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ABSTRACT In this paper, we consider long range air-to-ground (AG) communication systems which support
airborne platforms including unmanned aerial vehicles (UAVs) for real-time applications. In this system,
we design tracking techniques for directional ground antennas which enable reliable AG communication
regardless of dynamic maneuvers of the UAV. We apply a simple monopulse method and a fixed gain filtering
algorithm to develop a single channel monopulse tracking system with an angular estimation filtering, which
exploits a downlink signal without requiring a dedicated channel. Through the AG communication prototype
and realistic flight tests, we evaluate the tracking accuracy performance at the distance of hundreds of
kilometers and demonstrate the auto-tracking capability of the angular estimation filter. The flight test results
show that the tracking accuracy of our proposed system is sufficient for long range transmission with a
narrow beam antenna. Also, in the absence of the downlink signal, it is observed that the ground prototype
can resume the monopulse tracking procedure, and successfully maintains the tracking accuracy.

INDEX TERMS Air-to-ground communication systems, antenna tracking, estimation filter, monopulse.

I. INTRODUCTION

In recent years, there have been increasing interests in uti-
lizing airborne platforms for various real-time applications
such as military reconnaissance, disaster monitoring, border
patrol, and airborne communication networks [1], [2]. Espe-
cially, unmanned aerial vehicles (UAVs) have received more
attentions as a useful aerial platform [3]-[5]. Now, various
UAV enabled networks have been introduced [6]-[11]. For
such an aerial system, a seamless air-to-ground (AG) com-
munication is essential which establishes a common wireless
link between an air data terminal (ADT) of the airborne
platform and a ground data terminal (GDT) of the ground
control station.

Depending on the purpose of its application and data
characteristic, the AG communication link can be classified
into a cellular network centric link and a mission related
link. The first one indicates the AG wideband backhaul that
connects wired backbone networks on the ground to aerial
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base stations, e.g., UAV assisted cellular networks [12], while
the second one represents a link which sends secured data
and streaming video data collected by sensors of the airborne
platform to the ground control station [13], [14].

Both types of links have to transmit a massive amount
of gathered data through the AG wireless channel, rather
than through a satellite system with limited capacity. How-
ever, it is not straightforward to apply conventional terres-
trial techniques into the AG communication system, since
high maneuverability of aerial nodes has not been properly
considered. Moreover, if the AG communication system uses
high frequency bands such as X or Ku bands which usually
suffer from a large free-space path loss, it is difficult to
operate in a wide area. Therefore, the AG communication sys-
tem practically needs high-gain directional antennas which
can cover hundreds of kilometers. Thus, accurate pointing
and tracking are required to ensure a maximum gain dur-
ing dynamic airborne maneuvers. Some works studied the
AG communication system in the context of directional track-
ing antennas [15]-[19]. However, they are still limited in
UAV systems with short coverage and low altitude.
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Originally, a tracking radar can measure a direction of
arrival (DOA) of a signal that radiates from a distant target
or a reflected signal. To this end, a tracking antenna of
radar systems tries to keep the antenna beam axis aligned
with a mobile target. The related technologies can be typ-
ically classified into sequential and simultaneous lobing
methods [20]. The sequential lobing is divided into lobe
switching and conical scan methods. On the other hand,
the simultaneous lobing, also known as monopulse, includes
amplitude and phase comparison monopulse techniques.

In the monopulse, two-coordinate systems normally
require three receiver channels, i.e., sum, azimuth differ-
ence, and elevation difference channels. Each channel has
its respective intermediate frequency (IF) channel. In fact,
the performance gains of the monopulse over sequential lob-
ing schemes are obtained at the expense of increased com-
plexity and cost. Although two or single channel systems
conventionally impose some losses in performance, we prac-
tically obtain simple monopulse systems that might be ade-
quate for special applications. Hence, in terms of reducing
the number of the receiver channels, many literatures have
proposed simple monopulse systems [20], [21].

