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Abstract

Ground-penetrating radar (GPR) has been widely used to detect concealed defects behind tunnel linings. However, the limited pen-
etration capability of traditional GPR in complex media such as concrete constrains tunnel-lining inspection. This limitation makes it
di cult to obtain clear images of deeper structures. Furthermore, achieving rapid, multi-directional, and multi-angle inspections with
traditional methods is challenging, especially in operational tunnels. In this paper, a vehicle-mounted multi-antenna synthesized
ultra-wideband (UWB) GPR system is designed for tunnel inspection. First, we introduce a synthesized UWB signal design method that
uses a “eld-programmable gate array (FPGA) to dynamically generate transmit signals from 0.3 to 1.0 GHz. This approach balances
inspection depth and resolution. Second, we propose a delayed phase-locked synchronization technique to achieve high-precision time
synchronization between the transmitter and receiver. Additionally, we design a semi-elliptical antipodal Vivaldi antenna array that out-
performs conventional designs and obtains higher-quality inspection data in real tunnel environments. We systematically veri“ed the fea-
sibility and e ectiveness of the proposed system through four experiments, including re”ection analysis of multi-material targets, non-
contact detection of buried objects in sandy media, dynamic scanning-based imaging in tunnel structures, and identi“cation and imaging
of typical defects in complex tunnel environments. The experimental results demonstrate that the system can e ectively detect various
types of subsurface targets under non-contact conditions. In the future, the system is expected to provide an e cient solution for
multi-directional, multi-angle, deep, and rapid tunnel defect detection, particularly in complex engineering scenarios such as operational
tunnels.

Keywords: Ground-penetrating radar; Tunnel inspection; Synthesized ultra-wideband; Vivaldi antenna

1 Introduction et al., 2023 and concrete spalling Zhu et al., 2022. The

underlying causes include variable geology, construction

In recent years, Chinaes tunnel construction and under-
ground space development have grown rapidlyL{u et al.,
2023, establishing the country as a global leader in both
project quantity and engineering scale. By the end of
2023, China had built 27 297 highway tunnels spanning
over 30 200 km and 18 573 railway tunnels exceeding 23
500 km in total length (Bei et al., 2029. These structures
have long faced persistent risks such as collaps&efng
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technology limitations, and natural aging Gui et al.,
2024). Therefore, accurate non-destructive testing tech-
niques are crucial for identifying potential tunnel hazards,
guiding maintenance strategies, prolonging service lives,
and mitigating accident risks ¢ou et al., 20240H.

Current tunnel inspection methodologies typical inte-
grate multiple non-destructive testing methods, including
visual imaging (Liao et al., 2022, ultrasonic tomography
(Anoni et al., 2024), and ground-penetrating radar (GPR)
(Li et al., 20243. GPR technology records electromagnetic
echoes to reveal hidden features behind the lining, enabling
the identi“cation of defects such as cracks, voidsZhang
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et al., 2023, and water in“Itration ( Liu et al., 2024b). GPR
systems are commonly classi“ed by signal characteristics
into frequency-domain radar and time-domain radar {Vu

et al., 2029.

Ultra-wideband (UWB) GPR is a type of GPR system
that employs signals with extremely wide bandwidths to
achieve high-resolution subsurface imaging. It can be
implemented using either time-domain approaches, such
as impulse radar, or frequency-domain methods, such as
step-frequency continuous wave (SFCW) and frequency-
modulated continuous wave (FMCW) (Fang et al., 2023.
SFCW synthesizes wideband responses by discrete fre-
quency stepping, which makes it well-suited for static or
slow-moving scenarios such as tunnel inspection
(Smogavec et al., 202¢ In contrast, FMCW is more com-
monly applied in high-speed target detection, where real-
time processing and Doppler sensitivity are prioritized
(Han & Hong, 2020).

Compared with traditional narrowband GPR systems,
UWB GPR can generate sub-nanosecond radio-frequency
(RF) pulses or synthesize wideband signals that span from
hundreds of megahertz to low gigahertz frequenciesH(:
et al., 202). This wide bandwidth enables the detection
of “ner structural features (Pi et al., 20233. In practice,
UWB GPR often models subsurface targets as extended
objects composed of multiple independent scatterers, and
the transmission channel exhibits signi“‘cant multipath
characteristics (i et al., 20249. For example, in building
diagnostics, UWB GPR can resolve internal structural ele-
ments such as walls, beams, and columns, and it can also
identify concealed anomalies or embedded objects within
these componentsl(i et al., 2024b).

However, conventional GPR systems generally face an
inherent trade-o between deep penetration capability
and high spatial resolution in tunnel structure inspection
(Liu et al., 2024g. While signals from traditional UWB
GPR enable high-resolution imaging at shallow depths,
dispersion across a broad frequency range lowers the
energy per frequency componentHasan et al., 2023. This
reduction directly limits the e ective penetration depth.
This limitation is exacerbated by rapid signal attenuation
during propagation through heterogeneous media such as
soil and concrete [iang et al., 2029. In these materials,
absorption and scattering further degrade energy retention
(Cai et al., 2025. In contrast, narrowband radar systems
typically operate at lower frequencies, where electromag-
netic waves undergo less attenuation, enabling deeper pen-
etration into lossy media such as concrete and soil.
However, the limited operational bandwidth constrains
spatial resolution, making it di cult to resolve “ne struc-
tural details. This inherent trade-o highlights the chal-
lenge of relying on a single radar modality for tunnel
inspection tasks that demand both high resolution and sub-
stantial penetration depth.

In addition, the tunnel inspection process must preserve
spatial completeness, ensuring full coverage of the crown,
sidewalls, and invert {Vang et al., 202). This requires
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synchronous multi-directional and multi-angle scanning.
In operational tunnels, inspections must be completed
within strict time windows to maintain normal service
schedules while still providing full coverage Chen et al.,
2023. Current commercial GPR systems mainly follow a
single linear path (one-dimensional sampling) method
(Gennarelli et al., 2023. Repeated linear passes accumulate
position errors that originate from manual setup, wheel-
odometry drift, and inertial-sensor bias. Progressive regis-
tration drift also occurs during data acquisition. Together,
these errors reduce overall imaging accuracy and under-
mine the reliability of the inspection results Zou et al.,
20249. Furthermore, the scanning ine ciency inherent in
this methodology fails to meet the dual requirements of
rapid execution and complete spatial coverage. These are
essential under modern tunnel inspection protocolskFig-
ure 1 compares the tunnel detection mode of a commercial
GPR system with the vehicle-mounted tunnel detection
method proposed in this paper.

