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Abstract— In this paper, we introduce AERIQ: a software-
defined radio (SDR) based I/Q measurement and analysis
framework for wireless signals for aerial experimentation.
AERIQ is integrated into controllable aerial vehicles, it is
flexible, repeatable, and provides raw 1/Q samples for post-
processing the data to extract various key parameters of interest
(KPIs) over a 3D volume. Using SDRs, we collect I/Q data with
unmanned aerial vehicles (UAVs) flying at various altitudes in
a radio dynamic zone (RDZ) like outdoor environment, from a
4G LTE eNB that we configure to operate at 3.51 GHz. Using
the raw I/Q samples, and using Matlab’s LTE Toolbox, we
provide a step-by-step description for frequency offset estima-
tion/correction, synchronization, cell search, channel estima-
tion, and reference signal received power (RSRP). We provide
various representative results for each step, such as RSRP
measurements and corresponding analytical approximation at
different UAV altitudes, coherence bandwidth and coherence
time of the channel at different UAV altitudes and link distances,
and Kkriging based 3D RSRP interpolation. The collected raw
data as well as the software developed for obtaining and post-
processing such data are provided publicly for potential use by
other researchers. AERIQ is also available in emulation and
testbed environments for external researchers to access and use
as part of the NSF AERPAW platform at NC State University.
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1. INTRODUCTION

As the demand for advanced wireless communications
rapidly rises, the need for supporting high transmission
speeds, low latency, and massive connectivity is growing. To
achieve these, efficient and flexible spectrum management
systems that can help utilize unoccupied and under-utilized
spectrum resources need to be developed and validated. Re-
cently, the concept of radio dynamic zones (RDZs) have
been introduced, which are areas or volumes with automatic
spectrum management mechanisms that control electromag-
netic energy entering, escaping, or occupying the zone [1,2].
RDZs can help develop, test, and improve novel spectrum
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Figure 1. Block diagram for post-processing of LTE I/Q
samples collected at an SDR that is carried by a UAV.

sharing and coexistence technologies in the future to improve
utilization of spectrum resources.

In an RDZ, spectrum should be monitored and controlled
in real-time to share the spectrum resources with incumbent
users outside of the zone. This is challenging and compli-
cated, as it is not feasible to deploy sensor nodes very densely
at every location across a large RDZ area. However, spectrum
measurements obtained at sparsely located sensor nodes, or
over the trajectory of one or more autonomous unmanned
aerial or ground vehicles (UAVs/UGVs) equipped with spec-
trum sensors, can be used to interpolate spectrum occupancy
across an RDZ. For example, in [3], radio environment maps
(REMs) have been used for monitoring the coverage of cellu-
lar networks. In [4, 5], Kriging has been studied to spatially
interpolate the signal power by using spectrum measurements
from nearby locations. In [6-8], cooperative and crowd-
sourced spectrum sensing have been investigated. In [9], a
signal leakage power monitoring technique is proposed for
RDZs using sparsely deployed ground sensor nodes.

In order to have real-time volumetric spectrum awareness in
an RDZ, it is critical to understand the propagation char-
acteristics throughout that RDZ, such as time, frequency,
and spatial correlation for various communications scenar-
ios, transmitter/receiver configurations, and environmental
conditions. In particular, an accurate understanding of the
characteristics of air-to-ground channel propagation is critical
to generate a real-time and volumetric radio map for spectrum
monitoring. In the literature, [10] measures and models air-
to-ground path loss at an open rural area with 5 different
heights from 20 m to 100 m using a cellular smartphone-
mounted UAYV, for which Qualipoc software from Rohde &
Schwarz is used to obtain reference signal received power
(RSRP). In [11], LTE uplink measurements from a cellular
network are recorded and analyzed using a UAV carrying
a smartphone with QualiPoc at two heights, 1.5 m, and
100 m. In [12], two different heights of smartphone-mounted
UAVs are used to collect measurements from public LTE
networks. Three different commercial measurement soft-
ware, namely, Keysight NEMO Outdoor, Rohde & Schwarz
QualiPoc, and InfoVista TEMS are utilized to obtain four
different key parameters of interest (KPIs): physical resource
blocks (PRBs) utilization, modulation and coding scheme
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(MCS) level, throughput, and transmit power. Data collected
through such commercial smartphone software are limited to
the set of KPIs that are supported by those software, and it
is not possible to extract additional information. Collecting
raw 1/Q samples in the desired band and frequency of interest
gives the flexibility to extract KPIs that may not be available
through the commercial software, and test new approaches
for receiver processing.