In this paper, we develop a single channel monopulse
tracking system with additional estimation filtering for
the wideband and long range AG communication sys-
tems. Motivated by the channel reducing methods reported
in [20] and [22], we focus on a simplified single channel
approach that requires only one IF chain for the monopulse
method. The proposed single channel monopulse tracking is
based on an amplitude comparison. Especially, by subtract-
ing the out-of-phase signal and adjusting two parameters,
we demonstrate that the proposed single channel monopulse
technique with reduced complexity obtains the performance
almost identical to the conventional three channel system.

In addition, we adopt the monopulse tracking architecture
exploiting a downlink signal without requiring additional
dedicated channels. Besides, for the case where the downlink
signal is not available, we employ an angular estimation
procedure with low complexity. Utilizing a simple form of the
estimation filter in [23], we combine the monopulse tracking
system and the tracking angle based estimation filter. More-
over, we implement the AG communication system prototype
and present extensive experimental results acquired from
actual flight tests at the distance of hundreds of kilometers.
In our test, the flight maneuvers include straight-and-level
flights as well as turns, climbs, and descending flights.

To the best of our knowledge, no literature has investigated
the monopulse tracking system for the long rage AG com-
munication system yet. Authors in [15] proposed a steering
algorithm to provide backhaul connectivity between a UAV
and a ground base station, and tested a simple experimental
setup. The work [22] analyzed angle estimation methods
for orthogonal frequency division multiplexing based single
channel monopulse tracking in the UAV AG communications.
Also, the aerial communication techniques were developed
in [17]-[19] with the alignment of directional antennas to
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enable long distance and broadband air-to-air systems. How-
ever, the field test was conducted only at the distance of
hundreds of meters [18]. Therefore, our paper presents a
practically significant study for long range commercial and
military applications in large airborne platforms.

The remainder of this paper is organized as follows:
In Section II, we investigate the proposed single channel
monopulse system. Section III applies a modified angular
filter with our proposed single channel monopulse tracking.
Under various flight conditions, the test setup and results
are presented in Section IV, and conclusions are followed
in Section V.

Il. SIMPLIFIED SINGLE CHANNEL MONOPULSE
TRACKING SYSTEM

In this paper, we apply a single channel monopulse technique
to the GDT of the AG communication system for wideband
and long range communications. Here, it is crucial to strike
a balance between a precise tracking capability and a long
range requirement. In the following, we briefly explain the
ground system diagram for the AG communication system
in Fig. 1 and describe the procedure for generating the
monopulse output known as the error signal.

As shown in Fig. 1, the monopulse tracking system in the
GDT consists of four horn antennas, a monopulse compara-
tor, low noise amplifiers (LNAs), a bi-phase shifter, a digital
signal processor (DSP) block, and analog-to-digital converter
(ADC). We can see that the monopulse receiver has a single
IF channel. The proposed single channel monopulse tracking
system is categorized as an amplitude comparison system.

The four quadrants A, B, C, and D of Fig. 1 represent the
corresponding signals of four feed horns. At the front-end
of the monopulse receiver, the monopulse comparator forms
the sum s, the azimuth difference d, and the elevation dif-
ference output signals by means of hybrid junctions'. More
detailed operations of a monopulse comparator is described

! For simplicity, we only describe the sum signal and the difference signal
of an azimuth coordinate in this paper. The same procedure can be applied to
the elevation coordinate. Unless stated otherwise, the difference signal means
an azimuth difference signal.
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in [20] and [24]. The sum and difference signals are obtained
ass =A+B+C+Dandd = (A+B)—(C+D), respectively,
which depend on individual horn antenna’s patterns, squint
angles and monopulse comparators.

Next, the monopulse receiver produces the monopulse
output by using imbalance of power derived from the sum
and difference signals. With the resultant monopulse output,
the antenna controller drives a servo motor subsystem for
mechanically rotating the GDT antenna. After amplifying
the monopulse comparator output in the LNAs, the azimuth
difference signal and the elevation difference signal are mul-
tiplexed in time division mode in the switch as illustrated
in Fig. 1. Denoting the dB-scale gain of the LNAs in the sum
and azimuth difference signal path as G, and G4, respectively,
the amplified signals in each path are indicated as 5 =
106:/205 and d = 109¢/24. With the multiplexed azimuth
difference signal, the bi-phase shifter generates the in-phase
and out-of-phase signals about the difference signal.