To overcome the limitations of conventional tunnel
inspection methods, we propose a vehicle-mounted,
multi-antenna,  synthesized ultra-wideband ground-
penetrating radar (VMSUGPR) system. The system
employs a “eld-programmable gate array (FPGA) to con-
trol signal transmission and utilizes SFCW modulation to
synthesize UWB signals. This design enhances penetration
in lossy media such as concrete. The hardware architecture
incorporates a newly designed multi-antenna array based
on semi-elliptical antipodal Vivaldi antennas, providing a
wide operating frequency range from 0.3 to 1.0 GHz.
Antenna arrays are mounted on the top, left, and right
sides of the inspection vehicle. By integrating with a
sliding-rail mechanism, the antenna arrays enable rapid,
synchronous, and multi-angle tunnel detection during vehi-
cle motion. This paper details the complete architecture of
the VMSUGPR system, including the transmitter (TX) and
receiver (RX) modules, antenna arrays, data acquisition
module, and signal processing unit.

2 Methodology
2.1 Overall system structure

The architecture of the VMSUGPR is illustrated in
Fig. 2. The system utilizes an FPGA as its core controller
for real-time operation management. In this design, the
Altera Cyclone Il EP2C8T144I8N serves as the primary
control unit. The hardware processor is based on a Xilinx
Zynq UltraScale + MPSoC (XCZU3EG), which integrates
a processing system (PS) comprising a quad-core ARM
Cortex-A53 and a dual-core Cortex-R5, tightly coupled
with programmable logic (PL). This heterogeneous archi-
tecture enables e cient real-time processing of radar echo
signals acquired from analog-to-digital converters (ADCSs).

The EP2C8T14418N implements custom logic through a
programmable row-column register array. During initial-
ization, con“guration data are loaded into the FPGA from
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Fig. 1. Conventional and vehicle-mounted GPR tunnel detection.
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Fig. 2. Overall architect

a host computer via a universal serial bus (USB) connec-
tion, using the CH341A USB bridge controller (Abbas
et al., 2023. The con“guration logic stores the received
data in static random-access memory (RAM) cells, thereby
determining the FPGAes logical functions and operational
mode. The FPGA implements a serial peripheral interface
(SPI) via general-purpose 1/O pins to communicate with
the frequency synthesizer. Following SPI timing, the inter-
face “rst transmits the register address and then the corre-
sponding data, writing to the frequency synthesizeres
registers to con“gue key parameters (e.g., output fre-
quency and phase).

A 20 MHz local oscillator (LO) signal is generated by
the crystal oscillator SJA1244A under the control of the
EP2C8T144I8N. The frequency synthesizer processes the
LO signal to generate a UWB waveform using SFCW
modulation. The TX PCB performs amplitude equalization
across the synthesized frequency components to ensure
uniform spectral power distribution. The signal is then
transmitted via a micro-miniature coaxial connector and
ultimately radiated through one of eight frequency-
matched transmit antennas Zink et al., 2023). On the
RX PCB, a single-pole eight-throw (SP8T) RF switch con-

ure of VMSUGPR.

trolled by the FPGA selects one of eight receive antennas
to capture echo signals. The RX PCB reuses the LO signal
from the transmit chain to mix, de-slope, and low-pass “I-
ter the echoes. The resulting baseband signal is then digi-
tized by an ADC (Mohammad et al., 2029.

A common crystal oscillator provides the reference
clock for synchronization among the ADC, TX, and RX
PCBs. The FPGA generates synchronization pulses by
means of on-chip counters and logic circuits. The pulses
travel through high-speed bu ers and low-latency traces
to the ADC. Simultaneously, these pulses provide clock
synchronization to the TX and RX. The ADC PCB con-
tains a sync-pulse detector that senses the FPGAes synchro-
nization signals. Upon pulse detection, the ADC initiates
sampling, and the sampling clock is subsequently phase-
locked to the synchronization pulses.

For data transmission between the ADC PCB and the
host computer, the system employs a direct memory access
mechanism to store acquired data in a bu er allocated in
DDR4 RAM. The system runs a lightweight TCP/IP stack
to manage UDP packet transmission and reception. Upon
receiving a data request from the host computer, the ADC
PCB encapsulates the acquired data and the corresponding
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packet headers into UDP packets following a user-de“ned
protocol format. These packets are transmitted via Ether-
net to the computer for subsequent parsing and processing.

2.2 Synthesized UWB signal

The proposed system achieves high range resolution
through the synthesis of UWB signals using an SFCW
approach, which enables a signi“cant reduction in the
required instantaneous bandwidth and ADC sampling
rate. Within a single scanning cycle, the system transmits
a sequence of narrowband continuous-wave (CW) signals.
The carrier frequency is incrementally stepped, starting
from an initial frequency f,, with a constant step sizeAf
over K steps. The frequency of the k-th transmitted signal
f, is given by Eq. 1:

fk:f‘OJ'_kAfa <])

Assuming the GPR system is equipped with L antenna
units and performs N frequency sweeps within a coherent
processing interval, the complete time-domain expression
of the transmitted signal is expressed as E¢:

k=012, K- 1

L N-1K-1 KT, —nT —T,/2
sO=>3>a rect(l T —n o/ >
I1=1 n=0 k=0 Tp
cos 2nfit + 6;), (2)

where T, is the time width of each sub-narrowband signal,
T, is its repetition period, and T = K T is the duration of a
full frequency sweep. The rectangular window function fol-
lows the expression of Eq.3:

(r) {1, ] < Tp/2
rect{ — | = ,
TP 07 M > Tp/z

wherea; and 0, represent the amplitude and initial phase of
the k-th narrowband signal, respectively.

The round-trip delay for a target at rangeR,, is given by
Tm = 2Rm\/& /c, where c is the speed of light and, is the
relative permittivity of the medium. The corresponding
echo signals,(¢) can be written as Eq.4:

3)

L N-1 K-1
t—kT, —nT —T,/2—
So(t) = E E aznkrect( - T p/ Tm)
=1 n=0 k=0 p

(4)

whereaq,,, and 0,,, denote the echo amplitude and phase
corresponding to the k-th narrowband signalin the nth
sweep cycle of the Ith antenna unit, respectivel

Based on this mathematical model and processing
framework, the VMSUGPR system employs an FPGA-
controlled transmitter to generate synthesized UWB sig-
nals. By precisely regulating key parameters such as the sig-
nal amplitude @, and frequency stepAf, the system ensures
stable radiation characteristics across the synthesized fre-
quency band [f,, fo+ (K —1)Af]. This parameterized
control mechanism enables robust operation in dyamic
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tunnel environments, ful“lling the high-resolution and
deep-penetration requirements for tunnel inspection.

