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Abstract—Unmanned Aerial Vehicles (UAVs) are steadily being
considered for scenarios demanding high bandwidth, low latency
communications for video and sensor data transfer as well as real-
time control. UAVs may also be used as mobile aerial Base Station
(BS) for maintaining the communication in emergency scenarios.
The millimeter wave (mmWave) bands, including the sub-THz
frequencies above 100 GHz, are an attractive technology for high
data rate UAV connectivity due to the wide bandwidths available
at these frequencies. This paper studies anfenna and codebook
design for UAY communication at both 28 and 140 GHz with
realistic anfenna simulations and flight patterns. The analysis
shows that multi-array configurations with proper codebook
design are necessary for uniform spherical coverage and become
particularly important in long range applications. The paper thus
proposes a four array design with patch antennas. Simulations
indicate that the design can achieve in excess of 1 Gbps data rates
at a range of 1 km, with reasonable power levels and moderate
rain fades. A simulation with a real public safety mission flight
shows that beam tracking can be maintained even under high
drone movements and rotations.

Index Terms—UAY, mmWave, sub-THz, beamforming, code-
book design, antenna placement

I. INTRODUCTION

High-data rate connectivity is becoming increasingly im-
portant in UAVs to support real-time sensor and camera data
transfer, remote control, and situations when the UAV acts as
an aerial base station. For these applications, the millimeter
wave (mmWave) bands offer large bandwidths that can support
massive data rates at low latency [1], [2]. In addition, links to
UAVs are often line-of-sight (LOS) and thus avoid blockage
problems common in mmWave cellular and LAN deployments
[3], [4]. Nevertheless, mmWave UAV communication present
several technical challenges including range, power consump-
tion and directional tracking in high mobility scenarios. The
goal of this work is to evaluate the performance of UAV
mmWave communications with realistic implementations of
codebook-based beamforming, beam search techniques, and
antenna radiation patterns.

Prior work in mmWave UAV communication is relatively
recent. For example, [4] performed laboratory experiments
and evaluated the beam tracking performance. Similarly, [3]
performed ray tracing and channel sounding to evaluate 28
and 60 GHz UAV-ground channels. The work [5] developed
a codebook design procedure for beam coverage for a given
target area. Multi-user MIMO communication with several
aircrafts connected to a central hub was studied in [6]. Several
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applications have also been simulated: for example, [7] eval-
uated UAV-ground communication in a public safety scenario
and [8] studied the possibility of mmWave UAV backhaul.

This paper considers multi-array designs and more detailed
antenna modeling. We demonsirate that the antenna design
and placement can greatly affect the communication range and
multi-array designs can offer significant benefits in long-range
applications. In contrast to most prior work, we also consider
communication above 100 GHz where the bandwidths are
even larger than the lower mmWave frequencies. Specifically,
we study two systems: (a) a 28 GHz system similar to
the configuration for a 5G New Radio (NR) [9] mmWave
deployment today; and (b) a hypothetical 140 GHz system,
also using an NR-type link. The 140 GHz band is the most
likely sub-THz frequency for future 6G systems [10].

II. ANTENNA AND BEAMFORMING MODEL

We use the 3GPP New Radio (NR) terminology [9] where
the UAV is the user equipment (UE) and the ground base
station is the gNB. We focus on the uplink (UE — gNB) since
it is the most power consirained. We suppose the UAV has
Narr antenna arrays, each array with Ny antenna elements.
We index the amays by k = 1,..., Ny and assume all
elements in the same array have the same orientation. Thus,
in each array k, the elements have an identical element gain,
AE.'}(E.. ¢), representing the power gain of a plane wave
arriving with elevation and azimuth angles & and ¢ onto an
element in array k. In addition each array is characterized by
a spatial signature, 1(#,¢) € CVve which represents the
complex response of the Nyg antennas to a plane wave with
angles & and ¢. We will assume the components of the spatial
sipnature are normalized as |uge|= 1. Thus, each direction
results in a vector of phase shifts defining its spatial signature.

We assume the UAV transmits from only one array at a
time. Thus, at each time, the UE will select an array k and
apply a beamforming vector w € CVUE_ We assume ||w|= L.
The resulting total transmit gain in a direction (#, ¢) is then,

G(8,6,w) = AL (6,6) + AGp(0,6,w), (D
where AE’;H is the beamforming pain,
AG(B, 6, W) := 10log,|ux(6, 6) - Wi, @)

where a- b denotes the dot product between vectors a and b.