In this paper, we propose AERIQ: a software-defined ra-
dio (SDR) based I/Q measurement and analysis framework
with autonomous UAVs for aerial wireless experimentation.
AERIQ is flexible, repeatable, and provides raw 1/Q sam-
ples for post-processing the data to extract various KPIs
over a 3D volume of interest. We conduct experiments at
the NSF Aerial Experimentation and Research Platform for
Advanced Wireless (AERPAW) Lake Wheeler Field Labs
site [13] in an open rural area. Using SDRs, we collect
I/Q data with UAVs flying at various different altitudes in
an RDZ-like outdoor environment, from a 4G LTE eNB that
we configure to operate at 3.51 GHz. Using the raw 1/Q
samples, and using Matlab’s LTE Toolbox, we provide a step-
by-step description for the following post-processing stages
at an aerial receiver: frequency offset estimation/correction,
synchronization, cell search, channel estimation, and RSRP
calculation (see Fig. 1). We provide various representative
results for each step, such as RSRP measurements and corre-
sponding analytical approximation at different UAV altitudes,
coherence bandwidth and coherence time of the channel at
different UAV altitudes and link distances, and kriging based
RSRP interpolation across a 3D volume.

The rest of this paper is organized as follows. In Section 2,
we describe our measurement environment and setup, and
elaborate on a UAV architecture and trajectory design. In
Section 3, we present results on estimated carrier frequency
offset (CFO) for different RSRP levels. In Section 4, timing
offset (TO) detection and the cell search process are carried
out using LTE synchronization sequences. In Section 5, we
show the estimated frequency channel response obtained by
cell-specific reference signals (CRSs) in different heights and
RSRPs. In Section 6, we analyze and model RSRPs with
different heights using two-ray path loss model and antenna
radiation patterns. In Section 7, the coherence bandwidth
and coherence time at different heights are analyzed, which
are extracted from LTE channel estimation results. In Sec-
tion 8, we analyze and model shadowing components and
spatial correlation, and finally, Section 9 provides concluding
remarks.

2. MEASUREMENT CAMPAIGN

In the following subsection, we first briefly review the con-
cept of RDZs and describe conducted experiments to measure
and analyze the channel propagation between the transmitter
on the ground and the aerial sensor node. The block diagram
in Fig. 1 describes how I/Q samples from measurements
are processed in AERIQ. First, the CFO is estimated by a
cyclic prefix (CP). Then, the timing offset and the physical
cell identities (PCIs) are jointly estimated by the correlation
between a received signal and candidate sequences of primary
synchronization signal (PSS) and secondary synchronization
signal (SSS). After the PCI is obtained, CRSs can be ex-
tracted and they are used in the channel estimation, RSRP
calculation, and 3D RSRP interpolation stages. Note that the
accuracy of the PCI detection, channel estimation, and hence,
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Figure 3. AERPAW’s Lake Wheeler Field Labs site where
air-to-ground I/Q samples have been collected.

3D RSRP interpolation depend heavily on the accuracy of
time/frequency synchronization and cell search procedures at
the receiver.

Measurement Environment

Before we describe our measurement setup, we will first
overview our measurement environment. In this work, we
consider an RDZ-like outdoor environment for advanced
wireless and UAV experimentation as shown in Fig. 2 and
Fig. 3. Spectrum sensing results across the RDZ at the
frequencies of interest are assumed to be aggregated at a
central processing unit, to determine whether the signal
leakage from the zone results in interference problems with
licensed receivers outside (and potentially, inside) the RDZ.
For instance, if the signal leakage power level at the boundary
of an RDZ exceeds a predefined threshold level, a transmis-
sion inside the zone can be automatically terminated. For
continuous spectrum monitoring in the 3D space, ground and
aerial spectrum sensor nodes can be deployed in an RDZ. In
this paper, we consider measurements at one such monitoring
node that is carried at a UAV at different altitudes.
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Figure 4. Illustration of the AERPAW UAV that carries a
portable node including an SDR [14].
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Figure 5. Trajectory and RSRP at UAV altitude of 70 m.