2.3 Delayed phase-locked synchronization

VMSUGPR requires its signal source to provide wide-
band coverage while maintaining strong anti-jamming per-
formance. The system employs delayed phase-locked
synchronization (DPLS) technology to achieve high-
precision time synchronization between the TX and RX.
The phase-locked loop (PLL) is driven by an external ref-
erence signal, controlling the frequency and phase of the
internal oscillators (Karimi-Ghartemani et al., 2022).
Based on this principle, the system introduces a control-
lable time delay into the PLL through an FPGA. By pre-
cisely con“guring the RXes delay parameter, the system
ensures the receiver sampling window starts after the initial
near-“eld transients have subsided. This temporal gating
minimizes contamination of the desired echo signal by
early-time clutter, enhancing signal integrity for subsurface
re”’ections. Vendor phase noise data for the 20 MHz crystal
reference (< —135 dB¢/ Hz at 1kHz o set) indicates an
integrated timing jitter below 0.5ns and a drift below
0.2ns over 6 h. These values are mor¢han an order of
magnitude smaller than the4ns ADC sampling interval,
ensuring stable synchronizationeven in re”ective tunnel
environments. While DPLS cannot eliminate the physical
sources of antenna ringing or directcoupling, its precise
delay control is critical for isolating target echoes from
coherent noise.Figure 3 illustrates the DPLS mechanism.

Assume the distance between the detection wall and the
device isRy, and the RX delay parameter iscon“gured as
Eq. 5

_ 2R

C

(5)

Let w; be the instantaneous angular frequency of the
crystal-controlled input signal, o, the free-running angular
frequency of the voltage-controlled oscillator (VCO), wqq
the VCO frequency after the divider, and wc the
di erence-frequency componenm delivered by the loop “I-
ter. After the loop “Iter suppresses the sum-frequency term,
the remaining componentwc = w; — wyq drives the VCO,
whose instantaneoudrequency is given by Eq.6:

wa(t) = wo + Ko - uc(t), (6)

wherekK, is the VCO gain anduc(¢) is the loop-“lter output
voltage.

Td

Filter

VCO
) 1)
- Phase detector \N—
@, =(N,+F/ M),
Doq DIV o,(t=7y)| Delay
(N, +F | M) Z

Fig. 3. Delayed phase-locked loop synchronization principle.
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With DPLS, the instantaneous phase di erence between
the input and the delayed divider output is de“ned as Eq7:

Qd(t) = Qi(t) - Hod(t - Td). (7)

If dfy4/dz # 0, the loop is unlocked, the control voltage

uc(t) then steersmy(¢) until the frequency di erence van-

ishes. Lock is reached when wy,=w; and

Ooa(t — tq) = 0i(¢) + o, Where ¢, is a constant residual
phase oset determined by the loop dynamics. Once
locked, the VCO frequency is determined by Eg8:

oy = (Ni+ F/M) - woq = (Ni + F/M) - o, (8)

where N; denotes the integer division ratio andr/M repre-
sents the fractional part.

By employing FPGA-based precise timing control and
the DPLS mechanism describd above,the RX captures
the echo signal after the programmed delayy, ensuring
tight synchronization between transmission and reception.

2.4 Antenna structure and desigprinciple

2.4.1 Single antenna design

To meet the requirements of the VMSUGPR, we pro-
pose a single semi-elliptical antipodal Vivaldi antenna
structure, as illustrated in Fig. 4. The antenna provides a
smooth transition from a microstrip feed line to an expo-
nentially tapered slot. The microstrip and ground planes
lie on opposite substrate surfaces, extending outward to
form exponentially tapered antipodal slot lines. The expo-
nential taper begins with an opening radius R and evolves
into a semi-elliptical contour with semi-minor axis Re,
which enhances low-frequency current distribution. This
integrated contour forms the complete radiatingaperture.
The overall antenna layout is characterized by the total
board length Ly, the board width B, aperture opening
width W, substrate thickness h, and feed tracevidth b.

Bottom layer

Start of outer curve
B(x,»)

7

Front view Side view

Fig. 4. Single semi-elliptical antipodal Vivaldi antenna structure.
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These dimensions collectivelyle“ne the geometric bound-
ary conditions.

The exponentially tapered curve follows the standard
exponential taper model Harel et al., 2025, as described
in Eq. 9:

Y = 16" + ¢y, 9)

where the constants; and ¢, are given by Eq.10:

Vo= )1

Cl:exxz—e%xJ.’

Cr =y, — 1€ (10)
The coe cients ¢; and ¢, are determined by the exponential
opening rate o, the slot start point P(x1,y,), and the end
point P,(x,,y,). The variable x represents the coordinate
along the propagaion direction of the tapered slot.

The semi-elliptical antipodal Vivaldi antenna operates
as a resonant radiator at the lower edge of its operating
band. Consequently, each single antenna element functions
as a narrowband radiator within its designated sub-band.
The ideal aperture width for each sub-band is determined
by the lowest operating frequencyf ;,, of the Ith antenna

(Joler & Kucan, 2015). This relationship is given in Eq.11:

W, (11)

C
mein,l\/g7
where & is the e ective permittivity of the dielectric sub-
strate. To ensure consistency across antenrdements, all
antennas are fabricated with the same feed trace width b
and thickness h, which lead to the expression fats shown
in Eq. 12

. _8,+1 ar—l' 1 (12)
T2 2 /1t 12m/b

where ¢, is the relative permittivity of the substrate.

For each sub-band, the requied aperture width I, is
“rst set to match its f,,, and then “ne adjustments are
made by tuningthe exponential ratea and end-point coor-
dinates to re“ne the impedance match. The system-wide
minimum  frequency f,¢s= 0.3 GHz sets the lowest
boundary for the overall array coverage.

2.4.2 Multi-antenna array con guration

The semi-elliptical Vivaldi antenna described in the pre-
ceding subsection achieves acceptable impedance matching
only within its designated sub-band. To ensure continuous
coverage across the full 0.3...1.0 GHz range, the system
employs an array of L antennas, each individually dimen-
sioned for a speci“c sub-band|f,;, fax]- The union of
thesesub-bands satis“es the requirement in Eql3:
L
/glm“"’“ Joaxs] = [0.3 GHz, 1.0 GHz|. (13
An FPGA-controlled switch matrix dynamically activates

one antenna at a time to ensure the desired frequency band
is covered, as determined by Eql4:
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4 ((1)) _ 17 (ORS [an;win,la ZTEJr{nax,/}
! 0, otherwise

where 4,(w) denotes the excitation state of the Ith antenna
at angular frequencyw. Inactive ports are properly termi-

nated to suppress spurious radiationThe practical choice

of inter-antenna spacingd, and the associated coupling
behavior are detailed inSection3.3.3

(14)

2.5 Echo signaprocessing

E ective echo signal processing is essential for extracting
meaningful information. The echo and LO signals are
mixed and then low-pass “Itered to produce the baseband
signal, a process known as demodulation {ue et al.,
2024). The demodulated output signals:(¢) is given by
Eqg. 15

L N-1K-1
t—kTy —nT —T,/2— ;
st(t) _ ZZZAUM rect( r—n 7 p/ "f'm)(:'rJankrm7
p

I=1 n=0 k=0

(15)

where 4,,; denotes the complex amplitude of the echo
from the kth narrowband signal in the nth sweep cycle of
the Ith antenna unit, obtained after demodulation.