Authorized icensed use limited to: Mew York University. Downloaded on September 18,2020 at 13:47:48 UTC from IEEE Xplore. Restrictions apply.



2020 IEEE 21st International Workshop on Signal Processing Advances in Wireless Communications (SPAWC)

1HE i 120 130 jHa 15 Ih) 17 180
0y - - - - - - . il

S0 [dB]

-0

’ qu.u‘::. |taHz) :
{a) Geometry of circular po- (b)) Reflection coefficient for patch antennas
larized patch anienna element  optimized at 28 (red line) and 140 GHz (blue
operating at 28 GHz. line).

Fig. 1: Proposed antenna structure.

We will assume a line-of-sight (LOS) channel with a single
direction of arrival (#, ¢). In this case, the maximum of the
total transmit gain in (1) is,

G™* (8, ¢) — max max A%, 6) + AR (0,4, w}] (3)

where the maximization is over the array selection k and the
beamforming vector w. We will use the value of the maximum
{3) to evaluate various design parameters including the antenna
element design, array layout, placement and beamforming
codebook.

ITI. ANTENNA DESIGN

Antenna Elememt design: For the 28 GHz case, we
consider a single circular polarized patch antenna element
on a low loss Preperm255 subsirate (e, = 2.55, and tand =
0.0005) with thickness of 0.5 mm. Patch antenna element has
two opposite corners truncated to provide circular polarization
{CP) [11] and the feeding point of the patch is offset from
the center by 1.05 mm for antenna optimized at 28 GHz
(Fig. la). Similar antenna geomeiry is considered at 140
GHz, antenna is designed on a 3 layer Megtron7 subsirate
with & = 3.4 and tand = 0.002. The CP antennas may be
beneficial for communications since the position of the drone
can be arbitrary during the flight The following parameters
are obtained during the electromagnetic simulations in Ansys
HFS5: axial ratio is 5.5 dB; maximum gain is 7.2 dBi; and
the half power beam width (HPBW) is 82° for single antenna
element operating at 28 GHz. The axial ratio is 1.25 dB and
the gain is 5.2 dBi for the antenna operating at 140 GHz.
The reflection coefficient of the developed anienna elements
is presented in Fig. 1b. Further optimization of the antenna
element can be performed (e.g. by adding a partially reflecting
surface [12]) to achieve larger bandwidth and higher gain of
the array, however, this is out of the scope of this work but
will be considered in the future.

Array configpuration and placement: We consider two
realistic array configurations:

+ A single array located on the bottom of the drone to
provide coverage of the bottom hemisphere (Fig. 2a);

+ Four antenna arrays located on the sides of the drone
and tilted by —45° relative to the drone plane (Fig. 2b).

Each array covers an approximately 90° sector.

(d) Smghantennama}' under the (b} Four antenna arrays on the sides
of the drone.
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Fig. 2: Antenna configurations and estimated radiation pattems on a
commercial drone at 28 GHz.

In order to estimate the effect of the drone frame on the
antenna parameters, we performed shooting and bouncing
ray (SBR) simulations using geometrical optics (GO) using
a real 3D model for a commercial drone. This is a typical
quadcopter with the diagonal dimension of 650 mm. Usually,
large drones are made of carbon fiber, while in the simulations
we use PEC material to simplify the model and and similar
characteristics. At the current time, our SBR simulations are
only performed at 28 GHz. We assume that we can obtain
similar radiation patterns at 140 GHz, however the effect of
the drone frame might be severe at higher frequencies. Our
future work includes studies mentioned above. Figs. 2c and 2e
shows the estimated 3D radiation patterns, as well as, azimuth
and elevation cuts of the single antenna element located in
the single and four array cases. For the four array case, the
patterns from only one of the four arrays are shown — the
others are identical by symmetry. Figs. 2d and 2f also compare
the radiation patterns (dash black line - antenna in the free
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space and solid red line - antenna on the drone). We see that
drone body affects on the radiation patterns may be significant.

IV. MuLTI-ARRAY CODEEOOK DESIGN

In many cases, search can only be performed over a dis-
crete set of beamforming vectors or codebook. Good code-
book design is necessary to obtain good beamforming in
all directions of interest. To this end, we extend the Lloyd-
type codebook design algorithm in [13] for multi-arrays. Let
8% — (w® ... w} be the codebook for array k, where
M is the number of beamforming vectors in the codebook.
Typically, we set M = Nyg so that the number of codebook
vectors equals the number of spatial degrees of freedom. The
goal is to select the set of codebooks, 8§ = (81, ... 8Ny,

To this end, we select a large number of random angles
(B, ), i = 1,..., N, from the distribution over which we
desire coverage. In this study, we draw the vectors uniformly
over the bottom hemisphere of the UAV, specifically # <
[—90,0] and ¢ € [—180,180]. We use this distribution since
in many applications (one of which is simulated in Sec. V-D),
the drone receives communication signals from a nepative
elevation angle for most of its flight.