Measurement Setup

The measurement campaign is executed at the NSF AERPAW
Lake Wheeler Road Field Labs site in Raleigh NC, USA,
which is shown in Fig. 3. A fixed BS tower with a single
dipole transmit antenna is deployed, and the flying UAV
is equipped with a vertically oriented single dipole receiver
antenna and a GPS receiver. LTE eNB is realized using
the srsSRAN open-source SDR software at the BS tower that
transmits the LTE downlink signal. An SDR is mounted on
the UAV to collect raw I/Q data samples. For both the tower
and the UAV, a USRP B205mini from NI is used as an SDR.
The UAV collects 20 ms segments of data out of every 100
ms, and out of that recording, and extracts a full LTE frame
that is of length 10 ms. In other words, in every 100 ms, we
capture one full LTE frame. The detailed specifications of the
BS tower and the UAV receiver are listed in Table I.

UAV Architecture and Trajectory

In the experiments, we use a custom built UAV that carries
a portable node as shown in Fig. 4 [14]. The portable
node includes an NI USRP B205mini SDR that executes a
Python script [15] to collect I/Q samples at the desired center
frequency with the desired sampling rate. The UAV that
carries the portable node flies on a predesigned trajectory at
a fixed height. In particular, the UAV moves on a zig-zag
path through the experiment site and flies back to the starting
position. The waypoints for the UAV are pre-programmed
by the experimenter in a development environment and tested
using emulations prior to the actual experiment for intended

3

Table 1. Measurement setup for experiments.

BS Tower (Transmitter)

Technology LTE
Tower height 10 m
Transmit power 10 dBm
Carrier frequency 3.51 GHz
Bandwidth 1.4 MHz
Antenna Dipole antenna (RM-WB1)
UAV (Receiver)
Antenna Dipole antenna (SA-1400-5900)
UAV heights {30, 50, 70, 90, 110} m
120
« 110 m height
100 90 m height
80 70 m height
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Figure 6. Altitude of the UAV from GPS logs versus time
for the five different experiments.

operation. Autonomous navigation based on real-time RF
signal observations are possible (e.g., to improve spectrums
sensing performance based on real-time trajectory decisions),
but not considered in this paper. The flights are conducted
multiple times by increasing the height of the UAV (30 m,
50 m, 70 m, 90 m, 110 m), following an identical horizontal
trajectory at each altitude. As an example, the UAV trajectory
at an altitude of 70 m as well as the RSRP observed at each
UAV location is shown in Fig. 5.

Altitude and Speed of the UAV by GPS Reading

During the flight, the UAV flies up to the predefined altitude
and flies horizontally at that altitude until landing. Fig. 6
shows the change of the UAV altitude versus time for ex-
periments at different altitudes, which is obtained from the
log of the GPS mounted on the UAV. Fig. 7 shows the UAV
speed during the flight. The UAV speed can be obtained by
the GPS locations and timestamps. It is shown that the UAV
flies with constant speed and the UAV quickly slows down the
speed when it changes direction at a certain waypoint, and it
quickly recovers the speed right after that.

The GPS logs give information on the timestamp, the latitude,
the longitude, and the altitude during flights, which is used to
generate the UAV trajectory in Fig. 5 as well.

After we collect raw I/Q samples from the experiments,
we process data to analyze the characteristic of the channel
propagation by using MATLAB LTE Toolbox [16, 17]. The
post-processing includes cell ID search, synchronization, and
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channel estimation as well as obtaining the RSRP.

