K ={10,8} dB; fp ={3,3.5} Hz; fx = {1,1} Hz

Figure 6. Amplitude and phase of Two-Ray Shadowed Rician fading.

The value of these examples is to recognize the fading produced in the simulations. The two-ray
interference pattern is the most recognizable and is caused by ray bundles arriving at the UAV from
different angles. Omitted from these examples are the additional effects on the fading caused by the

antenna and blocking by buildings. Examples of Shadowed Two-Ray Rician fading and the additional
effects are found in Section 5.
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3. THE UAV PLATFORM

Both this report and the first report employ the Coyote as the UAV platform [17]—only the anten-
nas and operating frequencies are different. These two reports demonstrate swapping out the antenna
is straightforward. The payoff is that relative performance shifts delivered by the different antenna sys-
tems can be compared on the same platform operating over the same urban environment. Section 3.1
details the Coyote. Section 3.2 describes the patch antenna that is mounted flush on the underside of
the fuselage. Section 3.3 shows the vertical and horizontal antenna patterns that are shaped by the UAV
platform. 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. The deep nulls 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 7 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 7. Coyote employed for hurricane research; launched from the P-3 in the background [32]
(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)
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3.2 PATCH ANTENNA
Figure 8 is a solid view of the Coyote model. This model is the basis for the NEC-BSC model.

Figure 8. Solid model of the UAV.

Figure 9 shows the Coyote modeled in NEC-BSC. The figure shows the local coordinate system
that moves with the UAV. This local coordinate system orients the vehicle in the NEC-BSC simulations.
The patch antenna (not shown) is mounted on the underside of the UAV where the z-axis intercepts the
fuselage. The patch antenna is 0.2” x 0.2” (inches) and flush with the underside. The next section shows
how the UAV platform modifies the free-space pattern of the patch antenna.

Figure 9. NEC-BSC UAV model and its local z-y-z coordinate system.
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3.3 UAV ANTENNA PATTERNS AT 5 GHZ

Figure 10 shows the azimuth angle ¢ and the zenith angle 6 in the local coordinate system on the
UAV. The azimuth ¢ sweeps from the z-axis toward the y-axis. The zenith § sweeps from the z-axis
toward the x-y plane. If this local coordinate system is aligned with the coordinate system of the sim-
ulation, § = 90° points in the horizontal and § = 180° points straight down. The figure also shows
the tangents to these angles that define the electric field of the antenna: E is the horizontal component
electric field; Ej is the vertical component of the electric field.

»

Figure 10. Electric field components in the local coordinates of the UAV.

Figure 11 shows the vertical Fy polarization of the electric field produced by the patch antenna
mounted on the underside of the UAV. The vertical polarization pattern consists of two downward-
pointing lobes: one lobe points out the nose; the second lobe points out the tail. There is a deep null
between the lobes that is aligned with the wings.

Figure 12 shows the horizontal E polarization of the electric field produced by the patch antenna
mounted on the UAV. The horizontal polarization pattern consists of two downward-pointing lobes: one
lobe points out the right wing; the second lobe points out the left wing. The vertical and horizontal
components of the UAV’s tail are visible in the I/, pattern. There is deep null between the lobes aligned
with the fuselage.

Figures 13 and 14 present the 3-D plots of the electric fields £y and Ey4 exceeding —30 dB respec-
tively. Both figures orient their antenna patterns in the local x-y-z coordinates of Figure 9. The UAV is
flying horizontally so most of the broadcasts are directed down. The nose of the UAV points to the left
in the figures; Fy has lobes aligned with the fuselage and nulls aligned with the wings. E has lobes
aligned with the wings and nulls aligned with the fuselage. These nulls in both antenna patterns will be
used to verify correct alignment of the UAV in the NEC-BSC simulations.
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Coyote Patch: Ey(0, ¢) at 5 GHz
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Figure 11. Ey pattern for the bottom-mounted patch antenna; zenith angle 8 sweeps from straight up
6 = 0° to straight down 6 = 180°.

Coyote Patch: E,(f,¢) at 5 GHz
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Figure 12. E, pattern for the bottom-mounted patch antenna; azimuth angle ¢ sweeps from z-axis at
¢ = 0° toward the y-axis at ¢ = 90°.
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Coyote Patch: Ey(6, ¢) at 5 GHz

20
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Figure 13. Ey pattern for the bottom-mounted patch antenna in the UAV’s local coordinate system;
Values exceeding —30 dB.

Coyote Patch: E4(0, ¢) at 5 GHz
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10
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Figure 14. E, pattern for the bottom-mounted patch antenna in the UAV’s local coordinate system;
Values exceeding —30 dB.
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4. UAV COVERAGE TO STREET-LEVEL RECEIVERS AT 5 GHZ

This section describes the 5-GHz “coverage” that the hovering UAV delivers to street-level receivers.
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 UAYV, the
coverage plots show the varying power levels, shadowing effects of the buildings, and the antenna pattern
of the UAV. Section 4.3 rotates the UAV to verify the main beams and nulls of the patch antenna.
Section 4.4 summarizes the coverage plots and verifies the UAV’s antenna pattern is correctly integrated
into the NEC-BSC simulations.

4.1 THE DIGITAL CITY

Figure 15 shows the 3-D geometry and locates the UAV directly over the origin with the “thumbtack”
at xr7 = 0, yr = 0, and heights zr = 50, 100, 250 meters. The UAV broadcasts into the city to
street-level receivers. Moving the street-level receivers around in the city produces the “coverage” plots
showing the channel from the UAV to each receiver’s location.

Rosslyn, Virginia

400
200

100

400

-100 x (meters)

v (meters) -100

200 200

Figure 15. Urban geometry; The “thumbtack” shows the UAV carrying the transmitter hovering 50
meters above the origin.

The broadcasts in this simulated city are modeled by the 3-D propagation code NEC-BSC (Sec-
tion 2.1). This software approximates the 3-D wave equation by coherently summing multiple reflections
and diffractions of the transmitter’s broadcast that arrive at the receivers locations. These reflections and
diffractions are governed by the dielectrics of the building and the ground listed in Table 4.

Table 4. Dielectrics for the 3-D urban simulation at 5 GHz

Slab Relative Conductivity | References
thickness | Permittivity
Buildings 0.3 (m) 6.0 0.01 [16]
Asphalt | Half plane | 2.56 0.0011 [43, 4-30]
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The buildings are modeled with roofs and sides as concrete slabs 0.3 meters thick. Windows, iron re-
inforcements, building features, foliage, and city clutter is 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 multipath rather than absolute levels [18]. As such, the chan-
nels produced by these simulations are best employed to reveal relative performance shifts produced by
effects of UAV altitude, orientation, frequency, and bandwidth.