Then, given a set of codebooks, §, the expected maximum
beamforming gain is,

N
1 )
TE) =5 12_1 I“'Em;‘xlwﬁ*“’ ug(Be, 60’ (@)

where u(f;, ;) is the spatial signature for the i-th direction
on array k. The expected beamforming gain is then maximized
iteratively:
+« Given a set of codebooks, 3, for each direction i, we
select the array k, and codebook vector index j, that
achieves the maximum beamforming gain in (4);
» For each % and j, let I;; be the set of directions i such
that &, = k and J; = j.
« Update the codebook vector w"’ to maximize,

w}kj = Arg maX, Z | - “kw::f?-":ﬂﬂ- (3)

1€l
This maximum in (5) is given by the maximum eigenvector
of
3 w6, d)un(8s, 0. ©
1€l

The above three steps are repeated until convergence.

V. SIMULATION RESULTS
A Parameters

We evaluate the antenna and codebook design for the param-
eters in Table I. As described in the Introduction, we consider
both a 5G-like 28 GHz system and a hypothetical 140 GHz
system for possible 6G applications. Note that the 140 GHz
system requires significantly more power to support the wider
bandwidths and would be intended for larger drones. For both
systems, we assume an NR-like channel allocation where the
bandwidth would be typically divided into component carriers

TABLE I: System parameters

Parameter Value Remarks
Carmier frequency f- | 28 GHz | 140 GHZ
. . Typ. for 100 or
Occupied bandwidth, |, 45, 1.6 | 200 MHz comporent
B (GHz) CTiETE,
TAV TX total power,
Pyg (dBm) B 26
PA efficiency (%) 20 97 E“f‘;;“;ig"gclt':'!f
| UAV PA power (W) ] EN|
Number UAV T UE 16 64 {dxdand BB
aniennas, Nyg UPAs
Number ground /
gNE aniennas, Nowp 64 236
Rain Fade (dB/km) 07 5 Eﬁ;"’; mml'f]'
Noise Figure (dB) 31 53 From [1B]-120]
Rae model Eqn. (3)
TAnayE] |
OB 5
u_ﬂ.ﬁ -
8
04+
02+
Q=== i - L L
-5 o 5 10 15 20

Maximum Tiotal Gain [dB]

Fig. 3: Cumulative Distribution Function (CDF) of the coverage for
multi-array configurations

using carrier aggregation [21], [22]. Similar parameters are
used in [23]. We assume state-of-the-art reported mmWave
device parameters for both the power amplifier (PA) [14],
[15] and low noise amplifier (LNA) [18-[20]. The path loss
includes atmospheric loss at moderate rain levels (4mm/hr)
[17].

B. Directional Coverage

Using the antenna patierns in Section 11 and the multi-array
beamforming codebook design procedure in Section IV, Fig. 4
shows the total directional gain G™**(#, ) in (3) for angles
(8, &) uniformly over the lower hemisphere. The figure plots
the gains for 28 GHz carrier for one and four arrays with 4 x 4
elements per array. As expected, the single array configuration
has poor coverage along the horizontal of the array at # close
to 0° in Fig. 4a. As we will see below, at long distances from
the base stations, the signal often armrives close to horizontal
and the low gain at these angle can significantly reduce the
range. The multi-array configuration in contrast offers much
more uniform lower hemisphere coverage. For example, the
CDF in Fig. 3 clearly shows that the single array configuration
has about 20% of the hemisphere having maximum total gain
less than 5 dB. In contrast, nearly all of the directions for
the four-array configuration achieve a maximum gain of over
10 dB with a median gain of about 15 dB.
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Fig. 5: Rate vs. distance for 28 and 140 GHz systems

C. Link Budget

To assess the link budget, Fig. 5 shows the expected data
rate as a function of distance for the 28 and 140 GHz systems
using the parameters in Table 1. In each case, we assume the
UAV is at an altitude of 35m above the ground base station.
We assume the SNR is given by,

