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Abstract—Aerial users, such as unmanned aerial vehicles
(UAVs), experience different radio propagation conditions than
users on the ground. This is a concern regarding the integra-
tion of such users into cellular networks in the near future. This
letter investigates the impact of uplink transmissions from an
aerial user equipment. Full buffer transmissions were performed
by a device at ground level and also flying attached to a UAV at
100 m height. The field measurements show a higher number of
cells affected by the aerial transmission, with an increase of up
to 7.7 dB in the interference over thermal noise in cells within
15 km of the test location. This letter also assesses two strate-
gies to reduce the uplink interference caused by aerial users:
1) UAV’s cruise height control and 2) directional transmissions.
Results show the directional transmission is a more promising
technique, and has the advantage of not reducing the uplink
received power.

Index Terms—UAVs,
communication.

air to ground channel, aerial

I. INTRODUCTION

NMANNED Aerial Vehicle (UAVs), also known as

drones, are experiencing a market surge boosted by
technological developments in recent years. Data connectiv-
ity is one of the key enablers for beyond visual line-of-sight
(BVLOS) flight ranges, which can help to unleash an emerg-
ing potential. Besides the control link between UAVs and
their users, many applications may require high data rate con-
nectivity, such as surveillance, infrastructure monitoring, and
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media streaming [1]. Cellular networks are ubiquitous, have
a ready-to-market implemented infrastructure and are capable
of supporting broadband applications. Therefore, they arise as
natural candidates to provide UAVSs’s connectivity.

The Third Generation Partnership Project (3GPP) has
opened a work item on enhanced support for aerial vehicles [2]
to set common ground for performance evaluation of such
devices. At the time of writing, current channel models are
assumed to be height dependent and approximate free space
propagation as UAV moves up. Galkin et al. [3] use stochas-
tic geometry to show that the aerial devices present higher
line-of-sight (LOS) probability than users on the ground.
Preliminary results in [4] and [5] indicate this may change
the interference patterns commonly observed in cellular
networks.

Understanding how less severe path losses impact the
performance of both new aerial and legacy users is a topic
of interest for network operators [6]. This letter is focused
on the performance assessment of uplink (UL) transmissions,
i.e., from the user equipment (UE), either ground or aerial,
to the base station (BS). Previous studies in [7] and [8]
use downlink (DL) field measurements to estimate the UL
interference power observed by the neighbor cells detected in
the experiment. Results indicate a significant increase in the
UL interference power as a function of the UE height.

In this letter, UL field measurements were performed in
a rural area in Denmark, using a commercial Long-Term
Evolution (LTE) carrier at 800 MHz. A test phone per-
formed transmissions at two different heights: on ground
level and attached to an airborne UAV at 100 m, a height
compatible with many UAV’s commercial applications. A
collaboration with the network operator enabled the assess-
ment of the impact of such transmissions in all the co-
channel cells within a 15 km radius area. Based on the
observations, this letter discusses the challenges of imple-
menting interference coordination techniques and presents two
other possible countermeasures to the high interference. The
first, UAV cruise height control, is based on observations
made in [9] and [10] that UAVs’ height may be optimized,
offering a trade off between throughput and interference
in adjacent cells. The second strategy, directional array of
antennas at the UAV, tries to minimize the interference
without sacrificing the user throughput based on evidences
presented in [11].

The remainder of this letter is organized as follows:
Section II addresses the setup and details of the field mea-
surements; Section III shows the measured results and discuss
their implications. Final remarks are found in Section IV.
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TABLE I
MONITORED CELLS INFORMATION

Average | Minimum | Maximum
Height (meters) 37.2 27.5 54
Downtilt (degrees) 52 3 8

II. FIELD MEASUREMENTS SETUP
A. Network Scenario

The monitored area includes 50 live operating cells dis-
tributed over 17 sites. Reference information for the base
stations, such as average, maximum and minimum values for
antennas downtilt and transmitter heights, is found in Table I.
In order to minimize the impact to and from other users in the
network, the measurements were performed at night, between
2-5 AM. In this time window, the average UL cell measured
in the two weeks previous to the test was only 2 percent.

B. Test Device and Operation

The tests were carried out with an R&S QualiPoc! Android
smartphone. In order to obtain a full-buffer behavior, a large
test file (approximately 400 MB) was repeatedly transmitted
by the device, that was locked to a 10 MHz LTE carrier in
the 800 MHz band. The tests, which had 15 minutes of dura-
tion, were repeated three times for each of the two cases: the
terrestrial UE (TUE), from a static ground position at 1.5 m,
and the airborne UE (AUE) at 100 m, with the smartphone
attached to a UAV flying in circles of 7 m radius.