To obtain the sampled frequency-domain signal, the sys-
tem samples once at the center of each tone, i.e., at time
t = kT +nT + T,/2. The resulting sampled signal is given
by Eq. 16:

L N-1

s(k) = ZZAL”"C @ /2t

1=1 n=0

L N-1
—Jj2TfoT E § —J2TkAf T
— J21foTm AltnAke J \f m

=1 n=0

(16)

Applying an inverse discrete Fourier transform (IDFT)
to s(k) yields the range pro“le, as given inEq. 17:

>
-

1 .
S<m>_E s(k)e’zn”’k/K7 ;/n:O7 17...7[(_ 1 (1D
k

Il
o

The magnitude of the complex range pro“le, which cor-
responds to the re”ected signal strength at each distance
bin, is given by Eq. 18:

[S(m)| =/ {Re(S(m)]}? + {Im[$ (m)]}* (18)
where S(m) denotes the complex range profe at the m-th
range bin, |S(m)| represents the echo intensity at the mth
bin, and Re{-} and Im{-} denote the realand imaginary
parts of a complex quantity, respectively.

The peak value of|S(m)| occursat m, = arg max, |S(m)|,
and basedon this peak index, the target range and theoret-
ical range resolution can be calculated using EdL9:

o c-my B c

(19)
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3 System design and implementation
3.1 Transmitter and receiver modules design

The block diagram of the TX and RX modules is shown
in Fig. 5. To achieve precise frequency control, the trans-
mitted signal is synthesized through the coordinated oper-
ation of an HMC703 (Hasan et al., 2023, an ADF4351
(Zeng et al., 2023, and an FPGA. This architecture deliv-
ers high stability, low phase noise, and a wide tuning range.
The FPGA dynamically programs the division ratios of the
HMC703, sweeping its output from 1670 to 2370 MHz
while optimizing the sweep rate by adjusting the phase-
lock time and frequency-step parameters stored in the
HMC703 registers. After the sweep range is con“gured,
the FPGA continuously monitors the lock status of the
HMC703, ensuring stable frequency acquisition during
rapid hopping and thus preserving the reliability of the
sweeping signal. The HMC703 generates a linear continu-
ous sweep signal within the FPGA-con“gured frequency
range at the programmed rate. The 1370 MHz LO signal
from the ADF4351 is mixed with the sweep signal, generat-
ing a di erence signal spanning 0.3...1.0 GHz.

The RX processes the echo signal through a sequence
of operations: channel switching, matched “Itering, low-
noise ampli“cation, mixing, variable gain ampli“cation,
and ultimately ADC conversion. The RX operates on
echo signals within the frequency range of 0.3...
1.0 GHz. The SP8T switch selects among eight ports,
enabling optimal matching of echo signals in each fre-
quency band through dedicated “lters. The RX main-
tains synchronization with the TXes signal source.
During the “rst down-conversion stage, an (x + 2260
MHz local signal mixes with the received x MHz echo,
generating a “xed 2260 MHz intermediate signal. Fol-
lowing band-pass ‘“Itering, the signal undergoes
second-stage mixing with the 2330 MHz “xed-
frequency signal from the ADF4351, generating a
70 MHz intermediate frequency (IF) signal. The IF sig-
nal is subsequently band-pass “ltered, ampli“ed, and
digitized through the ADC subsystem.

Factors such as analog component variation, environ-
mental temperature "uctuations, power supply voltage
changes, and signal power drift can distort the amplitude
and phase response of the echo signal in the RX system.
These perturbations alter signal characteristics, compro-
mise echo integrity, and ultimately lead to demodulation
errors and target localization inaccuracies. To mitigate
these e ects, the amplitude and phase of both TX and
RX signals should be calibrated during the system com-
missioning phase before deployment. The FPGA pro-
vides precise control of the attenuator to adjust the
attenuation for each frequency band, ensuring consistent
echo amplitude in the absence of target re”ections. This
minimizes localization errors caused by amplitude and
phase variations.
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Fig. 5. Block diagram of the TX and RX modules.
3.2 ADC PCB design fered data stream to PL-side DDR4 memory for temporary

storage. The data transfer between PL and PS is imple-

The block diagram of the ADC PCB is shown inFig. 6. mented via the Advanced eXtensible Interface (AXI)
The front-end of the VMSUGPR system receives the pro- high-performance bus, ensuring fast and stable through-
cessed analog signal through a Bayonet Neill...Concelman put. The PS processor forwards data via a reduced gigabit
(BNC) interface. An AD8056-based analog conditioning media-independent interface (RGMII) to the KSZ9031
stage conditions the signal to the required amplitude range. physical layer transceiver, which drives RJ45 Gigabit Eth-
A subsequent balanced-unbalanced transformer or dier- ernet connectivity for PC-based real-time monitoring. The
ential driver converts the single-ended signal to di erential acquired data is stored as signed integers in a text “le.
form for the AD9230 high-speed ADC. The AD9230 oper-
ates at up to 250 MSPS with 12-bit resolution and outputs 3.3 Antenna design simulation and performee evaluation

digitized data via a low-voltage di erential signaling paral-
lel interface. The digitized data travels through a 34-pin  3.3.1 Antenna design methodology

expansion header into the block RAM of the FPGAes PL The antenna board is fabricated on FR-4
fabric. This architecture balances processing speed and (¢ = 4.8 tand= 0002) with “xed dimensions of
transfer e ciency. The data "ow controller directs the buf- BxLyxh=290mmx 210 mmx 14 mm. Full-wave
o5 AD9230 = @
2 ADB8056 X 28w DSP
g,, Z=p (Attenuation =» (ngh spe'ed %, %i ® processing = BIOCkR.AM -»> DER o =-»> DD PL
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Fig. 6. Block diagram of the ADC PCB.
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modeling was performed in Ansys HFSS 15.0 (PEC bound-
aries, lumped-port excitation). For each sub-band antenna,
the board outline and its pre-computed aperture widthi?,
remain “xed, while the exponential slopeo is tuned by
adjusting the slot end-point. In the 0.75...0.85 GHz proto-
type, the Dbaseline end-point was located at
(x2.0, ¥2, 0) = (1614 mm 1548 mm P ,and was varied
along the x-axis according to x; =x0+a With

a € [-10, 1 mm in 0.5 mm steps to re“ne the impedance
match. The simulatedS1;(f") responses for di erent end-
point o sets are shown in Fig. 7.

Table 1 quanti“es how increasing a progressively shifts
the fundamental resonant frequencyf .. downward (ap-
prox. 10.12 MHz /mm) within the e ective tuning range,
deepening theS;; match to a minimum of —28.78dB at
a =7 mm. O sets outside this range (e.g.¢ < —8 mm or
a = 8 mm) detune the response, leading to mode switching
and non-monotonic shifts of the dominant notch. Repei-
tion of the «-tuning process for all sub-bands achieved
S11 < —25dB across the 0.3...1.0 GHz band, demonstrating
that careful control of « compensates the “xedW,; con-
straint while maintaining the board outline.