Then, the signal combiner couples these two outputs with
the sum signal individually. Processing s + d and s — d
instead of s and d is advantageous in two-coordinate tracking
systems [20]. Since our system ignores a relative phase
between the sum and difference signals, it is insensitive to
phase imbalance in the receiver channel. By considering an
equal power combiner, the combined in-phase power P; and
the out-of-phase power Pp can be computed as P; = %
G+ d)? and Py = %(E —d)>. Finally, these are converted
to IF signals by mixing with a frequency of a local oscillator,
and then detected at a logarithmic power detector. A log
operation in the power detector makes the monopulse output
proportional to the angle off axis [20].

Let us introduce n as the proposed monopulse output.
Interestingly, we can obtain the monopulse output 7 from the
difference between P; and Po. By subtracting Pp from Py
in terms of dBm unit and denoting M as the scaling factor
designed at the DSP block, the monopulse output is derived
as

n 2 M (10log P; — 101og Pp) (D)

=M (20 log (s n Zi) — 20log (s - Zi)) )
14+d/s

— 20M log -5 3)
1—d/s

At last, by expressing the gap of the amplifier gain between
the sum and difference paths as K = 10(Ga=G)/20,
the monopulse output is written as

1+K(d/s)
1—-K@d/s)
Now, based on the numerical method established in [25],
we can obtain the desired values on K and M within the
angles of interest. In Fig. 2, we can see that our monopulse
output becomes almost identical to the baseline three chan-
nel’s output by fixing K = 0.11 and M = 0.5. Here,
the baseline three channel monopulse output 7 is defined as
i £ d/s [20]. Typically, the monopulse system is designed

n = 20M log (@)
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FIGURE 2. Comparison among monopulse outputs.

such that the monopulse output is linear within the half-power
beam width (HPBW) of the sum pattern [26]. Thanks to the
linearity, we can take a simple one-shot solution to extract
a tracking angle. The figure shows that the linear approx-
imation matches well between —0.7° and 0.7°, where the
prototype antenna pattern with the HPBW of 1.4° will be
explained in Section IV.

The proposed tracking system utilizes phase shift key-
ing (PSK) modulated signals transmitted from the ADT’s
wideband transceiver. The conventional monopulse tracking
system normally requires dedicated pulse signals via separate
channels to estimate the direction of a target [20], [27]. From
Fig. 1, we can find that the duplexer connects the downlink
signal to both the wideband transceiver and the monopulse
receiver. Obviously, since the duplexer offers a two-way oper-
ation for both uplink and downlink, the same sum pattern
is shared on transmission and reception of the wideband
transceiver. As a result, this architecture combined with the
single channel approach allows to make the GDT system
simple, because it is not necessary to allocate additional
frequency resources such as a beacon channel.

Ill. ANGULAR ESTIMATION FILTERING FOR
AUTO-TRACKING

In this section, we address an angular estimation procedure
for the antenna controller in Fig. 1 to obtain an auto-tracking
capability. As explained in the previous section, we adopt the
monopulse tracking architecture exploiting a downlink sig-
nal. During the flight, poor radio propagation circumstances
can happen due to airframe shadowing and blocking from
terrain obstructions. Specifically, to cope with the absence of
the downlink signal, the GDT needs to be able to automati-
cally trace the ADT for a certain period of time without any
monopulse output.

To tackle our problem of interest, we here consider a criti-
cally damped filter, which is a special type of fixed gain filter-
ing algorithms such as the «- g filter [23], [28]. The filter usu-
ally provides good performance with low computational cost
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in many fields. Although it is well-known that the Kalman
filter is optimal in terms of minimizing the variance of the
estimation error, it requires the characteristics of the model
behavior including the process noise and the measurement
noise [29]. In practice, it may be difficult to identify such
priori information [30].

To solve this issue, we develop a simple angular estimation
filter based on the azimuth angle? and angular velocity infor-
mation as illustrated in Fig. 3. We assume that the aircraft
travels with a constant angular velocity. This assumption is
reasonable if the time between observations or the angu-
lar acceleration of the aircraft is small [28]. In particular,
we adjust our filter gains by utilizing relative angle variations
to take into account unexpected maneuvers.

