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Abstract—Due to the scarcity of spectrum resources, the emer-
gence of new technologies and ever-increasing number of wireless
devices operating in the radio frequency spectrum lead to data
congestion and interference. In this work, we study the effect of
altitude on sub-6 GHz spectrum measurement results obtained at
a Helikite flying over two distinct scenarios; i.e., urban and rural
environments. Specifically, we aim at investigating the spectrum
occupancy of various long-term evolution (LTE), 5th generation
(5G) and citizens broadband radio service (CBRS) bands utilized
in the United States for both uplink and downlink at altitudes
up to 180 meters. Our results reveal that generally the mean
value of the measured power increases as the altitude increases
where the line-of-sight links with nearby base stations is more
available. SigMF-compliant spectrum measurement datasets used
in this paper covering all the bands between 100 MHz to 6 GHz
are also provided.

Index Terms—5G, C-Band, CBRS, helikite, LTE, spectrum
monitoring, unmanned aerial vehicles (UAV).

I. INTRODUCTION

Wireless communication services and the emergence of new

technologies have created a huge demand for radio frequency

spectrum [1]. One prominent problem is the availability of the

spectrum and the increase in interference in the current wire-

less networks [2]. In addition, more aggressive frequency reuse

is gaining interest recently for achieving higher link capacity

in networks without introducing additional spectrum [3]. It

is necessary to conduct occupancy studies using spectrum

sensing techniques to understand and characterize interference

problems and identify spectrum sharing opportunities.

There are various recent examples that highlight the im-

portance of understanding spectrum occupancy characteristics,

including non-terrestrial scenarios, for developing effective

spectrum sharing mechanisms. The launch of 5
th generation

(5G) cellular service in the United States was a concern for

the commercial airline and private aircraft communities who

used the radar altimeters of the aircraft industry. Although

the assigned spectrum band for the altimeters is between

4.2-4.4 GHz, due to their poor design the current versions

suffer from out-of-band leakage problem; i.e., they ignore their

assigned spectrum boundaries [4]. More specifically, Verizon

and AT&T have recently begun operating in the 3.7 GHz to

3.8 GHz spectrum range which is 400 MHz away from the

altimeter band. However, this gap may not be sufficient for

some aircraft to land safely. Moreover, while both Verizon

and AT&T have been delaying switching on portions of their

This research is supported in part by the NSF award CNS-1939334 and its
supplement for studying NRDZs.

respective 5G C-band wireless networks until July 2023, it is

expected after that day that the whole 3.7-3.98 GHz C-band

may be used for 5G transmissions [5], introducing additional

concerns. There is a similar coexistence concern for spectrum

sharing between the 5G networks to be deployed in the 3.1-

3.55 GHz band in the future and the existing airborne radars

using the same spectrum. In another recent debate, there is a

concern in using terrestrial nationwide network in the L-Band

(i.e., 1-2 GHz) and its potential interference with GPS [6].

Some existing academic studies on spectrum occupancy

are summarized in [7]. In more recent works, [8] presents a

framework that captures and models the short-time spectrum

occupancy to determine the existing interference for Internet-

of-things (IoT) applications. In another study [9], current

state-of-the-art artificial intelligence techniques are reviewed

for channel forecasting, spectrum sensing, signal detection,

network optimization, and security in mega-satellite networks.

In [10], authors investigate and characterize the performance

of coexisting aerial radar and communication networks for

spectrum overlay and time-division multiple access by uti-

lizing stochastic geometry. In [11], the effect of interference

coming from coexisting ground networks on the aerial link

is studied, which could be the uplink (UL) of an aerial cell

served by a drone base station. By considering a Poisson field

of ground interferers, they characterize aggregate interference

experienced by the drone.

In this paper, by post-processing the measurements from

the experiments conducted by the NSF AERPAW platform in

Raleigh, NC [12] at urban and rural environments, we analyze

the spectrum occupancy in different U.S. cellular network

bands as well as the citizens broadband radio service (CBRS)

band. In addition, we study the effect of Helikite altitude

on the signal strength pattern. In Section II, we describe the

data structure and the overall information of the measurement

campaign. Section III and Section IV present the spectrum

monitoring results for various sub-6 Ghz bands in the urban

and rural environments, respectively. Section V studies the

time dependency of the spectrum occupancy for the frequency

bands under consideration. Finally, Section VI highlights the

conclusions of this work.