Figure 16 is a top view of the propagation environment. The UAV location is marked by the red dot
over the origin. The UAV is aligned with the city’s coordinate system—the nose of the UAV is parallel
to the city’s 4z axis, the wings of the UAV align with the city’s y axis, and the UAV is level. The UAV
broadcasts to street-level receivers carrying half-wavelength vertical dipoles operating zp = 2 meters
above the street.

350 - Rosslyn, Virginia

300 -

250

200 -

D ]
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100 -
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- 30 e

-100

_150 | 1 | 1 | |
-200 -100 0 100 200 300 400
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Figure 16. Top view of the 3-D simulation; the UAV is located over the origin at varying heights and
transmitting into the city.
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Figure 17 marks the coverage area of the 3-D simulations as the red patch. This patch is a horizontal
rectangular slice in 3-D space placed 2 meters above the street. The UAV transmits to the street-level
receivers in the red patch. These receivers employ half-wavelength dipoles at 2 meters height. The
following figures plot this “slice” of the electric field intercepted by receivers on this patch.

350 - Rosslyn, Virginia

N

250 D

200

150

100

v (meters)

50

=50 F

-100

- l 50 1 1 1 1 1 1
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Figure 17. Top view showing the street-level coverage area placed two meters above the street.
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4.2 COVERAGE AS A FUNCTION OF HEIGHT

Figures 18, 19, and 20 are coverage plots produced by the UAV hovering over the origin and broad-
casting to the street-level receivers. Each figure shows the channel magnitude from the UAV at location
r7 to the street-level receivers at the locations rg:

fo=5 [GHZ],
h(feivr,er)?{ tr=[0 0 2] 2zp=150,100,150 [m],
rp=[er yr 2] —50<ap < 150;—45 < ygp < 145 [m].

The channel takes the signal from the input terminals of the patch antenna to the output terminals of
the vertical dipole at each street-level receiver location. This receive antenna intercepts the vertical
component of the local electric field. In a line-of-sight condition, the receive antenna primarily responds
to the Fy component nulls in azimuth at 90° and 270° as seen in Figure 11. Because the UAV points
along the city’s +x-axis, these nulls are parallel to the city’s y-axis. As the UAV increases in height,
these nulls becomes more visible. Likewise, the main lobes of the UAV illuminate the region along the
x-axis. Off-axis regions require more altitude to diffract energy into the side streets. These observations
provide some verification that the UAV antenna pattern is correctly integrated into NEC-BSC.

Channel at =5 GHz; RX z=2 (m)
Average=-150 dB; Max=-75 dB
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Figure 18. Channel coverage at 5 GHz; UAV 50 meters above the origin.
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Channel at f=5 GHz; RX z=2 (m)
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Figure 19. Channel coverage at 5 GHz; UAV 100 meters above the origin.
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Figure 20. Channel coverage at 5 GHz; UAV 150 meters above the origin.
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Figure 21 shows the coverage when the UAV is rotated in azimuth to reveal the Ey null:

fe=5 [GHz],
h(feirr,¢rivr)* S rp=[0 0 2p]' 2p =150 [m],
b1 = 90°.

The nulls in the patch antenna now point along the z-axis of the scenario. The main lobe now lights up
the street parallel to the y-axis.
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Figure 21. Channel coverage at 5 GHz; UAV transmitter is 150 meters above the origin and aligned
with the y-axis.
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4.3 COVERAGE AND PATTERN ROTATIONS
Figure 22 increases the UAV height while aiming the nose of the UAV into the coverage region:

fe=5 [GHz],
h(feirr, érivr)* S rp=[0 0 2p]' 2p =200 [m],
by = 45°.

For this orientation, the main lobe lights up both streets.
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Figure 22. Channel coverage at 5 GHz; UAV transmitter is 200 meters above the origin and rotated 45°
in azimuth.
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Figure 23 increases the UAV height again while aiming the null into the coverage region:

fe=5 [GHz],
h(feirr,¢rivr)*S rp=[0 0 2p]' 2p =250 [m],
¢ = 135°,

The figure shows the nulls in the patch antenna limit the coverage in both streets.
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Figure 23. Channel coverage at 5 GHz; UAV transmitter is 200 meters above the origin and rotated

135° in azimuth.

4.4 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.

C-1 Coverage depends on the UAV’s orientation with respect to the city’s geometry
C-2 The null in the Fjy pattern increases with UAV height
C-3 Overall coverage increases with UAV height

These coverage plots assume a stationary UAV broadcasting to the street-level receivers. However, a
moving UAV causes the coverage plots to vary. A stationary street-level receiver observes the varying
coverage as channel fading. The next section examines such a moving UAV and associated fading at the
stationary receiver.
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5. UAV TRACKS AT 5 GHZ AND 200-MHZ BANDWIDTH

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 set out the UAV track geometry. Section 5.2 flies
the UAV on the track at 50 meters height to show multiple fading regimes along the track. Section 5.3
raises the track height to 100 meters. The additional height simplifies the fading. Two-Ray Rician
fading is credible fading model when there is minimal blockage. Section 5.4 raises the track height
to 200 meters. This additional height removes most of the blockage effects, simplifies the fading, and
shows the effect of the patch antenna’s null. Section 5.5 summarizes these findings—raising the height
of the UAV simplifies the air-to-ground channel to Shadowed Two-Ray Rician fading.

5.1 GEOMETRY OF THE TRACKS

The UAV flies along tracks parallel to the y-axis at 50, 100, and 200 meters height. Figure 24
presents the top view of the UAV tracks. The location r7 of the UAV on these tracks is

xr xr = 25 [m],
rr(yr) = |yr 0 < yr < 300 [m],
27 zr = 50,100, 200 [m].