PurGueGeng
LB(KT)(NF) )’

where Pyg is the UE transmit power: Gug and Ggng are the
total directional gain (element gain + beamforming gain) at the
UE and gNB; L is the free space path loss, B is the bandwidth;
kT is the thermal noise spectral density (for T' = 203 K)
and NF is the noise figure. For the UE at 28 GHz, the gain
Gy = G™*™ (4, ¢) is the gain with optimally selected array
and codebook vector as computed in Section V-B. We assumed
the gain for 140 GHz would scale with the number of antennas.
For the gNB, we assume we can obtain a total gain (in dBi)
gi‘-’ﬂl’j h}’ GENB = 1[]]Dglﬂ{NgNE:| +AE where NgNB is the
number of antennas at the gNB and Ag is the pNB element
zain which we take as Agy = 5 dBi. Given the SNR, the rate
is then computed by the LTE-like model [24],

R = (1 — a) B min{ pmax, log(1 + 10%-1ENE-201 - (g)

where o = (1.2 is the bandwidth loss (due to control signaling),
A =6 dB is the SNR loss (due to receiver implementations)

SNR = 10logy, ( W)

and pmax = 4.8 bps/Hz is the maximum spectral efficiency.

Under these assumptions, we see that the four-array config-
uration offers significantly greater range than the single array
configuration due to its ability to obtain high directivity at
horizontal angles. We also see that the 140 GHz configuration
can obtain peak rates in excess of 6 Gbps, and both the 28
and 140 GHz systems can achieve over 1 Gbps at a distance
of 1 km.

D. Mission Flight Example

We conclude with an evaluation in a real drone trace using
data that was provided by the Austin Fire Department (AFD)
for a public safety communication scenario. This drone flight
was first studied in [7]. In this simulation, the ground base
station (gNB) is located at (—700,0,25) m and the UAV has
a flight path shown in Fig. 6. It is important to clarify that
the base station is positioned at = = —700 and is thus about
700 m away from the starting position of the UAV flight path.

40 o —

o HMR G e

140 120 100 a0 60 40 20 0
Y -ais (m)

Fig. 6: Public Safety Mission Flight

Using the identical assumptions as in the link budget
calculations, Fig. 7 plots the Signal to Noise Ratio (SNR)
for a UAV taking the flight path shown by Fig. 6. The SNR is
compuied for carrier frequencies of both 28 GHz and 140 GHz
and the SNR trace is color-matched to the different parts of
the flight path for reference. Since the UAV is flying mostly
perpendicular to the vector from the UAV to the gNB | the total
distance does not change significantly over the flight Hence
the average SNR is roughly constant. However, the small SNR
variation is due to rotational motion of the drone. We also
have modeled the beamforming tracking error. Specifically, we

Authorized icensed use limited to: Mew York University. Downloaded on September 18,2020 at 13:47:48 UTC from IEEE Xplore. Resirictions apply.



2020 IEEE 21st International Workshop on Signal Processing Advances in Wireless Communications (SPAWC)

30
254
_20f
o |
= iy
g s g T LT !
@ ol ot W '-’!"Wﬁ? ff”}fﬁ‘f“#&mrww‘wﬁ !
: i ! e H \
1 _f =28GHz | | o
5r ! c ! ot
; --f_=140GHz ! i
H C
0 I ‘ I ‘ ‘ ‘
0 200 400 600 800 1000 1200
Time t [s]

Fig. 7: Signal-to-Noise Ratio for public safety mission "Crowd
Overwatch" from [7]

assume there is a 20 ms delay in beam search consistent with
Primary Synchronization Signal (PSS) beam search in the NR
standard [25]. We see that the SNR fluctuations are somewhat
higher in the 140 GHz case due to the narrower beams.

VI. CONCLUSIONS

To assess the feasibility of mmWave communication to
UAVs, we have conducted detailed simulations of a circularly
polarized patch antenna element to evaluate the radiation
pattern while also considering the effect of a real drone
frame on the coverage. Using this antenna design, we propose
and simulate two possible configurations for antenna array
placement on a UAV and provide results for hemispheric
coverage and gain distribution, link budget, and finally SNR
for a real Public Safety Communication (PSC) flight for both
mmWave and sub-THz bands. Our results show significant
benefits for multi-array systems, particularly at long ranges.
Indeed, with four arrays, we can maintain high gain throughout
the lower hemisphere and obtain over 1 Gbps even at a 1 km
distance and moderate rain fades. Using the proposed multi-
array design, the maximum distance for which the system
maintains the highest achievable throughput is in fact extended
by over 600 m and 200 m for mmWave and sub-THz models,
respectively. Future work will include more detailed modeling
of the 140 GHz antennas as well as blockage analysis for low
altitude flights.
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