To ensure continuous and robust coerage from 0.3 to
1.0GHz, the overall band is divided into eight partially
overlapping sub-bands. The initial aperture width, for
each sub-band | follows the “rst-order half-wavelength
condition de“ned in Eq. 11, with the e ective permittivity
et Calculated by Eqg.12. Once the nominal width is set, “ne
adjustments arecarried out by tuning the exponential taper
rate o and slot end-point coordinates as described previ-
ously. Table 2 summarizes the nominal design frequency
ranges and calculated aperture widths for each sub-band.
Due to practical manufacturing and tuning tolerances,
neighboring pass-bands are intentionally overlapped.
Because the FPGA-controlled switch matrix activates only
one antenna element at a time, this overlap does not intro-
duce any mutual interference.

End point “
|

(0.77, —28.78)
n 1 1 1 n 1 1 1 1 1
02 04

1 n 1 1 " 1 n 1 L

0.8 1.0 12 14 4 2.0
Frequency f (GHz)

0.6 22

Fig. 7. S11(f) response for parameter sweefu € [—10, 1J mm).
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Table 1
Resonance andS;; versus end-point o set a for the 0.77 GHz antenna.

a (mm) -10 -8 —6 -4 -2 0
fres (GHZ) 1.69 0.38 0.93 0.90 0.87 0.85
S11.min (dB) —2.60 -6.16 —-1529 -1838 -19.73 -1872

a (mm) 2 4 6 7 8 10
fres (GHZ) 0.83 0.80 0.79 0.77 0.76 1.39
S11min (dB) —19.95 —-20.99 -2819 -2878 -2569 -—-26.74

3.3.2 Antenna performance testing

The fabricated prototypes were characterized using an
Agilent 8714ES RF network analyzer con“gured for a fre-
quency sweep from 0.3 to 1.0GHz with 701 points. All
measurements were performed in an anechoic chamber.
Figure 8 compares the measured and simulate$; results
for the 0.37 GHz antenna.

To quantify the agreement betweerthe full-wave model
and the experimental results, the point-wise residual
AS11(f) is de“ned as Eq.20:
ASu(f) = STE) = ST(f),
where ST /) and S5(f) denote the measured and simu-
lated re”ection coe cients at frequency f, respectively. A
reduced set of 16 representative frequencies was extracted,
including the main simulated notch at 0.37 GHz and addi-
tional points at 50 MHz intervals from 0.30 to 1.00 GHz.
The paired data and residuals are summarized ifable 3.

The maximum residual of 10.09 dB occurred at
0.35 GHz and was attributed to practical measurement
repeatability and connector mismatch. At the design notch
of 0.37 GHz, the residual was 6.71 dB, indicating that the
fabricated prototype achieved slightly less ideal matching
than predicted. Across all sampled points, the mean abso-
lute residual was approximately 2.2 dB. These results con-
“rm that the full-wave model predicts the impedance
behavior of the fabricated antenna with an average accu-
racy better than +£3 dB, supporting the feasibility of the
multi-band UWB design methodology.

(20)

3.3.3 Array element spacing and mutual coupling veri cation

In the design of multi-antenna arrays, the inter-element
spacing is a critical parametethat governs mutual coupling
e ects. Excessively narrow spacing can induce strong cou-
pling, unintended beam-pattern distortion, or resonance
detuning, whereas overly wide spacing decreases array com-
pactness.Figure 9 presents HFSS simulation results for a
representative 0.37 GHz antenna under various spacings.

Table 4 summarizes these results. When operated at its
nominal 0.37 GHz, the isolated antenna exhibited ars;;
of —35.8 dB. At a 30 mm spacing, the performance dete-
riorated sharply to —0.29 dB, corresponding to a 35.64 dB
degradation. Increasing the spacing to 40 mm signi“cantly
improved the impedance match, achieving;; = —30.91dB
and restoring a stable resonance within the target band.

At a 30 mm spacing, strong coupling also introduced
unwanted parasitic responses near 0.77 and 0.95 GHz,
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Table 2
Nominal design parameters for the eight overlapping sub-band&es = 3.2).
Sub-band | Smins (GHZ) Smax; (GHz) Center f, (GHz) W, (mm)
1 0.30 0.36 0.325 279.4
2 0.34 0.42 0.370 246.5
3 0.40 0.52 0.460 209.6
4 0.50 0.64 0.570 167.6
5 0.60 0.74 0.670 139.7
6 0.70 0.84 0.770 119.7
7 0.80 0.92 0.860 104.8
8 0.90 1.00 0.950 93.1
: section (310mm x 220mm) is dimensoned to accommo-
0 date the 290mm x 210mmantenna substrates with su -
A cient mechanical clearance. Longitudinal grooves with a
depth of 5 mm and a pitch of 40 mm were machined along
o the housing to secure the antennas. Centered #te base of
g s each groove, 10 mm diameter feedthroughs allow the
©y

Simulated antenna

Fabricated antenna

(0.377,-29.22)
— Measured data
- Simulated data

(0.37,-35.93)

0.25 1.00 1.25 1.50 175 2.00

Frequency f (GHz)

050 075

Fig. 8. Measured and simulated S;; comparison for the 0.37 GHz
antenna.

which caused signi“cant out-of-band S;; dips. For
instance, an undesired dip of ...28.88 dB appeared at
0.76 GHz, accompanied by other spurious mismatches.
These parasitics were e ectively mitigated at 40 mm, where
the working band remained dominant and spurious fea-
tures were suppressed or shifted away.

Based on the simulation results, an inter-element spac-
ing of 40 mm was adopted as the minimum-spacing base-
line. The antenna array was integrated into an

antenna connection cables to pass through via vibration-
damping grommets, while silicone seals ensure [P67
waterproo“ng.

The housing was fabricated with 19 uniformly spaced
slots at a nominal pitch of 40 mm. While this pitch satis“es
the minimum requirement for mitigating mutual coupling,
the fabricated prototype utilizes an alternating mounting
scheme where antennas are placed in every second slot.
This results in an e ective physical spacing of 80 mm,
which further suppresses inter-element coupling e ects
within the 0.3...1.0 GHz band. With eight TX/RX antennas,
the system achieved full-band coverage under the current
con“guration. The reserved empty slots provide "exibility
for future sub-band expansion or redundant element inte-
gration when required.