The UAV is oriented to fly along this track. Referring to Figure 10, the nose of the UAV is aligned with
the +y axis, the wings are aligned with the x axis, and the bottom-mounted patch antenna is horizontal.
Figure 24 also marks the street-level receiver equipped with a half-wavelength vertical dipole at location:

150
rp = (100| [m].
2
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Figure 24. Top view of the UAV’s tracks (red line) offset from the y-axis by xr = 25 meters; red dot
marks the street-level receiver’s location.
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5.2 TRACK AT 50-METER HEIGHT

Figure 25 displays the 200-MHz channel as the UAV flies along the y-axis track at 50-meter height.
The figure displays the channel
rp =25 yr 50] T
rp = [150 100 2

[m]

’ﬁ(f; Iy, rR) ’2 { m]

j| T
as a function of the UAV’s position yr and frequency f. This representation shows the channel is a
collection of transfer functions parameterized by the spacial coordinate yr. This channel formalism as
a space-varying transfer function is the spatial analog of Bello’s time-varying transfer function [11]:

oo
7;(]3 rjﬂ,r}{) = U/P 6__j2ﬂf7}l(7j rjﬂ,r}{)d7}
—0

where the “hat” denotes the Fourier transform and h(7;rp,rpg) is the spatial analog of Bello’s delay
spread function [11]. The prominent features of this channel in Figure 25 are the horizontal nulls
traversing the entire frequency band. Section 6 will show these spectral nulls are caused by shadow-
ing and blockage by the city’s buildings. The deep null at yr = 100 meters is caused, in part, by the
corresponding null at ¢ = 90° in the patch antenna as the UAV flies past the receiver (See Figure 11).
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Figure 25. The 200-MHz channel; UAV flying the y-axis track at 50-meter height broadcasting to the
street-level receiver.

Further understanding of this channel is revealed by the delay spread function:

w . A~
h(T;l'T,l'R)Z/ e IR fier, TR

—00

However, the space-varying transfer function }\L( f;rp,rg) is only known over its 200-MHz bandwidth.
Consequently, estimates of the delay spread function are obtained by windowing in the frequency do-
main: 0

h(r;rr,TR) = h(T;T1, TR, WG) = / e HITh(fier, rR) D f)df,

—00

Distribution A



Distribution A 25

where wg () is the Gaussian window
1 t?
w(t)=—exp|—75 .
0= e ()

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

1= /_Zw(t)dt.

If the channel is to deliver a time resolution At at level wy:
wy = tew(At/2),

the time spread ¢ is set at

I At —T
“7 2\ log(wo)
Figure 26 shows the delay spread estimate with the time resolution At = 1 us for wg = —20 dB. This

estimate shows the “fat” channel switching on and off as the UAV flies past buildings.
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Figure 26. Delay-spread estimate; UAV flying the y-axis track at 50-meter height broadcasting to the
street-level receiver; Gaussian window with 1-us resolution.

Figure 27 employs the Gaussian window with 0.1-us resolution. The finer resolution reveals that
the “fat” path consists of multiple paths—even in the nulls of the antenna and the blockage. Figure 28
employs the Gaussian window with 0.01-us resolution. There are multiple channels that switch on and
off as the UAV flies past buildings. Therefore, a credible channel model for this track is a special case
of Equation 6

N
Wyr, ™) = 3 halyr)3(r = 7alyr)), (8)

n=1

where N = 6 encompasses the strongest paths on this plot.
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Figure 27. Delay-spread estimate; UAV flying the y-axis track at 50-meter height broadcasting to the

street-level receiver; Gaussian window with 0.1-us resolution.

Delay-Spread: fC=Sl]I]l] MHz;fB=20[I MHz

S
Ln
o

Il / /

[-25 1507 (m)

b2
=
o

Lh
o

50mY Track 200MHz C.oaa
=
)

Lh
o

h% (mctc;s): TX

CoyotcPatch

0 1 2 3
T (ps): RX=[ 150 100 2] (m)

Figure 28. Delay-spread estimate; UAV flying the y-axis track at 50-meter height broadcasting to the

street-level receiver; Gaussian window with 0.01-us resolution.
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If the channel is modeled assuming a bandwidth fp of 1 MHz or less, the paths in the delay region
from 0.5 to 1.5 us cannot be resolved. Therefore, a narrowband channel approximation to Equation 8
takes the form

N
hxg(yr; ) = {Z hn(yT)} (T = 10),
n=1

where the gross delay is 79 ~ 0.8 us. Figure 29 plots the magnitude of this channel as a function of the
UAV’s position along the 50-meter track. This channel is the slice at 5 GHz extracted from the 200-MHz
channel in Figure 25.
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Figure 29. Narrowband channel at 5-GHz; UAV flying the y-axis track at 50-meter height; fading is
multi-path interference modulated by shadowing and punctuated by blockage.

On a local scale, the channel shows fast fading with a spatial interference pattern with a period of
a few meters. Figure 28 shows that this interference pattern is caused by two or three paths. This local
fast fading is modulated with a slower fading varying on the 10-meter scale. Viewed over the entire
track, this channel shows the local fading is punctuated with deep fades. Consequently, this narrowband
channel is best understood using the wideband delay-spread estimates. That is, Figure 28 shows the
narrowband channel in Figure 29 is the projection of multiple paths subject to

* shadowing,
* blockage, and
* slowly varying delays.

The following sections will show that the local fading is well modeled as Shadowed Two-Ray Rician
(See Example 5) punctuated by a blocking pattern. Therefore, the low-flying UAV channels are best
modeled in specific 3-D scenarios rather than the standard stationary fading models.
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5.3 TRACK AT 100-METER HEIGHT

Figure 30 displays the 200-MHz channel as a function of the UAV’s position y and frequency f as
the UAV flies the y-axis track at 100-meter height:
T
rp=[25 yr 100] [m]

/]i s I, 2
|h(f;rr,TR)| {I'R: [150 100 Q}T [m]

The channel shows blockage and shadowing by the buildings in the first half of the track (0 < yr < 150).
In the second half of the track, multi-path interference appears. The delay-spread function untangles the
multiple paths in this region.
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Figure 30. The 200-MHz channel; UAV on the 100-meter track broadcasting to the street-level receiver.

Figure 31 estimates the delay-spread function of this channel using the Gaussian window with time
resolution At = 0.1 us. In the first half of the track, the channel is switching on and off as the UAV
flies past buildings. The second half of the track shows two strong paths followed by a weaker third
path. Figure 32 shows the narrowband channel at 5 GHz. A local view of the fading shows fast fading
caused by the interference between the two strong paths in Figure 30. This fading fading is modulated
by a slower shadowing. Finally, this Shadowed Multi-Ray fading is punctuated by the “on-and-off”
blockage.
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Delay-Spread: f, =5000 MHz; f, =200 MHz
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Figure 31. Delay-spread estimate; UAV flying the y-axis track at 100-meter height broadcasting to the
street-level receiver; Gaussian window with 0.1-us resolution.
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Figure 32. Narrowband channel at 5 GHz; UAV flying the y-axis track at 100-meter height; fading is
multi-path interference modulated by shadowing and punctuated by blockage.
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5.4 TRACK AT 200-METER HEIGHT

Figure 33 displays the 200-MHz channel as the UAV flies the y-axis track at 200-meter height:
rr=1[25 yr 200"
rp=[150 100 2]"

[m]

Ih(f;rr,vR))?
[m]

At this height, there is no blockage by the buildings. The deep null at y7 = 100 meters is caused by
the null in patch antenna as the UAV flies past the receiver (See Figure 11). The delay-spread estimates
untangle the multiple paths in this region.
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Figure 33. The 200-MHz channel; UAV flying the y-axis track at 200-meter height broadcasting to the
street-level receiver.

