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Current terahertz devices exhibit low radiation power, and terahertz target scattering characterization measurements
are predominantly conducted in indoor environments. Terahertz time-domain spectroscopy (THz-TDS) systems, with their
broadband, high sensitivity, and quasi-optical characteristics, are particularly suitable for compact-range scale-model and
small-target measuring in indoor environments. By leveraging a fiber-optic coupled transceiver link and compact-range
design, a TDS scattering characterization measurement system with a total transmission path exceeding 20 m was imple-
mented in an anechoic chamber. This system successfully measured the high-accuracy radar cross section (RCS) of targets
with larger size within the 0.3-2 THz. The RCS of a metallic scale model was measured and compared with simulation
results from rapid computational methods to validate applicability. Furthermore, high-frequency scattering theoretical cal-
culation methods for large-scale targets in the terahertz band and the application scenarios of scale-model measurements

were explored.
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1. Introduction

Terahertz waves (0.1-10 THz), characterized by their
broad bandwidth, high resolution, and strong penetration ca-
pabilities, hold immense potential for applications in radar
target detection, stealth technology, object identification, and
non-destructive testing. However, practical implementation
has been constrained by technological limitations-in device
development and signal attenuation' in. atmospheric condi-
tions. Current radar target measurement systems are pre-
dominantly confined to indoor environments, which primar-
ily employ two types of setups. The first category involves
microwave frequency multiplication systems operating within
atmospheric transmission windows at lower THz frequencies
(e.g., 220 GHz and 340 GHz). These systems feature compact
hardware designs and can achieve Watt-level radiation power,
Notably, in 1991, McMil-
lan’s research team at the Georgia Institute of Technology pi-

making them highly practical.

oneered the development of a 225 GHz pulsed coherent ex-
perimental radar system, marking a significant milestone in
THz radar technology.!'! In 2008, the Jet Propulsion Lab-
oratory (JPL) in California, USA developed a radar system
with a center frequency of 580 GHz for imaging and measure-
ment purposes.?) After that, the JPL developed a 675 GHz
radar system, achieving a dramatic enhancement in imaging
speed in 2011.1] The Submillimeter-wave Technology Lab-
oratory at the University of Massachusetts Lowell has estab-
lished multiple compact range measurement systems operat-
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ing at 160 GHz, 240 GHz and 524 GHz. Based on these sys-
tems, they have conducted in-depth research on target scat-
tering characteristics.[*7! The German Research Center for
High-Frequency Physics and Radar Technology successfully
developed the Miranda-300 radar, operating at a frequency of
0.3 THz. This radar achieved inverse synthetic aperture radar
(ISAR) imaging of concealed targets at a distance of 700 m,
with a resolution of 3.75 mm. %]

The National University of Defense Technology (NUDT)
has established indoor measurement systems operating at
220 GHz, 330 GHz, and 440 GHz to conduct RCS mea-
surements and imaging on multiple types of targets.>>!%! In
2011, the China Academy of Engineering Physics (CAEP)
constructed the nation’s first 140 GHz high-resolution ISAR
imaging experimental system using self-developed terahertz
devices.!''l In 2013, CAEP further achieved a breakthrough
by completing a 670 GHz all-solid-state imaging radar
system. 2]

The second category is the optical down-conversion
system:!1314] there are mainly the terahertz time-domain spec-
trum system and terahertz lasers. The time-domain spectrum
system uses ultrashort laser pulses to excite broadband tera-
hertz waves, which enables the miniaturization of the equip-
ment. It covers frequencies from 0.1 THz to 5 THz or even
higher. However, its radiation power is the lowest, on the
order of milliwatts, but it can detect weak time-domain sig-
nals. Transmission loss through water vapour is significant.
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In 2010, the Technical University of Denmark obtained the
omnidirectional RCS measurement results of a 1:150 scale F-
16 fighter model at frequency points of 0.3 THz, 0.7 THz,
and 1.1 THz based on the time-domain spectrum measurement
system, and conducted an imaging test on the scale model.[!3]
In 2012, the University of Marburg in Germany conducted ex-
perimental measurements on the terahertz scattering character-
istics of standard objects and scaled-down aircraft models. 6]
Tianjin University conducted RCS measurements on scale
models of tanks and aircraft carriers using a THz-TDS sys-
tem in 2014, achieving two-dimensional scattering imaging of
the targets.!'”) In 2016, Huazhong University of Science and
Technology conducted experimental measurements on the ter-
ahertz scattering characteristics of metal plates using a THz-
TDS system with an output frequency range of 0.2—2 THz.[!8]
In 2022, Menlo Systems and the Fraunhofer Heinrich Hertz
Institute (HHI) reported the collaborative development of an
all-fiber-coupled THz-TDS system. Under a laser excitation
power of 55 mW, the system generated terahertz waves with
0.97 mW output power, achieving a bandwidth of 6.5 THz and
a peak dynamic range of 101 dB.["] Terahertz lasers utilize
high-power laser excitation of gases to generate intense tera-
hertz waves at specific spectral lines (e.g., 1.56 THz, 2.4 THz,
and 2.52 THz).[2>23] These systems are typically character-
ized by larger equipment sizes, with terahertz wave radiation
power often reaching hundreds of milliwatts. In 2015, the Uni-
versity of Queensland in Australia established a 2.59 THz test
system to study the backscattering characteristics of metallic
cubes in the terahertz regime.*! Harbin Institute of Technol-
ogy developed a 2.52 THz test system that achieved trans-
mission imaging of occluded objects.>>?0! Tianjin Univer-
sity further conducted RCS'measurements on targets using the
2.52 THz measurement system, 2]