3. CARRIER FREQUENCY OFFSET
ESTIMATION

The CFO can occur from the instability of the oscillators
between Tx and Rx, or Doppler shift(s) that occur due to the
velocity difference between a transmitter and a receiver. In
an LTE system, the CFO can be estimated in the time-domain
waveform by using the CP, which is the repeated version
of the fraction of the orthogonal frequency-division multi-
plexing (OFDM) symbols attached in front of the OFDM
symbols. The time-domain OFDM signal of the CP with CFO
can be represented as follows:

6]271'715/]\77

ey

where ¢, N denotes CFO and the number of subcarriers. Note
that the unit for the CFO 4 is subcarrier spacing. The repeated
OFDM signal corresponding to the CP is given by

yln] = z[n]

y[n—|—N] — .%‘[’I’L—f— N]ej27r(n+N)6/N _ x[n]ej27r5+j27rn§/N.

)

The CFO can be obtained by the correlation between CP and
the corresponding OFDM symbol, as

Lep—1
~ 1 cp
0= 7. A8 T ngo z[n]*z[n+ NJ |, 3)

where L, is the length of the CP and (-)* indicates the
complex conjugate operation.

We use collected LTE I/Q samples from experiments to eval-
uate the reliability of the CFO estimation. We consider the
I/Q measurements at the UAV altitude of 70 m for evaluation.
Fig. 8 shows the N-shifted moving auto-correlation of the
time-domain received signal with the L., window size for 1
slot length (0.5 ms) to estimate the CFO ¢. The peak position
indicates the starting of the CP. We show the correlations at
two different UAV locations, where the RSRP is high and low,
as marked in Fig. 13. It is observed that the correlation peaks

4
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Figure 8. Moving correlation with CP length window for 1
slot length (7 OFDM symbols, 0.5 ms). The peak position
indicates the starting of the CP.

for each OFDM symbol are clearly visible at high RSRP,
while they are not as easy to distinguish at low RSRP.

Fig. 9 shows the estimated CFO versus time using (3) at the
UAV altitude of 70 m in Fig. 5 and Fig. 6. It is observed

that the estimated CFO (§) fluctuates between -0.13 and -
0.09 during a whole flight, which shows that the trend of
the estimated CFO is matched with the constant UAV speed
as well as the slowing/accelerating UAV instants in Fig. 7,
while high sparks are also observed many times, which results
from the estimation error at low RSRP. The estimated CFO
is compensated before the timing synchronization and cell
search stage which is dicusssed in the next section.

4. TIMING OFFSET DETECTION AND CELL
SEARCH

The time offset from the received signal can be detected by
using LTE synchronization sequences: PSS and SSS. The
PSS in LTE is generated from Zadoff-Chu sequences and
the SSS is designed using M-sequences, both of which have
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versus time at UAV altitude of 70 m.

good auto-correlation properties [18]. The correlation peak
location indicates the position of the received PSS and SSS,
both of which are always carried at the first slot of subframes
0 and 5 within a frame for FDD-based LTE transmission.
Timing offset can be found by the correlation of PSS as well
as the combination of the correlation of the PSS, the SSS
subframe 0, and subframe 5 to improve the accuracy of the
detection. More specifically, individual correlations of the
incoming received signal with the PSS and the SSS subframe
0, and subframe 5 can be added to improve the detection
performance. The correlation of the SSS subframe 5 is cyclic-
shifted to align with the SSS subframe O correlation when
three different correlations are summed. The timing offset
detection from synchronization signals can be expressed as

Lgs—1

m =argmax | — Z yln 4+ m]s[n]* |,

m LSS (4)

n=0

where s[n| and L, denote the synchronization signal and the
length of the synchronization signal, respectively. Note that
while we consider non-coherent detection for both the PSS
and the SSS in this work, the SSS can be detected by coherent
detection as also discussed in [18, Ch. 7].

The PSS and SSS distinguish 504 unique PCIs, which can
be estimated by the combination of two different ID groups
from PSS and SSS. The physical layer ID O - 2 is given by the
PSS, and another physical layer group ID 0 - 167 is provided
by the SSS. Among all possible physical layer ID cases, the
physical layer ID that achieves the highest correlation peak of
the synchronization signals is chosen as the correct physical
layer ID. The PCI (N,,¢;) is estimated by

Npei = NP5 + 3N35, 5)
where NI, N5 indicate the estimated physical layer ID and
group ID, from the PSS and the SSS, respectively.