Figure 34 estimates the delay-spread function of this channel using the Gaussian window parame-
terized with the time resolution At = 0.1 us. There are two strong paths with the null at y7 that is the
UAV’s closest approach the receiver. Figure 35 uses the Gaussian window with the time resolution set
to At = 0.01 us to separate the paths. Therefore, a credible channel model for this track is a special
case of Equation 2 where only the two strongest paths are modeled:

h(yr,T) = ha(yr)o(T — 11(yr)) + ha(yr)d(T — 2(y7))- )
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Figure 35. Delay-spread estimate; UAV on the 200-meter track broadcasting to the street-level
receiver; Gaussian window with 0.01-us resolution.
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Figure 36 shows the narrowband channel along the 200-meter track. This channel is the slice at 5
GHz from the 200-MHz channel in Figure 33. The deep null is caused by the patch antenna’s null as
the UAV flies path the receiver. Outside this null, the fading appears to exhibit the standard two-ray
interference. The variation in the interference period is caused by the “bowing” in delay of the paths in
Figure 36.
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Figure 36. Narrowband channel of the UAV flying the y-axis track at 200-meter height; fading is
two-path interference with the deep fade caused by the antenna null.

A narrowband approximation to this channel follows from Equation 9 by forcing both paths to arrive
at the same time 79 ~ 0.8 [us]:

hng(yr, 7) = {h1(yr) + ha(yr)} 0(7 — 70). (10)
The question that arises from this model asks:
What is the fading on these paths?

Figure 37 provides one answer by plotting the amplitude of{h;(¢)} and {h2(t)}. Both fading processes
show the action of the antenna null and the compression of the interference pattern as the distance
increases between the UAV and the receiver. The local view shows both fading processes exhibit classic
“two-ray” interference subject to slight shadowing as in Example 5:

hi(t) = G@®){h11(t) +hi2(t)}
ho(t) = G(t){h11(t) + hi2(t)},

where {h, ,(t)} is Rician fading. That is, the fading in Figure 36 admits Four-Ray Rician fading as
a local model. However, the fading examples in Section 2.3 argue that Shadowed Two-Ray fading is a
credible approximation using fewer fading processes.
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Figure 37. Fading on the two strong paths along the 200-meter track.

5.5 SUMMARY
Narrowband UAV channels along these straight-line tracks show fast multipath fading subject to

* Antenna,
* Blockage,
* Shadowing.

Specifically, the delay-spread estimates show these narrowband channels are projections of multiple
paths that are approximated by Shadowed Two-Ray Rician fading of the form:

antenna blocking shadowing multipath

—— = =
hxg(yr, 7) = alyr) blyr) C((yr) {hi(yr) + ha(yr)} 6(1 — 70).

One conclusion from this modeling is that the UAV channels are best modeled in specific 3-D scenarios
rather than the standard stationary fading models. One caution is that these fading models are specific
to this 3-D digital city whereas shadowing and multipath fit into the more general fast- and slow-fading
insightfully described by [4]

The small-scale multipath fading is often modeled using Rayleigh, Rician, or Nakagami
distribution. The latter one is versatile enough to encompass the Rayleigh distribution as a
special case and to approximate the Rician distribution. The large-scale fading (shadowing)
is often modeled using a lognormal distribution .. ..

A second caution follows from the specificity of these simulations. Fading is also modeled multi-variate
Rician [9], [10], [19], or more general composite models [12], [13], [15], [31], [40], [50], [52].
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6. UAV SPATIAL STRUCTURES AT 5 GHZ

This section examines three vertical y-z “slices” of the UAV channels to understand how the y-tracks
of the preceding section behave as a function of the UAV height. The UAV broadcasts from locations

xrT T = 25, —50, —100 [m],
rr = (yr 0 < yr <300 [m],
2r 30 < zp < 225 [m],

through the 0.2” x 0.2” patch antenna to the street-level receiver at

150
rp = [100| [m]
2

where the receiver employs a half-wavelength vertical dipole. Shadowing by the city’s building has a
significant effect on the channels. Figure 38 illustrates the shadowing geometry. For a receiver located
a distance dp from a building h g, that building’s shadow height /4 linearly increases as the aircraft’s
distance increases from the building:

h
ha = (dA+dB)£~ (11)

Section 6.1 verifies the shadowing is caused by the buildings and follows the linear model of Equation11.
Section 6.2 identifies Rician fading in a stationary region common to all slices.

h

[>o]

d/l dB

Figure 38. Linear shadowing geometry.

6.1 VERTICAL SLICES

Figure 39 reports the resulting channels in the y-z plane or the slice at x7 = +25 meters. As in the
preceding track simulations, the UAV is aligned with the y-axis and flying level parallel to the y-axis.
Figure 40 puts this slice in the city to link the UAV channels to the 3-D geometry. This vertical slice
explains the fading in the narrowband channels at 50, 100, and 200 meters height (See Figures 29, 32,
36). The vertical slice shows that the buildings cause multiple shadowing in the first part of the track
(10 < yr < 60 m) before blending into the null of the antenna pattern.