3.4 Overall realization of the VMSUGPR system

As shown inFig. 11, single VMSUGPR system is assem-
bled within a metallic enclosure with dimensions of

425 cmx 39 cmx 19 cm,providing mechanical protec-

acrylonitrile...butadiene...styrene housing with structural tion for the internal components while e ectively prevent-

reinforcements, as shown inFig. 10. The housing dimen-
sions are 800mm x 310mmx 220mm, where the cross-

ing external spurious signals from interfering with the
system. The TX components, including the PCB, multi-

Table 3

Measured vs. simulatedS;; residuals at representative frequencies.

f (GHz) SiT" (dB) STEe (dB) AS1; (dB) f (GHz) SiT (dB) {5 (dB) AS1; (dB)
0.30 —4.50 -1.65 2.85 0.65 -1.04 -1.07 —0.03
0.35 —-17.94 -7.85 10.09 0.70 -1.04 -0.26 0.78
0.37 —35.93 —29.22 6.71 0.75 -1.10 1.59 2.69
0.40 —6.37 —6.97 -0.60 0.80 -125 0.34 159
0.45 —2.53 —-2.99 —0.46 0.85 —1.48 -1.10 0.38
0.50 -1.64 -1.14 0.50 0.90 -175 -0.60 115
0.55 -1.27 0.33 1.60 0.95 —-1.95 124 3.19
0.60 -1.10 -0.50 0.60 1.00 -191 0.00 191
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Fig. 9. Multi-antenna array element spacing determination results.

way power supply, SP8T switch, power ampli“er, and
CH341A, are mounted on the baseplate as shown in
Fig. 11(a). The RX shares these common components but
additionally integrates an ADC module for signal digitiza-
tion, as illustrated in Fig. 11(b). Eight antenna arrays are
externally connected to facilitate signal transmission and
reception.

The VMSUGPR system is designed with two distinct
con“gurations tailored to dierent operational require-
ments, respectively intended for experimental validation
and engineering deployment.Figure 12(a) illustrates the
single-system con“guration, while Fig. 12(b) shows the
vehicle-mounted multi-system platform.

Table 4
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The single-system con“guration adopts a modular three-
layer structure: (1) the top layer houses the transmitting
and receiving antennas; (2) the middle layer integrates the
RX, the TX, and data acquisition modules; and (3) the bot-
tom layer serves as an independent power compartment,
equipped with two 500 W portable AC power units that
provide 220 V output and support continuous operation
for over 3 h.

The vehicle-mounted con“guration integrates four com-
plete VMSUGPR systems within the cargo space of a stan-
dard engineering vehicle. The antennas are mounted on the
vehiclees roof, left, and right sides, secured to an adjustable
metal frame. Manual adjustment is supported in both ver-
tical and horizontal directions to accommodate various
tunnel cross-sections and alignment conditions. To opti-
mize pulse transmission and echo reception performance,
no external shielding enclosure is applied to the antenna
assembly. All TX, RX, and data acquisition modules are
installed in the lower part of the frame. Power is supplied
by the vehiclees electrical system, enabling long-duration
“eld operation.

4 Results of the experiment

This section presents four comparative experiments to
systematically evaluate the imaging performance and defect
identi“cation capability of the VMSUGPR system under
non-contact conditions.

4.1 Near- eld re ection analysis on multi-material targets

This section veri“es the near-“eld re’ectance properties
of targets with multiple materials. Figure 13(a) illustrates

S11 comparison under di erent inter-element spacings for a 0.37 GHz antenna.

f (GHz) 5319° (dB) S3m™ (dB) 519™™ (dB) AS3™ (dB) AS{™™ (dB)
0.37 ~35.93 ~0.29 ~30.91 35.64 5.02
0.76 -1.13 ~28.88 -0.95 ~27.75 0.18
0.95 ~1.95 -1.16 -9.76 0.79 ~7.81

RX1 RX2 RX3 RX4 RX5

RX6 RX7 RX8

Fig. 10. Antenna array enclosure design.
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Fig. 12. VMSUGPR system con“gurations. (a) Single-system con“guration for experimental validation, and (b) vehicle-mounted multi-system platform
for engineering deployment.

the measurement setup used for analyzing the re”ection out in a shielded laboratory to suppressenvironmental
characteristics of di erent materials with the VMSUGPR  multipath and ground-scatter interference.

system. The radar was mounted on a mobile platform, To verify the accuracy of the measurement results, we
and the distance d between the transmit/receive antenna simulated the re”ection characteristics of the test scene
phase center and the target surface was adjustable from using gprMax and MATLAB. The 0.3...1.0 GHz frequency
10 to 80 cm. A synthesized UWB signal covering 0.3... band was discretized into single-frequency inputs with a
1.0 GHz was emitted and received horizontally from the step size of 1 MHz. Each frequency component was simu-
concrete wall, “berglass, blue plastic board, white rubber lated using the “nite-di erence time-domain method imple-
sheet, and wooden door. All measurements were carried mented in gprMax. The resulting complex spectra were

Material

\>
/

7

"

VMSUGPR

OO
(@)

Fig. 13. Measurement and simulation con“gurations used for multi-material targets re”ection characterization of the VMSUGPR system. (a) Near-“eld
measurement scenario, and (b) gprMax simulation model.
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then coherently combined and transformed using an IDFT
to reconstruct a full-band time-domain response equivalent
to the experimental UWB signal. The simulation setup is
shown in Fig. 13(b).

In the simulation, the upper surface of each material was
set to y, = 0.65m, and the lower surface was “xed at
y1 = Yo — hm, Where i, denotes the actual thickness of the
material. The antenna height was de“ned ag, =y, +d
to replicate the distance between the antenna and the mate-
rial surface. The TX-RX spacing was 0.20 m, and the
antenna pair moved along the x-axis in 0.025 m increments,
covering a horizontal range of 5.0 m. The entire computa-
tional domain was de“ned as5.0 m x 1.5 mx Q 002 mand
consigedfrom top to bottom of an upper air layer, a mate-
rial layer such asthe concrete wall, and a lower air layer.
The thicknessesand electromagetic properties of each
layer were speci‘ed accading to Table 5, which follows
classical literature and the experimental setup Chung,
20249).

Figure 14 presents the time-domain A-scan waveforms
for the “ve materials at stand-o distances ranging from
10 to 80 cm, con“rming amplitude- and trend-level agree-
ment between simulation and measurement. The simulated
traces display the raw bipolar wavéorm reconstructed
from the SFCW spectrum, whereas the measured traces
display the Hilbert envelope |s(¢)|. Each simulated curve
is vertically o set to avoid overlap. The original negative
half-cycles appear above the zero line. Both simulation
and measurement results rank the “rst-echo peak ampli-
tudes, in descending order, as concrete wall, “berglass,
white rubber sheet, blueplastic board, and wooden door,
when d = 20 cm. This order is consistent with the relative
permittivity of the materials. The concrete wall with high
relative permittivity and conductivity (o) yields the stron-
gestbut fastest-decaymg re”ection, while the wooden door
producesthe weakest and slowestdecaying ecto. In addi-
tion, both simulated and measured results show that the
“rst-echo peak amplitude decreases monotonically with
increasing stand-o distance, validating the energy loss
caused by a longer air path. The red-boxed enlargement
in the measured plot highlights this distance-dependent
attenuation. A pronounced initial peak at ¢ =~ 0 in the mea-
surements is attributed to transmitterring-down and near-
“eld TX...RX coupling. These artifacts are absent from the

185
4.2 Non-contact detection of buried objects in sandy medium

To evaluate the capability of the VMSUGPR system to
detect subsurface targets under near-surface, non-contact
conditions, a dry-sand pit measuring
0.8 mx 0.6 mx Q5 mwas constructed in the laboratory.
The commercial GPR Proceq GP8000 was used as the
comparison system, as shown iriFig. 15. A single-factor
scheme was adopted inwhich only one object was buried
per test: a®16 mm steel bar, a wooden block, a 500 mL
PET bottle “lled with water, or an empty PET bottle of
the same size. Each object was placed at depths of 5 and
10 cm beneath the sand surface. After every burial, the
sand was leveled to keep the medium uniform. For each
target...depth combination, VMSUGPR “rst performed a
non-contact linear scan, and GP8000 then repeated the
measurement under identical conditions. Both devices were
mounted on the same height-adjustable rail system and
moved along the track with equal step spacing.

