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Abstract— This paper compares the usage of frequency
modulated-continuous wave (FMCW) and m-sequence
modulation in a ground-penetrating radar scenario. The two
radars share a common front-end operating in the 1 to 2 GHz band
with a 0 dBm transmitter and a receiver with a noise floor of -60
dBm. The two methods are compared based on their resolution
and maximum detectable range. These parameters are examined
considering one, four, and ten responses averaged for
approximating the impulse response and target range. The
simulation results show that even though the FMCW ground
penetrating radar (GPR) offers two times higher resolution and
maximum detectable range for a single response, the m-sequence
GPR becomes superior when considering the average of 10
responses.
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I. INTRODUCTION

Ground-penetrating radar (GPR) has the capability of
detecting and localizing buried objects. Recently, much
attention has been given to the use of ultrawideband (UWB)
radars, especially in subsurface sensing GPR applications, due
to lightweight, low power consumption and handling, and high
resolution of UWB radars [1].

Various modulation methods, such as frequency modulated-
continuous wave (FMCW), m-sequence modulation, etc, are
reported for UWB GPR systems [1-5]. In particular, the effect
of modulation schemes on radar system performance has
recently begun to be considered [4-5]. Islam et al. proposed a
simulation model for a GPR using FMCW modulation and
investigated its achievable range resolution [4]. Robens et al.
proposed a simulation model for radar using m-sequence
modulation and investigated the effect of noise figures on range
accuracy [5]. However, each investigation was limited to a
single modulation scheme, and neither attempted to quantify the
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Fig. 1. Buried target simulation model used for both radar systems.

performance. Accordingly, there is a lack of studies comparing
the effect of modulation schemes on GPR resolution and
maximum penetration depth.

Thus, this paper investigates both FMCW and m-sequence
modulations for comparison of GPR performance. Resolution
and maximum penetration depth are simulated. The averaging
of results over multiple chirp periods for both systems is also
considered. Keysight Advanced Design System 2020 Update 1
is used to simulate the GPR systems with the circuit envelop
simulator for the RF signals and the Ptolemy simulator for
numerical data manipulation in the m-sequence system.

II. METHODS

A. Measurement Scenario

A set of common measurement scenarios is first established
to compare performance between FMCW and m-sequence
modulation GPR systems. Considering a drone-mounted UWB
GPR system, a simulation model was developed to investigate
free space losses between the radar and the ground, reflections
from the ground, attenuation losses within the ground, and the
radar cross-section of a buried target. Fig. 1 shows the schematic
of the stationary target model. The two-way range loss and target
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cross-section are modeled using an amplifier with a fractional
gain determined by Eq. (1):

Gain= A/(4R)* , (1)
where 4 is the target’s radar cross-section, and R is the total
target range. As in [4], the attenuation loss within the ground is
calculated by an attenuator with the level of attenuation set by

Eq. (2):

Loss =17.4R,| rfue

o
2fz -1, )

where R, is the target range through the ground, f is the
frequency, and u, ¢, and o are the ground’s permeability,
permittivity, and conductivity, respectively. Signals reflected
from the surface layer are modeled in a two-part process. First,
the incoming signal is split into two paths, one for the reflected
signal and another for the transmitted signal, passing into the
ground. The reflection coefficient I' of the ground surface is

given by Eq. (3),
=7z ~1)(Jurz +1). 3)

and the transmission coefficient (7) is T = 1+I". The propagation
losses for the signal reflected from the ground surface are
modeled similarly to the target but using the radar Eq. (4) for flat
surfaces [1]:

4)

where R, is the above-ground range. Finally, as in [4],
transmission lines are used to model the propagation delays
resulting from the target range. The above-ground time delay
(T,) is derived using Eq. (5):

T,=2R,/c,

Gain=A/(87R, ),

©)

where c is the speed of light. The underground time delay (7%) is
calculated by Eq. (6):

T, =2R, 6)

Snow is selected as the ground material to acknowledge the

increased interest in applying drone-based radar systems in the

remote sensing of the arctic regions [3]. The ground parameters
were set as: 1L = o, € = 3¢, and o = 1e7 m'Q! [6].