Figures 41 and 42 move the slice down the z-axis to z7 = —50 meters. The blockage by buildings
increases and the power level decreases. Figures 43 and 44 slices the UAV channel at z7 = —100
meters. The increase in the building shadowing verifies the linear shadow geometry of Figure 38. All
these slices show that once the UAV null passes the receiver at yr = 100 meters, the shadowing caused
by the building decreases and the remaining interference resembles the classic two-ray pattern.
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Figure 39. Narrowband channels from the UAV to the street-level receiver; sliced at 7 = 25 meters.
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Figure 40. Narrowband UAV channel sliced at z7 = 25 m placed in the city; the red stem locates the
street-level receiver.
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Rosslyn Slice: f =5 GHz; RX-LOC=[ 150 100 2] (m)
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Figure 41. Narrowband channels from the UAV to the street-level receiver; sliced at x7 = —50 meters.
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Figure 42. Narrowband UAV channel sliced at 7 = —50 m placed in the city; the red stem locates the
street-level receiver.
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Figure 43. Narrowband channels from the UAV to the street
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6.2 STATIONARY FADING REGION

There is a region where the multipath is relatively stationary across all slices:

{ 200 <yr <300 o

100 < 27 < 220

This region does not show the blockage and heavy shadowing caused by the buildings and should be
amenable to fading identification. The preceding section shows that a credible model of the fading has
the form

hns(zr;yr, 21, 7) = {hi(z7; yr, 21) + ho(@7; Y7, 277) } 6(T — 70),5 (12)

where h; and ho are Two-Ray Rician. This fading confounds the standard Goodness-of-Fit tests and
shows a gap in fading identification. Figure 45 presents the histograms of the narrowband UAV channels
over the stationary region in the first column. The second column presents Goodness-of-Fit tests in this
region and identifies Rician fading with increasing x7. However, the wideband analysis of Section 5
demonstrated this multipath fading is well-modeled by a shadowed Two-Ray Rician fading processes.
Thus, the Goodness-of-Fit tests are revealed to be data-sensitive and best employed with a physical
model.
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Figure 45. Histograms and Goodness-of-Fit tests of the narrowband UAV channels over the stationary
region 200 < yr < 300, 100 < zp < 220 meters.

6.3 SUMMARY

Although single-track analysis is common in vehicular channel modeling, greater insight is obtained
by putting these tracks in the context of an ensemble of tracks. This section shows that the shadowing
geometry of the slices explains the blockage and shadowing of the individual tracks.
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7. UAV AS A RELAY

This simulation assesses the performance shift that a UAV relay channel delivers over a ground-to-
ground channel. Section 7.1 sets out the two ground nodes and computes the ground-to-ground channel
gain of —151 dB. Section 7.2 estimates the up-link coverage of both nodes. The smallest relay gain over
the coverage area is —117 dB. This relay gain of 34 dB over the ground-to-ground link is consistent with
the average relay gain of 30 dB obtained in the first report [17]. Section 7.3 works a simple relay in urban
noise to estimate the throughput gain of relay channel over the ground-to-ground channel. Section 7.4
summarizes the comparisons between the UAV relay and the ground-to-ground channel.

7.1 GROUND-TO-GROUND LINK

Figure 46 illustrates the two-node simulation. Two street-level nodes operate at fo = 5 GHz and
employ half-wavelength vertical dipoles.
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Figure 46. Top view of Node 1 and Node 2.

The channel linking Node 1 and Node 2 is computed by NEC-BSC to be

|h(fo;r1, 1) = —151 [dB].

The flat urban noise model across a fz = 200 MHz band is [26]

py = —121 [dBW].

An upper bound on the throughput for this channel is [22, Eq. 4.5]:

Ry, = fp - log, <1 + |h’2pT> [Mbps],
PN

where pr is the transmitter’s power. Figure 47 plots this upper bound R}, as a function of transmit power
pr. The next sections compare this Ground-to-Ground channel to the UAV relay channel between Node

1 and Node 2.
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5 Node 1 to Node 2: Ry, = fg logy(1 + |h|*pr/pN)
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Figure 47. Throughput versus power for the Ground-to-Ground link between Node 1 and Node 2; flat
urban noise over the 200-MHz bandwidth at 5 GHz.

7.2 GROUND-TO-UAV LINKS

Figure 48 shows the channels from each node to the UAV operating at 150 meters height and aligned
parallel to the y-axis. Both channels show the characteristic side nulls directly over each transceiver.
Node 1 has the smallest average channel gain of approximately —113 dB whereas the Ground-to-Ground
link has a gain of —151 dB. Although relay systems can exploit this difference of approximately 43 dB,
especially by reducing RF emissions from the nodes, not all UAV positions deliver this gain.
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Figure 48. Node-to-UAV channels at 5 GHz.
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Figure 49 quantifies this spatially varying UAV channel by plotting the weakest of the two UAV
channels. The nulls are visible at both nodes. This plot provides an upper bound for any relay system
by requiring the up- and down-links to overcome the weakest channel. Figure 50 is a histogram of these
weakest channels showing a close concentration around —117 dB and a long tail rolling off to —170 dB.
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Figure 49. Weakest Node-to-UAV channels at 5 GHz; UAV flies at 150 m height; aligned with the
y-axis.
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Figure 50. Histogram of the Weakest Node-to-UAV channels at 5 GHz.
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7.3 A SIMPLE 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 px; between the transmitting node’s power
pr and the UAV’s transmitting pyav:

s = pr + Puav;: Pr,pPuav = px/2 [Watts].

The associated Shannon rate for this UAV relay—not accounting for latency—is computed at each UAV
position using the smallest gain Ay of the up-link and down-link:

2'p2/2> [Mbps].
2

Ry(ruav) = fB - log, (1 + [hain (ruav)|
Figure 51 is a histogram of this Shannon rate for for py; = 10 Watts. At 10 Watts, the Ground-to-Ground
link delivers approximately 2.5 Mbps. In comparison, the UAV relay at 10 Watts delivers an average
795 Mbps and exceeds 25 Mbps over 98% of the time.

h = min{TX — UAV, UAV — RX}

2500 _ Rm=1s %052(1 + \hiz@z/Z)/pN)

2000

5 GHz

1500

1000

count: fo

500

0 500 1000 1500 2000 2500
R, (Mpbs): fp = 200 MHz; ps, = 10 W; py = —121 dBW

Figure 51. UAV relay rate at 150 meters altitude; fg = 200 MHz; px = 10 W.
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Figure 52 is a histogram of Shannon rate at ps; = 1 Watt. The UAV relay delivers an average
332 Mbps and exceeds 5 Mbps 98% of the time. Figure 47 reports the Ground-to-Ground link delivers
approximately 0.5 Mbps at 1 Watt.

h = min{TX — UAV, UAV — RX}

Ry = fplogy(1 + |h|*(ps/2)/px
9000 : b = fplog,(1 + |A[*(p=/2)/py)

8000 [ .

7000 5

10

5000 | | 1

4000 [ 5 1

count: fo

3000 1

2000 g

1000 .

0 200 400 600 800 1000 1200 1400
Ry, (Mpbs): fp = 200 MHz; px = 1 W; py = —121 dBW

Figure 52. UAV relay rate at 150 meters altitude; f5 = 200 MHz; py = 1 W.