Let us denote X[n|n — 1] 2 [O[njn — 1] dnln — 1717
where é[n|n — 1] and d[n|n — 1] indicate the prediction
estimates about the azimuth angle and the angular velocity,
respectively, as the prediction estimate at time n based on
the past measurements. From Fig. 3, we have the following
transition equation as

Xnn—11=Fk[n—1n-1] (5)

where the transition matrix F is given as F = [(l) Tf] with T
being the time between estimates, and X [n — 1|n — 1] is the
filtered estimate at time n — 1.

Next, we can obtain the filtered estimate X[n|n] =
[é[n] P[n1T at time n based on the present measurement as

well as the past measurements as
X[nln] =X [nln — 11+ W, (0[n] — HX [n|jn — 1])  (6)

where W,, denotes a filter gain vector of length 2, 0[n]
represents the azimuth angle measurement in the monopulse
receiver at time n, and the measurement vector H is defined
as H = [ 1 0]. If there is no measurement on 6[n] due to the

2 The same procedure can be applied to the elevation coordinate. When
tracking in azimuth and elevation angle, one might run multiple filters in
parallel. However, we adopt the filtering in azimuth coordinate only because
the angle variation over the elevation axis is relatively limited in most flights.
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absence of the downlink signal, the last estimate is used, i.e.
0[n] is set to 2 [n|n — 1].

In the critically damped filter [23], W, has constant gain
coefficients. However, the angular velocity normally varies
with a trajectory, and there exist deviations from a cruise
flight practically. Therefore, to consider the irregular change
of the angular velocity, W, is rewritten as

1 — Einir — En[n])?

— 1
W 72 (1 = G — vl

(N

where &;,;; denotes an initial smoothing value, and &y[n] £
N-1 R .

€lx X (@ln—11—60n— 1 —11)/6[n — I])| represents a
1=0

moving average with respect to the ratio of the angle change
over a period of N. Here, € is an arbitrary constant for
0 < € < 1. Note that this approach using the ratio of
change between consecutive data is suitable for taking into
account a maneuvering trend [31], [32]. For 0 < &;,;; < 1
and 0 < é&y[n] < 1, when &;,;; — &v[n] term gets closer
to 1, we have a heavy smoothing effect. As &y[n] increases,
the filter gain coefficients become more associated with the
present measurement. Consequently, by averaging the ratio
of angle changes at every time in a sliding window fashion,
W,, has adoptive gain coefficients over time.

IV. FLIGHT TEST RESULTS

In this section, we present field test results for the single chan-
nel monopulse tracking technique combined with the angular
estimation filter. For simulations, we implement the experi-
mental AG communication system employing the proposed
scheme and conduct flight tests under realistic scenarios.
Throughout the flight test, we focus on evaluating the tracking
accuracy at long distances and the auto-tracking capability
during temporary disconnections.

A. EXPERIMENTAL SETUP

In the GDT antenna part, we employ an axially displaced
elliptical (ADE) dual reflector antenna with a diameter of
60A, where X is a wavelength. The ADE type provides high
efficiency with compact mechanical designs [33]. We offer
the measured sum s and difference d gain patterns and the
GDT prototype in Fig. 4. In particular, the shape of the sum
pattern shows a pencil beam with the HPBW of 1.4°. This
directional pattern is indispensable for long range communi-
cations. At the boresight angle, the null depth of the difference
pattern is given as more than 40 dB, which is important for
the tracking performance [33].

The proposed scheme can be applied to both unmanned and
manned aircraft systems. For a safe and effective flight test,
the manned aircraft Cessna 208 Caravan is used in our exper-
iment. Regarding the ADT prototype, the aircraft configura-
tion is similar to the ground site, where most components
are installed inside the aircraft. The transceiver provides a
wideband X band connectivity at experimental target regions
by supporting a high power amplifier with a bandwidth of up
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FIGURE 4. The measured GDT antenna patterns and the implemented
prototypes.

to tens of MHz. Specifically, a dual-axis, global positioning
system (GPS) aided® X-band tracking antenna with an aper-
ture coupled patch array is mounted on the bottom surface of
the aircraft as shown in Fig. 4. The flight speed is set to 270 to
300 km/h during all flights. The flight trajectories have been
pre-defined such that clear radio line-of-sight (LOS) can be
maintained in term of the antenna’s field of view.