II. DATA STRUCTURE

The experiment for the urban environment was conducted

by a Helikite flying up to 140 m on August 27, 2022. For

the rural environment, the Helikite flew up to 180 m altitude

on May 5, 2022. An NI USRP B205mini SDR was mounted
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(a) Experiment scenario in NC State Main Campus (urban).
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(b) Experiment scenario in NC State Lake Wheeler Field (rural).

Fig. 1: Helikite altitude and experiment scenario for: (a) urban

environment, and (b) rural environment.

TABLE I: Summary of LTE and 5G bands in United States.

Technology
Band

No

Duplex

Mode

Uplink Band

(MHz)

DL Band

(MHz)
Operators

LTE

12 FDD 698 - 716 728 - 746
AT&T, Verizon,

T-Mobile

13 FDD 777 - 787 746 - 756 Verizon

14 FDD 788 - 798 758 - 768 AT&T, FirstNet

411 TDD 2496 - 2690 2496 - 2690 T-Mobile

5G

n5 FDD 824 - 849 869 - 894 AT&T, Verizon

n71 FDD 663 - 698 617 - 652 T-Mobile

n77 TDD 3700 - 3980 3700 - 3980
AT&T, Verizon,

T-Mobile

CBRS n48 TDD 3550 - 3700 3550 - 3700 North America

on the Helikite which enables executing a Python script to

collect samples at the desired center frequency with the desired

sampling rate. The datasets are SigMF compliant and include

information on spectrum usage in frequency bands ranging

from 89 MHz up to 6 GHz for different altitudes [13], [14].

The data consist of time, altitude, power and Helikite location.

A detailed description of the measurement setups can be found

in [15]. Fig. 1 illustrates the height of the Helikite during the

operation time.

III. URBAN SPECTRUM OCCUPANCY RESULTS

In this section, we present the spectrum occupancy results

for several LTE, 5G and CBRS bands. Table I summarizes the

spectrum allocations for some major cellular providers based

on the technology exploited in the United States [16]. In this

work, we investigate the aggregate in-band power for UL and

downlink (DL) spectrum of various bands.

A. LTE Bands - Uplink

Fig. 2 presents the measured power for LTE bands 13, 14,

15 and 41 considering the UL frequency spectrum ranges.

As it can be seen, the spectrum of LTE 12 and LTE 41

bands are more crowded compared with LTE 13 and LTE 14

bands. It is worth mentioning that, unlike other LTE bands

1It is worth mentioning that T-Mobile 5G n41 also uses the same spectrum.
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(a) LTE band 12 (UL).

778 780 782 784 786
Frequency (MHz)

20

40

60

80

100

120

140

A
lti

tu
de

 (m
)

-40

-20

0

20

40

dB

(b) LTE band 13 (UL).
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(c) LTE band 14 (UL).
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(d) LTE band 41 (TDD UL/DL).

Fig. 2: Measured LTE UL power for urban environment.
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Fig. 3: Spectrum occupancy versus altitude in LTE bands 12,

13, 14 and 41 (UL) for urban environment.

under consideration, LTE 41 works in time-division duplexing

(TDD) mode and includes both UL and DL transmissions.

The mean and variance of the measured power for various

LTE bands are presented in Fig. 3. As it can be observed

from Fig. 3a, generally the mean value of the measured power

increases as the altitude increases. The mean power value for

LTE bands 12 and 41 are almost identical and much higher

than the other two bands under consideration. Note that band

41 has significantly larger bandwidth than band 12 and it

includes both UL and DL transmission. From Fig. 3b, it can

be observed that the fluctuation of variance for LTE band 13

is much lower than the other ones. Although the mean value

of LTE 12 and 41 show similar behaviour, the variance of LTE

41 is lower than LTE band 12.

B. LTE Bands - Downlink

Considering the DL frequency range for different LTE

bands, Fig. 4 illustrates the measured power for the bands un-

der consideration. It can be readily checked that the spectrum

of DL frequency ranges are more crowded compared with the

UL ones. Although the occupied spectrum for LTE 13 and 14

expand the whole range, the main frequency usage of LTE 12

is between 735 - 745 MHz.