7.4 SUMMARY

Table 5 compares the Ground-to-Ground throughput to the UAV relay operating at 150 meters height
over the two ground nodes. The Ground-to-Ground channel is stationary so that throughput is only a
function of the transmit power (See Figure 47). The UAV relay channel varies with position so that
UAV throughput exhibits the distributions in Figures 51 and 52. Although the average UAV throughput
exceeds the Ground-to-Ground throughput, a better measure of UAV performance is the throughput
exceeded by 98% of the UAV relay channels. Table 5 shows that the UAV relay, using only the simplest
wireless power control, delivers x 10 throughput over the ground link at 98% of the UAV locations.
More advanced wireless power control algorithms could trade the substantial gain in the UAV relay
channel to reduce power while maintaining an acceptable dropout rate.

Table 5. Comparing the Ground-to-Ground Channel to the UAV Relay Channel using equal power on
up- and down-link; UAV at 150 meters altitude; 5 GHz with a 200-MHz bandwidth.

Power | Ground- Relay Relay
to-Gound | Average 98%
10 Watts 2.5 Mbps 795 Mbps 25 Mbps
1 Watt  0.5Mbps 332 Mbps 5 Mbps

Table 5 only compares the channels using Node 1 and Node 2 at their fixed locations (See Fig-
ure 46) while the UAV loiters at 150 meters height. Therefore, an excellent point-of-departure for future
comparisons is assessing the UAV relay channels over ground-to-ground channels while varying node
locations and UAV height. Finally, Table 5 only reports throughput. Latency is omitted and the effect
of channel dropouts is omitted. Latency and dropout effects are specific to the radio, waveform, and
application. Simulations encompassing these effects could still employ these channels.
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8. PATH-LOSS MODELING

NEC-BSC models of the wireless channels between the UAV’s position to street-level radio nodes.
These channel ensembles capture both path loss and fading and are suitable for porting into network
emulators such as the Extendable Mobile Ad-hoc Network Emulator (EMANE) [21]. More abstract
wireless channel modeling processes these channel ensembles to produce general path-loss models—
without fading. This section converts several NEC-BSC simulations into the European Cooperation
in the Field of Scientific and Technical Research (COST) framework. Although the UAV channels are
simulated at 5 GHz while the COST 231 Models are limited to 2 GHz, the positive result is that the
COST 231 still provide bounds for the simulated UAV channel gains. These bounds are useful for link
budgets but cannot model channel fading effects.

8.1 COST MODELS

COST introduced several mobile wireless models starting in the mid 1980’s to establish reference
models for path loss estimation. An excellent review of the COST model histories is found in [14]. The
COST 231 Hata model is a basic model of path loss [48, Eq. 2.238]

LSH = A+ Blogyo(d) +20logyo(fc) + C [dB], (13)
employing the following path-loss functions parameterized in Table 6:

A = 46.3+33.9logo(fc) — 13.821ogo(hy) + a(hm)

c = 0 medium city or suburban areas; moderate tree density
N 3 metropolitan centers

Stiiber observes that this model [48, Section 5.2.1] “should not be used to predict path loss in urban
canyons” nor “used for smaller ranges” (d < 1 km).

Table 6. COST 231 Hata Parameters.

fc 1.55f-<2.0(GHz) Carrier frequency
d 1 £d <20 (km) Ground range
hy 30< 7, <10 (m) Main station antenna height

h,, 1<h,<10(m) Base station antenna height

The COST 231 Walfisch-lkegami model generalizes mobile wireless loss to street canyons by model-
ing LoS and NLoS path loss [48, Section 5.2.2], [14]. An assessment of the COST 231 Walfisch-lIkegami
modeling over-the-air measurements at 3.5 GHz showed that this model produced an upper bound on
the signal power [6]. The LoS propagation in the COST 231 Walfisch-Ikegami model is [48, Eq. 2.239]

L, = 42,6 + 26 logy9(d) + 201ogio(fo) [dB] 14

with the model parameters delimited by Table 7. Figure 53 illustrates the geometry for the non-LoS
model. The non-LoS propagation in the COST 231 Walfisch-Ikegami model is [48, Eq. 2.240]

Lp = Lo+ (Lrts + Lmsd)-i- [dB] (15)
that sums the “free-space loss”
Lo = 32.4 + 201og;((d) + 20log,o(fc) [dB]

with (o) denoting the positive part of the sum of the rooftop-to-street diffraction loss L5 and the
multi-screen diffraction loss Lygc.
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Table 7. COST 231 Walfish-lkegami Parameters.

fe  1.55f-<2.0(GHz) Carrier frequency
d 0.02<d <5 (km) Ground range
hy, 30 < h, <200 (m) Main station antenna height

1<h,<10(m) Base station antenna height

h

b
hroof o ﬂ ¢
<—yp—> ‘ ‘ h -
? Base <—bh—> Main 1\
Station Station

Figure 53. COST 231 Walfisch-lkegami geometry.
Assuming the roofs are always above the main station (hyoof > hyy ), the rooftop-to-street diffraction
loss is [48, Eq. 2.241]
Lrts =-16.9 - 10 loglo(w) + 1010g10(f0) + 20 loglo(hroof - hm) + Lori(d)) [dB]v
where the orientation loss [48, Eq. 2.242]

—10 + 0.354¢0ri 0° < (bori < 35°
Leori(pori) = 2.5+ 0.075(¢pori — 35°)  35° < ori < 35°
4.0 — 0-114(¢0ri - 550) 55% < dori < 90°

is a function of the angle ¢.,; between the road orientation and the direct radio path. Assuming the UAV
is always above the roofs (hy > hyoof ), the multi-screen diffraction loss is [48, Eq. 2.243]

Linsa = Lish + ka + kalogig(d) + kylogyo(fc) — 9logio(b) [dB,
where base station shadowing loss is [48, Eq. 2.244]
Lygh = —18log (1 + (hy — hyoot)) [dB],
when the base station is above the rooftops sets [48, Eqs. 2.245, 2.246, 2.247] k, = 54, kg = 18, and

0.7 medium city

kf=—44 (fc/925 —1) { 1.5 metropolitan area

Stiiber observes that this model [48, Section 5.2.2] “works best for hy >> h.oof” and “is poor for hy <
hroot because ...wave guiding in street canyons and diffraction at street corners” is not in the model.
The remainder of this section applies the LoS and non-LoS models to the UAV-to-street channels.
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8.2 UAV-TO-STREET MODELS

Figure 54 shows several coverage plots. Each coverage plot holds the UAV over x7 = 100 and
yr = 100 meters while varying the UAV height zr = 50, 150 200 meters and orientation ¢ =
0°, 30° and 60°. These plots show that antenna null does increase with UAV height, as previously
observed in Section 4, this null has a relevantly small effect on the overall coverage. Likewise, the
UAV orientation has a relatively small effect on the coverage. However, UAV height shows a significant
threshold between 50 and 100 meters where the lower heights exhibit more shadowing.