During whole tests, the GDT prototype uses the monopulse
output curve generated with K = 0.11, and M = 0.5 in
Eq. (4) of Section II. The angular estimation filtering param-
eters in Section III are set as &;,; = 0.99 and € = 0.9 which
are determined from extensive computer simulations. This
means that 6 [n]n — 1] predicted with past measurements is
more reliable than current measurement 9[n]. Also, we fix
N = 200 and T = 10 ms such that Ty is sufficiently small.
This implies that a window size of the moving average for
&n[n] is two seconds. A large amount of data is recorded at
every 10 ms for all time period.

The monopulse tracking mode described in Section II
works when the tracking angle is within the HPBW of +0.7°.
The angular estimation filtering mode proposed in Section III
always operates in the background and then is triggered in
the absence of the monopulse output regardless of the present
tracking angle. Note that the GDT prototype enters a box scan
mode if the filtering mode lasts for 15 seconds. By running
in the box scan mode, the GDT searches the downlink signal
power transmitting from the ADT antenna, and initiates the
monopulse tracking mode.

3 Unlike the monopulse based tracking at the GDT, the tracking scheme
at the ADT is based on the GPS information about the aircraft and the GDT
locations. The fixed position of the GDT is known to the ADT in advance,
and then the ADT tracking angle is computed by combining the GDT
position with the current position and the attitude of the aircraft. Therefore,
even though the aircraft moves around, the ADT antenna can point to the
GDT at the ground site.
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FIGURE 6. Tracking accuracy result in the region R3.

B. TRACKING ACCURACY PERFORMANCE ACCORDING

TO A DISTANCE

First, we verify that an antenna beam alignment between
the moving ADT and the fixed GDT can be maintained
accurately at various distances. The trajectories of the aircraft
are configured with three regions R1, R2, and R3, which are
located 185 km, 105 km, and 55 km away from the GDT,
respectively. The aircraft climbs to an altitude of about 2.6 km
in the R1 region, 3.5 km in the R2 and R3 regions. Note that
the aircraft moves about 20 km at each of the regions.

Under these conditions, Figures 5 and 6 show the desired
and actual azimuth tracking angles and the tracking errors
with respect to the flight time at the R1 and R3 regions,
respectively. It is noted that the GDT prototype gives fairly
accurate tracking performance as shown in the azimuth track-
ing error tendency. To evaluate the tracking accuracy of
the proposed design, we calculate the root mean squared
error (RMSE) on the tracking errors between the desired
azimuth tracking angles and the actual values of the GDT.
In this simulation, we obtain the desired angle by calculating
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the azimuth angle with the recorded GPS information of the
ADT and GDT.

As aresult, the RMSE is computed as 0.015° for the region
R1 and 0.023° for the region R2. The RMSE of the region
R3 is 0.068° except for invalid GPS information intervals*.
The closer the distance between the ADT and the GDT is,
the greater the angular velocity becomes given the same
aircraft speed. Thus, the tracking error can be more signif-
icant as the range decreases. During the test, these RMSEs
are sufficient for the transmission of multiple data stream
concurrently, e.g. internet protocol (IP) based video and voice
transfer, since the tracking error of 0.1° causes a negligible
degradation from Fig. 4. The results in both figures demon-
strate that the GDT has reliable tracking performance even
though the RMSE increases slightly as the range reduces.

Second, in Fig. 7, we further demonstrate the effectiveness
of the proposed system through long-term measurements of
about 80 minutes. The flight track includes an straight line
path away from the ground site and a clockwise racetrack
pattern near the region R1. As expected, the received signal
strength shows a steady decrease as the aircraft travels out-
bound. It is observed that except for the 25 and 55 minute
periods operated in the box scan mode after rebooting the
prototype twice, the GDT still track well as shown in Fig. 7.
Excluding the preceding reboot and scan phases, the RMSE
result is given as 0.045° which is a remarkable result for the
long-term measurements. Finally, we can observe that the
tracking accuracy of our proposed system is sufficient for
long range transmission with a narrow beam antenna.