B.  RF Front End System

Both GPR systems share a set of common parameters for the
comparison. Both systems’ operation frequency (f,) is in the
range of 1 GHz to 2 GHz. The output of both systems is
bandpass filtered to 1 to 2 GHz and amplified to an output power
of 0 dBm. After passing through the ground target, the signal is
received using a 1 to 2 GHz band antenna. The signal is
amplified to a total of 20 dB before passing into radar-specific
signal processing. All measurement scenarios are conducted
considering a -60 dBm.

C. FMCW Modulated Radar
Fig. 2 shows the schematic for the FMCW radar system. To
generate FMCW modulation, a triangular waveform with a
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Fig. 2. FMCW radar system block diagram.
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Fig. 3. M-sequence radar system block diagram.
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period of 1 ps is generated and used as the voltage-controlled
oscillator (VCO) input to generate FMCW modulation. The
VCO modulates the triangular waveform into a signal that
linearly varies its frequency between 1 to 2 GHz with a
repetition frequency of 1 MHz. The VCO output is split between
the RF front end and the local oscillator port of a mixer using a
10 dB coupler. The output of the RF front end enters the radio
frequency port of the mixer, and the beat frequency is output
from the mixer’s intermediate frequency port. The beat
frequency (f») is measured and used to derive the target range
(R) according to Eq. (7):

R=Cf, (48 - 1,,) @)
where Afis the bandwidth, and f,, is the modulation frequency.

D. M-Sequence Modulated Radar

Fig. 3 shows the schematic of the m-sequence system. A
linear feedback shift register (LFSR) is configured to generate
an order of 10 m-sequence resulting in a period of 1023 chips.
Then, the LFSR’s binary output (0 and 1) is changed to a
sequence consisting of -1 and 1. Each chip is repeated
consecutively sixteen times. About 80% of the m-sequence
energy is concentrated below one-half of the bandwidth [5].
Since the f;,, is between 1 and 2 GHz, an RF modulator uses the
m-sequence to modulate a 1.5 GHz carrier resulting in a signal
with the desired bandwidth. The modulated carrier is then
transmitted via Tx antenna to channel.

On the receiving side, the amplified received signal enters an
RF demodulator to obtain the baseband m-sequence. An analog-
to-digital converter (ADC) samples the baseband signal at the
chip rate. The sampled signal is converted back into the numeric
domain and quantized according to the resolution of the
ADS54RF63 ADC [7]. At this stage, the signal is also down-
sampled from 16 samples per chip to one sample per chip.
Finally, the processed received signal is cross-correlated with
the original m-sequence.
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Fig. 4. Received signal of (a) FMCW and (b) M-sequence systems
one average period.
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Fig. 5. Received signal of (a) FMCW and (b) M-sequence systems with
four average period.

III. RESULTS

The drone-based radar platform is simulated using an above-
ground range of 3.4 m to minimize losses while providing
sufficient clearance for obstacles. Below the ground, 12 targets
are placed parametrically from 0 m depth (at the surface) to 12
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Fig. 6. Received signal of (a) FMCW and (b) M-sequence systems with ten
average period.

m in 1 m increments. The cross-section of the variable depth
target is selected as 1 m? for simplicity. We considered a single
radar return for each scenario and the averaging of 4 and 10 radar
returns.

Fig. 4, 5, and 6 show the received signal of FMCW and m-
sequence systems with one, four, and ten average period,
respectively. The results show that the resolutions of the FMCW
and m-sequence systems are 4.5 and 8.5 cm, respectively, for all
averaging periods. For maximum detectable range, at one
averaging period, the FMCW GPR can detect up to Sm, while
the m-sequence GPR can only detect 2m. At four averaging
periods, both GPR systems can detect up to 6m. At ten averaging
periods, although the FMCW GPR can detect up to 7 m, the m-
sequence GPR can detect up to 8 m. The maximum detectable
range was increased up to 11 m for more extended averaging
periods. Further, as the averaging period increases, the FMCW
GPR suffers from increased clutter, reducing its resolution.

IV. CONCLUSION

Two ground-penetrating radars (GPRs), employing
frequency modulated continuous wave (FMCW) and m-
sequence modulations, were described and compared. The
results showed that although the FMCW GPR showed higher
resolution and maximum range for a single averaging period, the
m-sequence GPR surpasses when considering ten averaging
periods. Furthermore, the FMCW GPR resolution was reduced
as the averaging periods increased, while the m-sequence GPR
stayed consistent.
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