Fig. 5 shows the mean and variance of the measured power

versus altitude. As it can be observed from Fig. 5a, the mean

Authorized licensed use limited to: Northeastern University. Downloaded on September 03,2023 at 01:32:29 UTC from IEEE Xplore.  Restrictions apply. 



730 735 740 745
Frequency (MHz)

20

40

60

80

100

120

140
A

lti
tu

de
 (m

)

-40

-20

0

20

40

dB

(a) LTE band 12 (DL).
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(b) LTE band 13 (DL).
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(c) LTE band 14 (DL).
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(d) LTE band 41 (TDD UL/DL).

Fig. 4: Measured LTE DL power for urban environment.
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Fig. 5: Spectrum occupancy versus altitude in LTE bands 12,

13, 14 and 41 (DL) for urban environment.

value of the measured power increases as the altitude increases

up to almost 80 m. This is due to the fact that at high

altitudes the probability of receiving signal from neighbor

cells increases as the obstacles decrease, which results in the

availability of the line of sight (LoS). For higher altitudes

(i.e., higher than 80 m), the mean values for LTE bands

under consideration remain almost constant. As it is shown

in Fig. 5b, the variance of the measured power for LTE bands

13, 14 and 41 show relatively smaller variation over different

altitudes compared to LTE band 12. The main reason for this

behavior can be found by observing the measured power for

LTE band 12 shown in Fig. 4a. It seems that some portion of

the LTE band 12 is not fully utilized.

C. 5G Bands - Uplink

Fig. 6 presents the measured power for 5G bands n5, n71

and n77 considering the UL frequency spectrum ranges. This

result reveals that the spectrum of n77 is mainly occupied

between 3700-3800 MHz. One should also note that 5G band

n5 and n71 utilize the frequency-division duplexing (FDD),

while 5G band n77 exploit TDD mode. The performance

of mean and variance of the measured power for 5G bands

(uplink) are presented in Fig. 7. As it can be observed from

Fig. 7a, the mean value of the measured power increases as the

altitude increases up to almost 80 m due to the same argument
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(a) 5G band n5 (UL).
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(b) 5G band n71 (UL)
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(c) 5G band n77 (TDD UL/DL).

Fig. 6: Measured 5G UL power for urban environment.
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Fig. 7: Spectrum occupancy versus altitude in 5G n5, n71 and

n77 bands (UL) for urban environment.
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(a) 5G band n5 (DL).
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Fig. 8: Measured 5G DL power for urban environment.

mentioned earlier. The mean value of 5G band n5 shows higher

value compared with n71 and n77. As it is shown in Fig. 7b,

the variance of the measured power for 5G bands n5 and n77

intersect with each other around the altitude of 60 m. The

variance of n77 band keeps increasing as the altitude increases.

D. 5G Bands - Downlink

Fig. 8 illustrates the measured power for 5G n5 and n71

bands by considering the DL frequency range. It can be seen

that the measured power for 870 - 880 MHz and 885-894 MHz

are higher than the rest of spectrum. Fig. 9 shows the mean and

variance of the measured power versus altitude. As it can be

observed from Fig. 9a, the mean value of the measured power

for n5 and n71 are similar and significantly higher than n77.
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Fig. 9: Spectrum occupancy versus altitude in 5G bands n5

and n77 (DL) for urban environment.
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Fig. 10: (a) CBRS spectrum and tiers; and (b) Measured CBRS

band n48 power for urban environment (TDD UL/DL).
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Fig. 11: Spectrum occupancy versus altitude in CBRS band

for urban environment.

For the bands under consideration, the mean value increases

as the altitude increases up to almost 80 m. As it is shown in

Fig. 9b, the variance of the measured power for n77 starts with

a small value, while it climes up to near those of n5 values

as the altitude increases. The variance of n71 band depicts

a higher value for all the measured altitudes compared with

those others 5G bands.