The resulting B-scan images are displayed fig. 16, where
Fig. 16(a) corresponds to VMSUGPR and Fig. 16(b) to
GP8000. Inspection of Fig. 16(a) shows that VMSUGPR
yields the strongest echo for the steel bar, the next strongest
for the water-“lled bottle, and weaker echoes for the empty
bottle and wooden block. A clear contrast is observed
between the water-“lled and empty PET bottles. The former
exhibits a characteristic multilayer echo, resulting from muilti-
ple dielectric interfaces between the liquid and the bottle wall.
In contrast, the latter contains only an air cavity and produces
a single re"ection. As the burial depth increases, the echo
amplitude of all targets decreases. Nevertheless, the multilayer
signature of the water-“lled bottle remains identi“able at
10 cm, and the high-amplitude pulse from the steel bar is still
evident.

By contrast, Fig. 16(b) indicates that GP8000 produces
pronounced responses only to the steel bar and the
water-“lled PET bottle, while the echoes from the empty
bottle and wooden block are largely buried in background
noise. Overall, VMSUGPR generates clear echo images for
every target under non-contact conditions, outperforming
GP8000 under the same operating scenario. The di erence
is mainly attributable to the fact that GP8000 is designed
for close contact with the surface, and its echo energy
decays markedly when it is lifted above the medium. These

idealized simulation, which assumes a lossless source and experimental results demonstrate that the VMSUGPR sys-

zero coupling.

Table 5
Material thickness and electromagnetic parameters used in the simulation.
Material Thickness/py, (m) & o (S/m)

Concrete wall 0.40 10.0 2x10°°
Fiberglass 0.01 5.0 2x10°°
Blue plastic board 0.03 2.3 1x107°
White rubber sheet 0.03 3.0 15x%x 10°
Wooden door 0.05 2.0 5x 1074

tem is capable of detecting subsurface targets under non-
contact conditions, indicating its potential for deployment
in tunnel linings, roadway surfaces, and other scenarios
where direct surface contact is not feasible.

4.3 Mobile scanning-based imaging in tunnel structures

To verify the continuous scanning capability of
VMSUGPR while in motion, a “eld test was conducted
in the “re-resistant underground tunnel at the Jiading
Campus of Tongji University. The tunnel simulates a sub-
way structure and is coated with a “re-resistant surface.
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Fig. 14. Echo amplitude variation for re’

VMSUGPR

"ective surfaces of di erent materials.

Wooden block

/

Reinforcing steel

Empty bottle

Water bottle

Fig. 15. Non-contact detection of multiple buried objects in a sandy scenario.

The environment was controlled, and no defects were pre-
set. According to the design drawings, the tunnel lining
consisted of alternating tunnel lining segments and arch
supports. The distance between the centerlines of adjacent
arch supports is 8 m. The width of individual tunnel seg-
ments ranges from 5.8 to 6.5 m, whereas the width of arch
supports ranges from 1.2 to 1.8 m. The concrete is rated at
strength grade C50 and reinforced with HRB500 steel bars.
The objective of the test was to determine whether
VMSUGPR could distinguish tunnel segments from arch
supports and detect changes in their widths during move-
ment. The system was mounted on a hon-metallic cart with
the antenna “xed at a distance of 10 cm from the tunnel
wall. The cart moved at a constant speed of 0.5 m/s along
the edge of the tunnel wall, completing a one-way scan of
20 m. The experimental setup is shown ifrig. 17.

Figure 18 shows a representative portio of the tunnel
B-scan acquired during the scan. The tunnel lining seg-

ments and arch supports can be clearly distinguished in
the image. One arch support measures approximately
1.2 m in width, whereas the adjacent tunnel segment is
about 6.5 m. Both values agree with the design drawings.
The detailed view shows that the tunnel segment area con-
tains dense, intersecting hyperbolic re”ections due to the
close spacing of the rebar mesh. Striped patterns of the sec-
ondary lining layer are also visible at depths of 9...18 cm. At
the junction between a segment and an arch support near
the 11.0...11.8 m position, a sinking bright band appears
at the crown of the arch. This feature indicates a local
increase in thickness and metal content, which matches
the structural design. The arch support exhibits multiple
converging rib-like hyperbolas, and its width of 1.2...1.8 m
is consistent with the design parameters. Below a depth
of 40 cm, the grayscale rapidly decreases and presents noise
resembling snow, indicating that the wave energy is
absorbed by the back“ll layer behind the lining and accom-
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Fig. 16. B-scan results for buried targets in the sand pit. (a) The detection result of VMSUGPR, and (b) the detection result of GP8000.

panied by multipath scattering. Throughout the scanning
process, no typical elliptical strong re”ections indicating

B _—— cavities or strong attenuation shadows indicating voids or
' oarilll ——p> cracks were observed, suggesting no signi“cant defects
it d"egg;%] o e were found in this section of the tunnel lining
L= —— = B 3 L s
pr- \ WG g To further assess the capability of WMISUGPR in detect-
LinhSEcRtl Tunnel arch support B\t / e ing small internal defects, a concrete test block was pre-
R N pared for evaluation. It contained two PVC-lined holes
\' Tunnel arch rt i .
et E\\\\ . i \ R with diameters of 5 and 3 cm, embedded at a depth of
i Lining segment 4% 20 cm below the top surface. Two inspection conditions
\\\\\\\\\\\\\\\ were evaluated: (a) cavities left empty to represent air-
N % 12-18m “led voids and (b) cavities tightly packed with 2.6 cm

threaded steel bars to emulate embedded conductors. The
detection results are shown irFig. 19.

Figure 19(a) displays two distinct hyperbolic re”ections
Fig. 17. Mobile scanning setup in the tunnel scenario. whose apices occur at a depth of 20 cm. In contrasgig. 19
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Fig. 18. Mobile scanning results in the tunnel scenario.
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(b) shows that the hyperbola tops are masked by strong
bright bands, leaving only faint lateral traces. This is
because multiple re”ections caused by the steel bars couple
with the echoes from the hole boundaries, forming a com-
posite scattering “eld and altering the echo characteristics.
Additionally, VMSUGPR failed to detect holes positioned

50 and 80 cm from the test block. These results indicate |

that VMSUGPR responds dierently to small air-“lled
cavities and embdded conductors in concrete, enabling
rapid diagnosis of these two defect types in engineering
scenaros.