C. AUTO-TRACKING PERFORMANCE IN THE ABSENCE OF
THE MONOPULSE OUTPUT

Since a correct antenna alignment is a prerequisite for recon-
necting the AG wireless link, the GDT should be able to

4 There is a slight delay and no reception for gathering the GPS infor-
mation at 4.2, 7.7, and 8.1 minute. Since wrong GPS information yields
incorrect desired angle, a tracking error becomes big.
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automatically track even though the monopulse output is not
available temporarily. To evaluate the auto-tracking perfor-
mance, we experiment disconnection setups by toggling the
ADT’s transmit power. Meanwhile, the ADT antenna contin-
ues with the GPS based tracking by utilizing the known GDT
location and real-time GPS information of the aircraft. For
this flight test, the distance between the ADT and the GDT
ranges from 48 to 60 km. The aircraft flies in a straight line
and the altitude maintains as 1.8 to 3 km.

As a preliminary test, 13 consecutive disconnections are
generated for a short period of up to 12 seconds. We confirm
that the GDT can offer robust auto-tracking performance
under several disconnections. Next, we gradually increase
the disconnected time from 18 to 82 seconds for seven test
cases. Table 1 summarizes the auto-tracking performance
results and the associated measurements. During the discon-
nected period without the downlink signal, we obtain the
desired angle variations and angular velocities, and measure
the actual angular velocities. After the recovery of the down-
link signal, we observe the actual current angles and the
resultant tracking errors. Clearly, the GDT can resume the
monopulse tracking procedure and successfully establish the
AG link again, if the tracking error is within the HPBW of
40.7° after the recovery of the downlink signal. In particular,
we include the detailed results for the test case 5 and 6 in
Fig. 8. Here, the GDT is not able to receive and store the
GPS information of the aircraft during disconnections, which
is revealed from the staircase pattern in the desired angle
graph.

On the other hand, in the test case 7, the reconnection for
the monopulse tracking mode is not achieved due to rapid
decelerations over long disconnected period of 82 seconds. In
conclusion, the performance results show that the proposed
angular estimation filter can adequately compensate for the
absence of the downlink signal for at least 60 seconds, which
provide a significant capability in various applications of the
AG communication system.
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TABLE 1. Auto-tracking performance results according to the increased disconnection time.

Dis o Desired angular Actual angular Actual angle Tracking error .
Test case 1scqnnected De's 1re d angle velocit velocit after the signal after the signal Re-connection
duration [sec] variation [deg] Y Y g g result
[deg/sec] [deg/sec] recovery [deg] recovery [deg]

1 18 1.7 0.094 0.078 350.1 —0.3 Success
2 22 2.0 0.091 0.080 355.5 —0.4 Success
3 32 3.0 0.094 0.078 362.4 —0.5 Success
4 39 3.6 0.092 0.077 7.7 —0.6 Success
5 52 4.7 0.090 0.081 18.8 —0.5 Success
6 60 4.2 0.070 0.073 33.0 0.2 Success
7 82 4.6 0.056 0.038 37.1 —1.5 Fail

V. CONCLUSION

In this paper, we have designed the monopulse tracking
system for the long rage AG communication, and imple-
mented a prototype with the single channel architecture and
the angular estimation filter. Then we have tested the proto-
type performance via realistic flight tests up to the distance
of 185 kilometers. The experimental measurement has
demonstrated that the proposed system achieves the reli-
able tracking performance. From extensive field test results,
we have verified that the proposed approach can be adopted in
actual airborne platforms as well as UAVs that need the long
range AG communication. In the future, the space-air-ground
integrated network [34] is expected to become aerial net-
works which relay the increasing traffic demands of various
services among space, air and ground. Extensions to an air-to-
space link or an air-to-air link with multiple UAVs are worth
pursuing [35], [36]. Also, electrically steering antennas based
AG communication systems could be an important research
direction.
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