E. CBRS Band

Fig. 10a illustrates the CBRS spectrum which it lays out

three tiers of users. Fig. 10b presents the measured power

for CBRS n48 band. Similar to LTE 41 and 5G n77 bands,

n48 also exploits TDD mode. As it can be seen, the spectrum

is mainly occupied within the range of 3610-3690 MHz. In

Fig. 11, we study the mean and variance of the measured

power versus altitude whereas the CBRS band is divided into

three equal portions. As it can be observed, the mean and

variance of the measured power for the first portion (i.e.,

3550-3600 MHz) are lower than the other parts. The mean

value of the third portion (i.e., 3650-3700 MHz) increases
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Fig. 12: Measured LTE UL power for rural environment.
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Fig. 13: Spectrum occupancy versus altitude in LTE bands 12,

13, 14 and 41 (UL) for rural environment.

as the altitude increases up to 60 m and then it drops

afterwards. However, the man value of the second part (i.e.,

3600-3650 MHz) keeps increasing as the altitude increases.

IV. RURAL SPECTRUM OCCUPANCY RESULTS

In this section, we study the spectrum occupancy and its

characteristic for the similar bands as previous section by

considering the experimental results for the rural environment.

A. LTE Bands - Uplink

Fig. 12 illustrates the measured power for for LTE bands

13, 14, 15 and 41 considering the UL frequency spectrum.

As it can be seen, LTE bands 12 and 41 show more crowded

spectrum compared with LTE bands 13 and 14. The mean and

variance of the measured power for various LTE bands are

presented in Fig. 13. As opposed to the urban environment

(cf. Fig. 3a), the mean value for LTE bands 13 and 14 are

much higher than the other two bands under consideration.

B. LTE Bands - Downlink

Considering the DL frequency range for different LTE

bands, Fig. 14 illustrates the measured power for the bands

under consideration. Same as the urban results, the spectrum

of DL frequency range are more crowded compared with the

UL ones in the rural environment. Fig. 15 shows the mean
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Fig. 14: Measured LTE DL power for rural environment.
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Fig. 15: Spectrum occupancy versus altitude in LTE bands 12,

13, 14 and 41 (DL) for rural environment.

and variance of the measured power versus altitude. As it can

be observed from Fig. 15a, the mean value of the measured

power increases as the altitude increases up to 80 m and it

remains almost constant for the higher altitudes. The variance

of LTE bands 13, 14, and 41 show similar behaviour, while

the corresponded plot for LTE band 12 starts with increasing

for the altitude up to 40 m and then it drops afterwards.

C. 5G Bands - Uplink

Fig. 16 illustrates the measured power for 5G bands n5, n71

and n77 considering the UL frequency spectrum ranges. This

result reveals that the spectrum of n77 is less crowded than

those of n5 and n71. The performance of mean and variance

of the measured power for 5G bands (uplink) are presented in

Fig. 17. As it can be observed from Fig. 17a, while the mean

value of the measured power for n77 is almost independent of

the altitude, it increases for n5 and n71 bands as the altitude

increases. As it is shown in Fig. 17b, the variance of the

measured power for n71 depicts higher value compared with

the other 5G bands.

D. 5G Bands - Downlink

Fig. 18 illustrates the measured power for 5G n5 and n71

bands by considering the DL frequency range. Similar to the

urban case, it can be seen that the measured power for 870
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(c) 5G band n77 (TDD UL/DL).

Fig. 16: Measured 5G UL power for rural environment.
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Fig. 17: Spectrum occupancy versus altitude in 5G n5 and n77

bands (UL) for rural environment.
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Fig. 18: Measured 5G DL power for rural environment.

- 880 MHz and 885-894 MHz are higher than the rest of

spectrum in the rural environment. Fig. 19 depicts the mean

and variance of the measured power versus altitude. As it can

be observed from Fig. 19a, the mean value of the measured

power for n77 band remains almost constant for different

altitudes, while it increases as the altitude increases up to

almost 80 m for n5 and n71 bands. As it is shown in Fig. 19b,

the variance of the measured power for 5G band n71 shows

higher values compared with n5 and n77.

E. CBRS Band

Fig. 20 present the measured power for CBRS n48 band

for rural environment. As it can be seen, the spectrum is less
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Fig. 19: Spectrum occupancy versus altitude in 5G bands n5

and n77 (DL) for rural environment.
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Fig. 20: Measured power during Helikite operation over rural

environment for CBRS band n48 (TDD UL/DL).
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Fig. 21: Spectrum occupancy versus altitude in CBRS band

for rural environment.

crowded compared with the rural environment. In Fig. 21, we

study the mean and variance of the measured power versus

altitude. As it can be observed, the mean value of the measured

power for all three considered portions are almost similar

and remain constant as the altitude increases. In addition, the

variance also shows slight fluctuations compared to the other

bands under consideration.