4.4 Defect identi cation and imaging in complex tunnel
environments

This section validates the performance of VMSUGPR in
a real and complex tunnel environment. The experiment
was conducted at the Tunnel Engineering Long-Term
Safety Testing Base of Guangdong Transportation Group.
Metallic pipelines and other typical engineering compo-
nents were pre-embedded in the tunnel structure to simu-
late a realistic and complex test scenario. During the
experiment, the vehicle-mounted VMSUGPR system trav-
eled at (10 + 0.5) km/h with 50 cm lateral clearance. Mul-
tidirectional synchronous scanning was operated
continuously. The lateral positioning error was maintained
within 5 cm.

Figure 20 illustrates the detection of a buried metallic
cylinder in complex tunnel environments. The hyperbolic
re"ection signature observed at positions 6...10 con“rms
subsurface target detection. This result veri“es the
VMSUGPRes capability to identify metallic objects. Vertex
analysis placed the hyperbola apex at a depth of 10 cm,
matching the buried position. This distinct re”’ection pat-
tern arises from the signi“cant dielectric contrast between
the metallic cylinder ("*® — 400,06 ~ 10’ S/m) and the
surrounding soil-rock matrix (¢5°! = 4.5), which induces
near-total radar wave re”ection at their interface. Conse-
quently, the backscattered signals exhibit an intensity
18 dB above the background noise level.
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Fig. 20. The detection of a buried metallic cylinder in complex tunnel
environments.

4.5 Comparison with advanced research results

To comprehensively evaluate the overall performance of
the VMSUGPR system, this paper compares it with several
representative radar systems. The comparison focuses on
key technical indicators, including modulation methods,
frequency ranges, and antenna structures. The results are
presented inTable 6. The VMSUGPR system adopts a
UWB modulation scheme, and its frequency range enables
good penetration performance through tunnel concrete lin-
ings, making it suitable for tunnel defect detection. In con-
trast, the system inLuo et al. (2023) operates at a 0.25...
6.5 GHz frequency band, which is primarily applied to
shallow tree root detection and makes it di cult to meet
the deep detection requirements of complex lining struc-
tures. Furthermore, the VMSUGPR system adopts a
vehicle-mounted structure and can perform non-contact
detection with a 0.5 m ground clearance. Equipped with
an independent power module, the system supports long-
duration continuous operation and enables both 2D and
3D scanning, overcoming the spatial limitations of tradi-
tional 1D detection. In contrast to this, although FMCW

Fig.

19. Detection of small defects in concrete structures. (a) The result of air-“lled cavities, and (b) the result of cavities with inserted steel bars.
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Table 6

Comparison of di erent GPR systems.
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GPR system VMSUGPR Bigman and Day (2022) Luo et al. (2023)
Modality Synthesized UWB SFCW SFCW UWB
Frequency band 0.3...1.0 GHz 0.2...4.0 GHz 0.25...6.5 GHz
Antenna type Half-ellipse Vivaldi Handheld antenna Dual-polarized Vivaldi
Power source/ Duration Continuous power Battery

Operating height/ Clearance 0.5m ~0.08 m 0.01 m

Penetration depth ~15m <0.6 m ~25m

Range resolution 0.08 m 0.01 m

Data acquisition method Vehicle-mounted Handheld/ wheel-driven Handheld

Inspection dimension 2D/3D 1D B-scan 1D B-scan

GPR system Baspinar et al. (2023) Matsukawa (2024) Pi et al. (2023b)
Modality FMCW Stepped-frequency VNA Impulse UWB
Frequency band 76...81 GHz 3...9 GHz UWB, 0.8 ns pulse
Antenna type 3 TX + 4 RX MIMO array Substrate dipole, Yagi-Uda Bow-tie

Power source/ Duration Battery, 191 s AC continuous power
Operating height/ Clearance 57..7.2m Contact Lab setup
Penetration depth Surface/ AGL Pipe-wall vicinity Lab-scale

Range resolution 0.044m

Drone-mounted
1D range pro“le

Data acquisition method
Inspection dimension

Manual scan Limited mobility
1D, 2D synthesis 1D pro‘le

radars operating at higher frequency bands can achieve

higher range resolution and velocity estimation capability,
their penetration depth is limited, making them more suit-
able for shallow subsurface or moving target detection
(Bagpinar et al., 2023; Matsukawa, 2024

5 Conclusions

Defects behind tunnel linings pose serious risks, includ-
ing reduced service life or even structural collapse. This
paper proposes a novel vehicle-mounted multi-antenna
synthesized ultra-wideband ground-penetrating radar sys-
tem. The system is implemented on an FPGA platform
and uses SFCW modulation to synthesize UWB signals.
The FPGA enables precise signal modulation and, together
with a DPLS scheme, provides high-precision time align-
ment among multiple channels, thereby minimizing timing
mismatch and improving echo quality. Considering the
radiation characteristics of the synthesized UWB signals,
we designed a semi-elliptical antipodal Vivaldi antenna
array that maintains stable radiation performance over
the 0.3...1.0 GHz band. To overcome the limitations of tra-
ditional GPR systems in tunnel inspection, such as low e -
ciency in one-dimensional scanning and echo signal drift
caused by manual operation, the proposed system inte-
grates a sliding rail structure to support multi-angle detec-
tion at multiple axial positions. Additionally, a PC-FPGA
cooperative control mechanism is implemented to enable
synchronized scanning of multiple transceiver modules
and antenna arrays, supporting 3D multi-directional imag-
ing of tunnel cross-sections.

To verify the feasibility and e ectiveness of the
VMSUGPR system, we designed and conducted four com-

“eld re”ection analysis of multi-material targets, non-
contact detection of buried objects in sandy media,
dynamic scanning-based imaging in tunnel structures, and
identi“cation and imaging of typical defects in tunnel envi-
ronments. The experimental results demonstrate that
VMSUGPR can e ectively detect various types of subsur-
face targets under non-contact conditions, and exhibits
strong capabilities in structural identi“cation, imaging clar-
ity, and defect discrimination. VMSUGPR shows applica-
tion potential for high-resolution and high-e ciency defect
detection in complex tunnel environments.

The current system still faces several critical technical
challenges in practical engineering applications. For exam-
ple, during multi-layer tunnel lining inspections, suppres-
sion of interface re”ections remains insu cient.
Moreover, the equipmentes relatively large size restricts
the range of detection angles. The above de“ciencies are
the focus of research in our next study. In addition, future
research will develop adaptive signal-processing methods
based on deep learning to improve the systemes ability to
identify and classify diverse defects.
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