60°

Chanmch at = 5 Gl RY =2 {m)

Chansel at f= 5
Avermge=- 145 dB: ¥
Dt B

s RX =2 {m)
fav=-84 4t

Figure 54. UAV coverage at 5 GHz to street-level receivers as a function of UAV height z; = 50, 150,
and 250 meters and azimuth ¢ = 0°, 30°, and 60°.
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Figure 55 confirms these observations by plotting the corresponding histograms of the channel gain.
The UAV orientation has negligible effect in comparison to the effects caused by UAV height. The
histograms above 50 meters show a bimodal distribution with the LoS components creating a narrow
peak for height gain and the non-LoS components filling out the “fat” tail over the low channel gains.
Following the COST modeling that distinguishes between the LoS and the non-LoS, the channel gain
is fitted with a Gaussian Mixture Model (GMM) of two mixtures. The fit is excellent above the 50-
meter height and confirms the COST approach. The GMM fit is reported on each plot. Table 8 reports
the percentage of the LoS component of the GMM. The LoS component is approximately 61% of the
channel gain above 50 meters height. Table 9 reports the mean power in the LoS component. Above
50 meters height, the LoS power is —99 dB. More details of these LoS components are described in the
next figure.
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Figure 55. Histograms of the channel gain as a function of UAV height and azimuth; GMM estimates
are the solid lines and tabulated on the plots.

Table 8. LoS percentage in the GMM.

LoS Mixture ¢;=0° ©;=30° ©=60°

z=250m  58% 61% 60%
z=150m  64% 66% 58%
z7=50m  47% 63% 52%

Distribution A



Distribution A 48

Table 9. LoS power in the GMM

LoS Mean 0~=0° ¢;=30° @;=60°
z;=250m -100dB -101dB -99 dB
z7=150m -98dB -99dB -97 dB

z/=50m -101dB -103dB -100dB

Figure 56 brings these coverage plots and histograms into the COST model by plotting the 2-D
histogram of channel gain |h|? and distance d. The vertical axis is channel gain and is the same on
all plots. The horizontal axis is distance and varies with UAV height to better show the estimated 2-D
distribution. The histograms are normalized to be a probability density rather than a bin count. The “No
Buildings” means that the interior of the buildings is omitted from these histograms. Consistent with
the previous observations, there is relatively small variation with UAV orientation. There is a relatively
large variation the LoS component below 50-meters height.
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Figure 56. Coverage distributions as a function of UAV height and azimuth; solid lines are the COST
218 Walfisch-lkegami LoS and non-LoS bounds.

The COST 231 Walfisch-Ikegami models are also plotted. The black line on distributions is the LoS
model of Equation 14. The fit at z = 150 meters is remarkable and provides the interpretation that the
LoS model is describing the mean of the channel gain (See Figure 55). The LoS fit at zr = 50 meters
verifies the observation, obtained from over-the-air measurements, that the LoS model is an upper bound
on the channel gain when the base station is relatively low with respect to the roofs [6].

The green line on the 50-meter row in Figure 56 is the non-LoS model of Equation 15. This non-
LoS model provides remarkable lower bound. The street width (w) and the building separation (b)
are not well-defined for this heterogeneous urban area (See Figure 24), and the roof heights (hpoof)
range from 11 to 100 meters with substantial variations in roof area (See Figure 15). Despite the gross
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approximations w = 29 meters, b ~ 72 meters, h,oof ~ 30 meters, the non-LoS model provided a
relatively “tight” lower bound.

The LoS for z = 250 meters is problematic. First, this height exceeds the base station height
(hp) bounds in Table 7. Second, the simulated channel shows the null of the street-level antenna at
the minimal distances. These vertical dipoles have a null pointing straight up that limits channel gain
directly below the UAV. Moving out from under the UAV actually boosts channel gain. The simulations
show this effect whereas the LoS model predicts decreasing channel gain with increasing distance. The
COST models do not include antenna patterns but apparently make the implicit assumptions that both
the main and base stations use vertical dipoles. The assumption of ground-to-ground channels precludes
the main station being directly below the base station. Thus, UAV operating over ground forces requires
an extension to the COST model.

8.3 SUMMARY

Although the 5-GHz frequency is outside the COST domain (Table 4), the predicted LoS channel
gain aligns well with the simulated mean gain at z7 = 150 meters. At the low end of the applicable
height z7r = 50, the LoS and non-LoS predictions bound the channel gains, despite the fact that the
city’s roof height is estimated to be h,or ~ 30 meters whereas the city’s building range from 10 to 100
meters in height. Thus, this section verifies that COST modeling for this UAV provides bounds on the
channel gain. These bounds are useful for link budgets but cannot model channel distributions or fading
effects.
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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 the circular track with wings are level and antenna vertical. Section 9.3 flies the
UAV around the circular track with the UAV rolled at 45°. Section 9.4 compares the fading on both
tracks. Rolling the UAV points a null in UAV’s antenna into the city and reduces the overall gain by
11 dB. This result is consistent with the first report that also pointed a null into the city and observed
reduced channel gain [17].

9.1 CIRCULAR TRACK AT 400 METERS

Figure 57 is a 3-D view of the city showing the circular track of the UAV. The circular track
is 400-meters in diameter, raised to a height of 200 meters, and centered at the offset origin ry =
[100, 100, 200]" meters. One parametrization of the circular track uses the azimuth angle ¢ measured
from this offset origin:

100 cos(¢)
rr(¢) = [100| +200 [sin(¢) | [m]. (16)
200 0

The UAV broadcasts to a street-level receiver fixed at xtg = 150, yg = 100 meters.

Rosslyn, Virginia
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Figure 57. Circular track and the receiver; the large “thumbtack” marks the location of the street-level
receiver.
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Figure 58 is a top view of this geometry clarifying the relation between the circular track and the
street-level receiver at location
150
rp = (100 [m] (17)
2

osslyn, Virginia
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Figure 58. Top view of the circular track and the street-level receiver.