Fig. 10 shows the correlation of the synchronization se-
quences to detect the timing offset. We observe correlations
at high and low RSRP at 70 m height measurement. We can
observe that the peak is relatively high and clear when we find
the timing offset combing PSS and SSSs. Furthermore, it is
observed that the peaks are detected at low RSRP as well,
which implies that the timing offset is properly detected at
low RSRP.
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Figure 10. The correlation of synchronization sequences to
detect the timing offset at high RSRP ((a) and (b)) and low
RSRP ((¢) and (d)) locations.
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Figure 11. Received signal power in LTE resource grid of
duration six subframes and having a bandwidth of 1.08 MHz.

5. CHANNEL ESTIMATION

After the synchronization and the cell search procedures end,
the LTE CRS, which is sparsely allocated in the resource
grid, can be extracted in the frequency domain to estimate the
channel. The CRS transmitted by a certain eNB is uniquely
connected to the PCI of that eNB, calculated in (5). In

particular, the CRS location is shifted by N.; mod 6 in the
frequency domain. Moreover, the CRS for a given cell is gen-
erated from a Gold sequence that is uniquely characterized by
the PCI of that cell.

The channel coefficients of the CRS locations can be es-
timated by the least square (LS) method and then channel
coefficients of the unknown locations can be interpolated by
cubic interpolation [18, Ch. 8]. Fig. 11 shows the received
signal power in the frequency domain over the LTE resource
grid that has a bandwidth of 1.08 MHz and is observed over
6 subframes. It can be seen that the physical broadcast chan-
nel (PBCH) is transmitted at subframe 0, the synchronization
signals are allocated at subframe 0 and 5, and the CRSs are
continuously transmitted across the whole grid with a specific
pattern. Note that we set up the experiments so that other LTE
data and control channels are not transmitted during the UAV
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Figure 12. The estimated channel of 70 m and 110 m height
flights at the time that RSRP is low and high.

flight, which can be observed by the unoccupied resources in
the received signal in Fig. 11.

The estimated time and frequency domain channel for UAV
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altitudes of 70 m and 110 m are shown in Fig. 12. After
the UAV reaches the desired height and the UAV is located
close to the BS tower, the RSRP is high and the channel in
the frequency domain varies only slightly for both altitudes
of 70 m and 90 m as shown in Fig. 12a and Fig. 12b,
respectively. However, when the UAV is far away from the
BS tower in Fig. 12c¢ and Fig. 12d, RSRP is low and the
channel in both time and frequency domains fluctuate, which
is more visible for the 70 m UAV height when compared with
the 90 m UAV height.

6. RSRP CALCULATION FROM CRS

RSRP indicates the average signal strength that is calculated
over the CRS and it averages out the effects of interference.
Fig. 13 shows the RSRP obtained during the experiments
at different UAV altitudes. It is observed that the RSRP
overall behavior is similar at all heights, which results from
using identical horizontal trajectories for different flights.
Because of the pattern of the UAV trajectory, the RSRP
increases and decreases multiple times during the flights,
based on the distance between the Tx tower and the UAV.
We consider two extremes, 380 seconds and 520 seconds as
marked on Fig. 13, to correspond to high-RSRP and low-
RSRP locations, respectively. Representative results on CFO
estimation, timing offset estimation, received power over the
resource grid, and channel estimation have been provided at
these two locations earlier in this paper.

We also analyze the measured RSRP by fitting it to different
path loss models. In particular, we consider the free-space
path loss model and the two-ray path loss model with 3D
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Figure 15. The RSRP fitting using free-space and two-ray
path loss models.

antenna radiation pattern for the Tx and the Rx. The antenna
patterns at the elevation angle domain, which are provided
by the antennas specification sheets [19, 20], are shown in
Fig. 14. Since the antenna specification sheets do not provide
the data at 3.5 GHz carrier frequency that we carried the
experiments at, we used radiation patterns from other carrier
frequencies available in the specifications. As we use dipole
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antennas for both the Tx and the Rx, the omni-directional
antenna radiation can be assumed at the azimuth plane.