V. TIME DOMAIN ANALYSIS OF SPECTRUM OCCUPANCY

In this section, we focus on the spectrum occupancy of

LTE and NR signals in time, while we describe the altitude

dependency of the spectrum in the previous section. For

around 8 hours of measurement duration by the Helikite in

the urban environment, we observe signal strength changes.

This section focuses exclusively on those urban environment

measurements.

Fig. 22 shows the spectrum monitoring results by the

Helikite. The x-axis is the monitored spectrum range and the

y-axis is the measured time stamp, which is indicated by hours

and minutes. In Fig. 22a, we capture the frequency range from

700 MHz to 800 MHz, which contains LTE FDD bands 12,

13, 14 (see Table I). First of all, we can clearly observe a

series of occupied 10 MHz bandwidth 12, 13, and, 14 DL

bands. On the other hand, the signal strength of UL bands is

lower than DL bands, and UL bands 13 and 14 are scarcely

occupied. We also observe that there are time periods when

signal strength becomes low for the whole observed frequency

range, which coincides with the periods where the altitude of

the Helikite stays low in Fig. 1. It implies that received signal

strength is abruptly reduced by the blockage when the altitude

of the Helikite is lower than a certain height. In addition,

this tendency is observed in other frequency bands as well in

Fig. 22b and Fig. 22c. In Fig 22b, we capture the frequency

range 2500 MHz - 2700 MHz, which contains LTE TDD

41 band. Since carrier frequency is higher than Fig. 22a, we

observe that this LTE band covers wider bandwidth: 20 MHz,

40 MHz, and 100 MHz. It is also observed that the received

signal strength is lower than the frequency range in Fig. 22a.

This is due to the fact that as carrier frequency increases a

received signal suffers higher path loss, which is also observed

in a much higher carrier frequency range in Fig. 22c. In

particular, Fig. 22c shows spectrum occupancy of NR TDD

n77 band, 3700 MHz - 3800 MHz. We can observe 40 MHz

and 60 MHz bandwidth signals.

Fig. 23 shows the received signal strength changes during

the measurement time for the captured LTE and NR bands. In

Fig. 23a, we observe the LTE FDD UL/DL 12 band shown

in Fig. 22a. Mean value of the received signal strength across

the frequency band is represented by lines and half of the

standard deviation (std) of signal strength is described by the

shaded area around lines. It is observed that the signal strength

of UL is lower than DL, while the variation of the signal

strength of UL inside the band is higher than DL, which can

be observed from higher std values. Fig. 23b and Fig. 23b

show the received signal strength changes of LTE TDD 41

and NR TDD 77 bands which can be shown in Fig. 22b and

Fig. 22c. It is observed that the signal strength fluctuation of

NR TDD 77 band is higher than other bands such as LTE 12

and 41 bands.

VI. CONCLUSION

Using the data measured by a Helikite flying over an urban

and rural environments, in this paper we studied spectrum

measurements in various sub-6 GHz 4G, 5G and CBRS bands.

Both UL and DL spectrum occupancy has been investigated.

Our results revealed that generally the mean value of measured

power tends to increase as the altitude increases due to higher

probability of line-of-sight, at least for the considered max-

imum altitude range. Further, the spectrum of DL frequency

ranges showed to be more crowded compared with the uplink

ones for both environments. It has been also seen that for the

rural environment the mean value for LTE bands 13 and 14

are much higher than the other two bands under considera-

tion, as opposed to the urban environment. Furthermore, the

performance of CBRS band for urban environment indicates

more activity compared with the rural condition.
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(a) 700 MHz - 800 MHz. (b) 2500 MHz - 2700 MHz. (c) 3700 MHz - 3800 MHz.

Fig. 22: Spectrum monitoring during the measurement time. We observe different LTE and NR bands’ occupancy and the

received signal strength is strong when the Helikite floats at a high altitude.
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(a) LTE FDD 12 band.
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(b) LTE TDD 41 band.
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(c) NR TDD 77 band.

Fig. 23: Received power of different LTE and NR bands during the measurement time. The solid lines represent the mean value

of signal power and shaded areas indicate half of the standard deviation (std) of signal strength, which shows the variation of

signal strength inside the specific bands.
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