9.2 NO ROLL

The orientation of the UAV is determined by its location along the circular track. Referring to
Figure 9, unit vector X points out the nose of the UAV and is alinged with the tangent vector to the
circular track, unit vector y is parallel to the wings and is orthogonal to the track and horizontal, and Z
is the cross product of X and y. Thus, the UAV flies the circular track with zero roll. Figure 61 shows

a cross section of the UAV’s track looking along the y-axis as the UAV has flown halfway around the
circle or when ¢ = 180° in Equation 16.

—> N)

r{)

200 m

200 m

Figure 59. 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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The vertical and horizontal antenna patterns of Figures 11 and 12 orient their spherical coordinates
to this local X-y-Z coordinate system attached to the UAV. Figure 60 shows the channels from the UAV
location rr(¢) in Equation 16 to the street-level receiver at r in Equation 17. This circular track should
exhibit a deep null at ¢ = 180° similar to the deep null observed in the linear tracks (See Figure 36).
The nulls in the linear tracks are caused by the null in Ejy (See Figure 11). A similar geometry holds at
¢ = 180° where the Fjy response is measured near the zenith angle 6 ~ 129°. Figure 60 registers a null
at ¢ = 180° accompanied by the interference of the UAV structure seen in Fy. This null provides some
verification that the antenna pattern is correctly integrated onto the circular track.

Rosslyn Circular Track: 5 GHz
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Figure 60. Channel on the circular track.
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9.345° ROLL

The final simulation flies the UAV with a constant roll around the circular track. Figure 61 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 nose or the unit vector X points out of the page. The wings or
the unit vector y is orthogonal to the flight and points the ground at the center of the circle track. The
unit vector Z is tilted 45° off the z-axis and rotates around this axis. The vertical and horizontal antenna
patterns of Figures 11 and 12 orient their spherical coordinates to this coordinate system.

<?
%

200 m

200 m

Figure 61. 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.

Figure 62 shows that rolling the UAV by 45° reduces the channel gain over the non-rolled channel of
Figure 60. When the UAV is flying the circular track with zero roll, the antenna points at the street-level
receiver with zenith 129° < 6 < 143° to slice the antenna patterns Eg and E in regions of relatively
strong response. When the UAV is rolled 45°, the antenna points at the street-level receiver with zenith
0 ~ 90° or where both patterns are rolling off (See Figures 13 and 14). 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: 5 GHz
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Figure 62. Channel on the circular track.
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Figure 63 compares the channel of the UAV flying horizontal to the UAV flying with the 45° roll.
The figure shows the UAV’s flat flight delivers an average of 11 dB more channel gain than over the
rolled flight. This result is the opposite obtained in the first report that employed a whip antenna [17].
In that report, rolling the UAV produced a 10 dB increase over horizontal flight. Both effects are caused
by the antenna patterns on the UAV. Regardless of the roll of the UAV, when the UAV flies a circular
track or more complicated “loitering” pattern, a stationary ground-level receiver could “learn” the UAV
channels shown in Figures 60 and 62. Once the periodic channel is known, the receiver can adapt to the
rapid switching between the fading regimes.
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Figure 63. Comparing channels of the UAV flying horizontal to the UAV flying with a 45° roll.
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10. EXTENDING THE UAV CHANNEL ANALYSIS

These UAV simulations quantify the coverage, fading and throughput of the UAV Relay channels
interacting with mobile ground forces—assuming the bottom-mounted patch on the UAYV, the half-
wavelength vertical dipoles used by all ground-level nodes, and the operating frequency of 5 GHz.
Even under these specific assumptions, general observations are obtained:

* Antenna patterns affect coverage and fading (Sections 4, 5, 6, 8, 9).

* City geometry, particularly building height, when coupled with the UAV height governs blockage
and shadowing (Sections 5 and 6).

» City geometry causes abrupt switching between fading regimes as the UAV flies along its path,
particularly at the lower heights or along a circular track.

» Shadowed Two-Ray Rician fading is a credible model for systems employing 1 MHz or less of
bandwidth (Section 5).

* The UAV relay simultaneously increases capacity and decreases transmission power, at a cost of
employing a spatially varying channel (Section 7).

* When the UAV loiters along a fixed track, stationary ground nodes can “learn” the periodic fading
and adapt to the rapid switching between the fading regimes (Section 9).

Incorporating the simulated UAV channels into networking simulations where multiple street-level nodes
are connected by a UAV relay is a natural next step to assess network performance [21]. However, the
report quantified throughput using the Shannon bound. Credible network simulations quantify through-
put at the packet level when the radios are contending against the fading and latency on the up- and
down links. This gap between theory and the “packet” counting in the network simulation provides an
engineering assessment of the performance of the UAV as a relay. Because UAV movement increases
channel variations, the network simulations also set a bound on UAV motion (i.e., UAV hovering versus
flying a pattern). The following recommendations start with the UAV channel models, move to UAV
antennas, and conclude with the UAV relay tested in network simulations to assess trade-offs between
power, throughput, and “stealth”:

UAV-1 Assess Shadowed Two-Ray Rician fading as a “reasonable” approximation to the narrowband
fading of the UAV channels [39], [41], [40].

UAV-2 Assess Gamma fading for modeling the heavy blockage in the UAV channels [7], [13], [36].

UAV-3 Incorporate these fading models to estimate network performance for a UAV relay supporting
multiple nodes [1], [46], [27], [24].

UAV-4 Determine the payoff by equipping the UAV with multiple antennas [5].

UAV-5 Assess network performance between a hovering UAV versus a loitering UAV supporting mul-
tiple ground nodes [53]. The loitering could encompass the UAV flying a gradient ascent to
maximize network performance while limited to only the relay information on the UAV.

UAV-6 Extend these urban simulations to model a standoff UAV detecting wireless operations.

UAV-7 Undertake large-scale simulations in rural scenarios.

The following list organizes the reported propagation models along their radio system performance
estimates to conclude this report:
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Channel Bounds: COST modeling bounds the channel gain of a low-flying UAV using only city statis-
tics. These bounds are useful for a rapid estimate of a link budget but cannot model channel
distributions or fading effects. (Section 8).

Channel Distributions: Coverage plots encompass the UAV antenna, the UAV height, and the city’s
geometry (Section 4). The resulting channel distributions produce statistically significant assess-
ments of performance shifts under the assumption that the radios systems perfectly compensate
the channel fading (Section 7).

Time-Varying Channels: Flying the UAV along a track through either the coverage plots (Section 6)
or a loitering pattern (Section 9) tests the radio’s adaptation to the fast fading and deep shadowing.

Regardless of the allocation of tasking, all these efforts require specifying the antenna on the UAV, the
antennas on the ground receivers, and recognition that tactical link design includes LPI/LPD objectives.
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