The two-ray path loss model considers the line-of-sight and
the strong ground reflected paths which are combined at the
received signal. In particular, the two-ray path loss model is
given as

2
(3
4
% Gbs (el)GuaV (9|) +
d3p

2
F(GT) Gbs(ar)GuaV (Gr)e*JAT
r1+ e

i

(6)

where Gps(0), Guay(#), A denote the Tx antenna gain, the Rx
antenna gain, and the wave-length, respectively, 6, represents
ground reflection angle, A7 indicates the phase difference
between two paths, and I'(6,.) denotes the ground reflection
coefficient that is dependent on the material on the ground. In
addition, dsp, r1, ro respectively represent the LoS distance
from Tx to Rx, the distance from Tx to the ground of the
ground reflection path, and the distance from the ground to
the Rx of the ground reflection path. The fitted curves from
the different heights of RSRP measurements are shown in
Fig. 15. It is observed that the fitted path loss curves follow
the measured RSRP for all heights. We also observe that the
RSRP fluctuation from the ground reflected signal in the two-
ray path loss model is captured clearly in 30 m height, while
the fluctuation is small in 70 m and 90 m heights. This is
because higher height reduces Tx and Rx antenna gains of
the ground reflection path. Similar modeling and analysis
can also be carried out to characterize the reference symbol
received quality (RSRQ) measurements in LTE.

7. ANALYSIS OF COHERENCE BANDWIDTH
AND COHERENCE TIME

We calculate the coherence bandwidth and coherence time
at different UAV altitudes using the estimated channels in
Section 5 and evaluate their dependency on link distance.
Fig. 16 shows the change in the coherence bandwidth. We
obtain the coherence bandwidth every 20 ms and rearrange
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Figure 17. The coherence time depends on the 3D distance
and the flight height.

it according to the 3D distance. Then, we apply a moving
average filter with a window size of 1000 samples. Coher-
ence bandwidth is calculated by finding the frequency shift
where the frequency correlation coefficient becomes 0.9. The
frequency correlation coefficient is calculated as

M
RAf = SSHEIH AP ()
i=1

where H(f) is the frequency domain channel response, A f
indicates the frequency shift, and M is the number of avail-
able samples. The obtained frequency correlation coefficient
R(Af) is normalized by R(0).

Since we configure 72 subcarriers with 15 kHz subcarrier
spacing, the maximum coherence bandwidth is clipped by
1.08 MHz. We observe that the coherence bandwidth de-
creases as the 3D distance increases. This is because the
effect of the multi-path coming from the ground reflection
and other objects become stronger as the distance increases.
It is also observed that the coherence bandwidth is slightly
larger at higher altitude, especially for small and large link
distance regions for this particular experiment.

In a similar manner, we analyze the coherence time in Fig. 17
for two different UAV altitudes. We calculate the coherence
time using a segment of 10 ms from the estimated channel.
Therefore, the maximum coherence time is clipped to 10 ms.
After we obtain coherence time every 20 ms, we rearrange
it in ascending order of distance. Then, we use the a
moving average window of size 1000 samples. We consider
two different time correlation thresholds for estimating the
coherence time, 0.5 and 0.9, respectively. In particular, the
time correlation coefficient is calculated as

M
R(A) = % " H(t)H(t: + A ®)
i=1

where H (¢) denotes time domain channel response and At is
time shift. In a single 10 ms channel response, 140 OFDM
symbols are included (14 OFDM symbols per 1 subframe),
and the time duration of a single OFDM symbol is Ty, =
71.31 us. Therefore, we calculate the time correlation coef-
ficient with At as multiplies of Tgym. We also calculate the
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Figure 18. Probability density function of the shadowing
component at 70 m UAV height where it is fitted by
Gaussian and left-skewed Gaussian where a = —2 in (9).

coherence time by the generally used approximated formula,
and compare it with our results from the measurement. In
particular, coherence time of the coherence coefficient = 0.5