C. Measurements

For this analysis the interference over thermal noise power
(IoT) in the network cells was provided by the telecom opera-
tor. This performance indicator reports the median of the noise
rise in LTE Physical Uplink Shared Channel (PUSCH) [12]
sub-bands over periods of 15 minutes. For each test, starting
and ending time were synchronized with the report generated
at the base stations.

Reports were also collected by the phone software. UL mea-
surements include phone’s average transmit power, number
of Physical Resource Blocks (PRBs) used and throughput in
PUSCH channel. DL measurements include physical cell indi-
cator (PCI) and reference signal received power (RSRP) [12]
for the serving cell and for some detected neighbors. During
the trials, sampling rates observed were around 0.8-2 Hz.

III. RESULTS AND DISCUSSION

Before comparing the impact on UL in the two cases, it is
important to understand how these transmissions compare to
each other, especially regarding the transmit power. Figure 1
shows the CDF of three metrics recorded by the phone across
all tests: UL transmit (Tx) Power, PRBs used in PUSCH
Channel and PUSCH throughput. Despite UL power control
in LTE base stations, UE is transmitting close to its maxi-
mum power, 23 dBm, in both cases, indicating a power-limited

"More information about the Qualipoc  software in
www.rohdeschwarz.com/us/brochure-datasheet/qualipoc_android/.
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Fig. 1. Cumulative Density Function (CDF): Recorded Tx Power, PRB usage
and UL throughput for the transmissions using the terrestrial user equipment
(TUE) and the airborne user equipment (AUE).

throughput due to the path loss. A slightly lower average out-
put power, 22.8 dBm, is observed by the AUE, compared to
the TUE (23.0 dBm). In addition, TUE and AUE also show
similar average resource usage, occupying 42.8 and 40.8 PRBs
respectively, which indicates similar power spectral density in
both cases. Also, the bandwidth used was close to the max-
imum number of PRBs available for PUSCH in a 10 MHz
bandwidth (46), corroborating the assumption of low network
load generated by other users.

Despite these similarities, the median throughput obtained
during aerial transmissions is 32.5 percent higher than that
observed at ground level (18.9 versus 14.2 Mbps). This can be
attributed to lower coupling losses, as indicated by the phone
reports. The AUE case reported higher average Modulation
and Coding Scheme (MCS) than the TUE case, 23.7 versus
18.7, and higher median serving cell DL Reference Signal
Received Power (RSRP), —94 dBm versus —101 dBm. It is
worth noting that the TUE and the UAV are not connected
to the same serving cell. The TUE’s serving cell is 3.8 km
away, but the AUE made a handover to a farther serving cell
(13.7 km away) after taking off, probably because its new
elevated position was in a low gain region of the closest cell’s
antenna.

The IoT was evaluated to quantify the impact of such trans-
missions to the cells in the vicinity. The average IoT for each
base station across the three tests was used as a metric for com-
parison. The previous two weeks of measurements, within the
same time frame (2-5 AM), was used as a baseline value for
each cell. If the IoT for either AUE or TUE exceeds the 99th
percentile of the baseline, the cell is considered an Interference
Victim Cell (IVC). This is motivated on the ground that it is
more likely that the transmissions of the test device caused
the outlier, rather than statistical variation.

A total of 20 cells were classified as IVCs. Fig. 2 shows all
IVCs ranked by the higher IoT in the AUE test. The same fig-
ure shows the boxplots for the IoT distribution in the baseline
data for each IVC. The IoT reference line at 1.6 dB marks the
highest IoT baseline value observed. It is possible to see that
the IoT caused by the AUE is much higher than that caused
by a similar transmission at ground level. For instance, only
in 6 cells the IoT caused by the TUE is above the 1.6 dB
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Fig. 3. IVC cells map distribution. Numbers identify the IVC index.

reference line, while 18 cells exceed this threshold for the
AUE transmission. The average IoT increase is 3.7 dB, with
peaks between 7.1 and 7.7 dB (IVCs 1, 2, 3 and 5), in spite
of the downtilted antennas, which should partially reject the
transmission received from the UAV.

Fig. 3 shows the spatial distribution of the IVCs on the map.
IVCs 7, 18 and 19 are located behind a hill from the test loca-
tion perspective, and interference prediction tools would not
account for harmful signal levels originated by the test loca-
tion. This effect will be especially important for interference
prediction in urban areas, where buildings are accounted for
significant interference containment.

Predefining the set of neighbor cells for interference coor-
dination will be difficult as results indicate the set of impacted
cells varies with height. Moreover, optimizing a coordinated
scheduling for AUE over such a large set of impacted cells
would lead to significant reduction in overall resource avail-
ability in the network. Besides, it may be too complex to
be performed in real time, especially when several UAVs are
using broadband services at the same time. This letter analyses
two strategies to mitigate the interference caused by an AUE
without dealing with resource coordination: 1) cruise height
control and 2) directional antennas transmission.