9 c
Torof. = 7.3 ms

where ¢, v, f. denote speed of light, the velocity of the drone,
and carrier frequency, respectively. We use the velocity
v = 5 m/s from Fig. 7. It is observed that the theoretical
coherence time is aligned with the range of coherence time
obtained from the measurement results. It is also observed
that coherence time decreases linearly as the 3D distance
increases for both 70 m and 110 m UAV heights. In addition,
coherence time is slightly larger at 110 m when compared
with the 70 m UAV height, for both coherence coefficients of
0.5 and 0.9.

can be theoretically derived by T, ~

8. SHADOWING DISTRIBUTION AND SPATIAL
CORRELATION ANALYSIS

In this section, we analyze shadowing and spatial correlation
in terms of horizontal distance and vertical distance. We
obtain the shadowing component from measured RSRP by
subtracting Tx power and two-ray path loss, which is obtained
from Section 6. Fig. 18 shows the probability density func-
tion (PDF) of the shadowing component which is fitted by
Gaussian and left-skewed Gaussian distributions. It is ob-
served that the shadowing component is better modeled using
a left-skewed Gaussian distribution rather than a Gaussian
distribution. The PDF of the skewed Gaussian distribution
is given by

(590 (+(:59)

where ¢(-) and ®(-) indicate the PDF and the cumulative
distribution function (CDF) of Gaussian distribution, respec-
tively. The parameter o = —2 in (9) decides the skewness of
the distribution.

(€))

We also analyze the spatial correlation as a function of the
horizontal and vertical distance between the locations that
the RSRP is calculated. Since height is fixed throughout a
certain experiment, and the horizontal trajectory is identical
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Figure 19. Correlation of horizontal and vertical distance
where it is fitted by bi-exponential and exponential functions
where fitting parameters ¢ = 0.3, by = 0.0112, by = 0.188
in (11).

for experiments at different UAV altitudes, we can separately
generate vertical and horizontal correlation. The correlation
between two different location samples w;, w; is calculated
by
w; — V) (w; — v,
Ry, = (v )

Ow,iOw,j

(10)

where v, o, denote the mean and the standard deviation
of the samples. Fig. 19 shows the correlation from the
measurements, along with the bi-exponential function fit for
horizontal distance correlation and the exponential function
fit for the vertical distance correlation. The exponential
function correlation model is also known as the Gudmundson
model [21]. The bi-exponential function is expressed as

R(dp) = ae” " 4 (1 — a)e™ %, (11)

where a = 0.3, by = 0.0112, b = 0.188 are the fitting
parameters.

The measured RSRP at multiple altitudes can be utilized to
generate a radio map of a 3D volume area or surface. The
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radio map of an area can monitor and capture signal leakage
from a RDZ. We interpolate measured RSRP with GPS
information using Kriging interpolation technique. Kriging
can predict the signal strength of unknown locations by the
combination of the signal strength of nearby known locations
using a semi-variogram which can be obtained from spatial
correlations in Fig. 19. In Fig. 20, we show a representative
result of RSRP interpolation of an area where the RSRP at
the surface of a dome shape volume is interpolated by 30 m
and 50 m measurement datasets.

9. CONCLUSION

In this paper, we analyze the channel propagation of air-to-
ground LTE links using an experimental dataset of raw LTE
I/Q samples at 3.51 GHz. We conduct a measurement cam-
paign by using SDR and GPS receivers mounted on UAVs
in a rural environment. The UAV sweeps across the experi-
mental area following the predefined fixed-height trajectories.
The I/Q data is collected at altitudes ranging from 30 m to
110 m, at identical horizontal trajectories. We process the
measured I/Q samples by using MATLAB LTE Toolbox and
analyze the synchronization, cell search, channel estimation,
and RSRP measurement procedures. We post-process the
received signal power by fitting it with a two-ray path loss
model considering the Tx and the Rx antenna patterns. We
compare and analyze the results at different UAV heights to
observe the height-dependent channel characteristics. Our
future work includes repeating a similar study using the I/Q
data from 5G wireless transmissions.
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