The radio reports collected by the UE may provide valu-
able information to estimate the IoT reduction that can be
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Fig. 4. 1oT versus downlink reference symbol received power (RSRP) from
neighbor cells.

achieved by both techniques. The DL RSRP seems to pro-
vide good estimation for the coupling losses between UE and
surrounding cells, despite the frequency duplexing [8]. Fig. 4
shows how DL RSRP measurements correlate to IoT values,
for the cells the phone was able to detect. It is possible to
see that the regression line performs a good estimation for
the potential UL interference power. It is important to note
that cells outside the monitored area were also detected by
AUE with high RSRP. The most significant case was observed
at a cell located approximately 30 km from the test loca-
tion, whose median RSRP of —97 dBm estimates an IoT of
about 8 dB.

Results in [4] and [6] indicate a negative effect of increas-
ing UAV height in DL interference. Assuming the network
and the AUE can negotiate the cruise height, constrained
to UAV’s application requirements, it is possible to reduce
the interference power in both UL and DL. In this letter
it is estimated the UL IoT reduction obtained by decreas-
ing AUE’s height to 50 and 25 m. For this calculation, it is
first estimated the path loss difference between 100 m (test
height) and the two target heights (50 m and 25 m) using the
channel model proposed in [5]. Then, the IoT reduction cor-
respondent to such decrease in received power is estimated
by applying the linear relation given by the slope of the line
in Fig. 4. No changes in BSs’s antenna gains are consid-
ered, as changes in the elevation angle are assumed negligible
due to the distances between most IVCs and the test location
(>10 km) [13]. If this calculation results in a very low esti-
mated [oT for a given cell, the baseline median for that cell
is used as a lower boundary to account for residual IoT in the
network.

Results are shown in Fig. 5, where it is possible to see that
lower AUE heights lead to smaller IoT at the IVCs. At 50 m,
the estimated IoT is on average 2.1 dB higher than the values
measured for the TUE. This value decreases to 0.9 dB at 25 m.
Nevertheless, this solution reduces the serving cell RSRP that
would drop from —94 dBm, at 100 m, to —99 dBm (50 m)
and —104 dBm (25 m), which indicates a trade-off between
interference and AUE throughput.

The other solution relies on the fact most commercial UAVs
are not restricted to small form factor and therefore they may
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Fig. 6. Measured IoT versus the estimated IoT from introducing a directional
antenna model on the AUE.

deploy an array of antennas with directional pattern to miti-
gate the UL and DL interference with the advantage of causing
minor impact on the serving cell signal. To evaluate this poten-
tial, it was estimated the IoT reduction obtained by applying
the directional antenna pattern suggested in [2] and shown in
eq. (1) (in dB). In this equation, the main direction, 6§ = 0°,
is the direction of maximum antenna gain, Gy, set to 0 dB,
and A3,4p is the half-power beam width.

2
G(0) = Gmag — min 12(9> 20 (1)
034B

Results were estimated considering a wide-beam case where
O3qp = 70° and a perfect alignment, that means the UAV
antenna main direction point towards the serving cell. Results
in Fig. 6 show significant IoT reduction obtained with the
use of directional antennas in the AUE. The IoT values are
similar to that observed by the TUE transmission, with an
average difference of 0.3 dB. Additionally, as the effective
transmit power in the main direction is the same as the refer-
ence case, the throughput towards the serving cell will remain
unchanged. However, the directional beam cannot prevent high
interference levels at cells located close to the serving cell, for
example IVC 1 (see Fig. 3). Furthermore, estimations show the

applied wide beam is robust to misalignment up to +15° from
the maximum power direction.

IV. CONCLUSION

This letter presents one of the challenges of having UAVs
connected to the LTE cellular networks. Measurements were
conducted by having a test phone transmitting full-buffer data
at two heights, 1.5 m and 100 m. Results show similar UL
transmit power and allocated resources, but the UAV at 100 m
tends to cause significantly more interference than the UE at
1.5 m. The UAV causes an interference over thermal noise
(IoT) 3.7 dB higher on average than that caused by the terres-
trial UE, with peaks at between 7 and 8 dB. High interference
is measured in cells up to 14 km away, but results indicate this
distance may be as high as 30 km. Both the UAV cruise height
control and the use of directional antennas at the UAV side
showed potential to reduce the interference caused by UAVs
to values comparable to those observed due to a terrestrial UE.
The latter seems to be more promising at it can be achieved
without reducing the user throughput.
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