Microwave frequency multiplier systems of terahertz
demonstrate significant practical value in modern defense and
detection fields due to their compact size, high power output
(Watt-level power @220 GHz), weaker atmospheric attenua-
tion, and mature technological readiness. These systems excel

in applications like precision guidance and stealth detection.

2. System and measurements

The terahertz time-domain spectroscopy system com-
prises transmitter, transmission, receiver, and data acquisi-
tion modules. Specifically, the transmitter employs a fem-
tosecond laser-pumped THz photoconductive antenna (e.g.,
GaAs-based) to generate broadband THz waves through tran-
sient current radiation under bias voltage; the transmission
path utilizes off-axis parabolic mirrors for collimation and
nitrogen-purged environments to minimize atmospheric ab-
sorption (shown in Fig. 1). In the receiver, the inverse pro-

cess occurs: the THz wave is captured by a photoconductive

sampling antenna, where femtosecond laser-induced carriers
are modulated by the THz field to generate nanoampere-level
currents. These weak signals undergo amplification via a cur-
rent preamplifier, followed by noise suppression and phase-
sensitive extraction using a lock-in amplifier synchronized
with the laser repetition frequency. Finally, the processed sig-
nals are digitized for spectral analysis through Fourier trans-
form.

The system adopts a fiber-coupled femtosecond laser
(pre-dispersion compensated to achieve >100 fs pulse width
at the antenna) for both THz generation and.-detection. To
broaden the THz spectral bandwidth in compact field measure-
ments, a 3 ns delay line is integrated to accommodate target
dimensions. Polarization control is implemented via in-line
polarizers to mitigate polarization extinction ratio degradation
caused by differential.group delay in fiber components, which
otherwise induces dual-signal artifacts from elliptical polariza-
tion conversion. The free-space propagation path (exceeding
20 m for wide beam coverage) is housed in an anechoic cham-
ber with active temperature/humidity control (< 10% RH dur-
ing operation) to minimize atmospheric absorption loss. Test-
ing shows that the peak-to-peak signal amplitude of this sys-
tem at 4% humidity is 1.6 times that at 10% humidity. The op-
tical alignment employs off-axis parabolic mirrors with sub-
wavelength positioning accuracy, synchronized with motor-
ized stages for dynamic beam steering.

Rx
% -—{ Delay line I—' Attenuator

Fig. 1. Schematic diagram of system settings.

The laser pulses in both the transmitter path and the de-
tection path have successfully achieved the designed narrow
pulse width (measured by an autocorrelator to be < 100 fs, as
shown below), which ensures optimal broadband THz wave
generation from the photoconductive antenna.

The system employs a high-speed delay line to achieve
rapid scanning while maintaining repeated positioning accu-
racy. This enables multi-cycle acquisition of raw time-domain
signals within the allocated time. Through arithmetic averag-
ing of these datasets, the signal-to-noise ratio (SNR) is effec-
tively enhanced — the SNR improvement scales with the accu-
mulated signal repetitions. Experimental results demonstrate a
minimum 20 dB SNR compared to single-shot measurements.
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Fig. 2. Measured results of laser pulse width in the transmission path
(with the transmitting antenna replaced by equal-length optical fiber).
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Fig. 3. Measured results of laser pulse width in the detection path (with
the receiving antenna replaced by equal-length optical fiber).

Fig. 4. Terahertz time-domain spectroscopy compact range.

The measurement results of the metallic cube demon-
strate.an RCS spanning 0.3-2 THz, with all errors maintained
within 1.5 dB, thereby validating the system’s RCS measure-
ment capability in the terahertz band. In this system, the main
uncertainty components considered include near-field, drift,
noise-background and reference RCS. Therefore, the measure-
ment uncertainty is about +2 dB.

The extensive deployment of small drones in the Russia—
Ukraine conflict has underscored their growing military sig-
nificance, necessitating global efforts to develop countermea-
sures. Terahertz radar, with its sub-millimeter wavelength
resolution, provides an effective solution by enabling high-
precision detection of low-observable targets. Initial trials
have successfully captured the scattering characteristics of

small drones.
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Fig. 5. Comparison of signals before and after data processing: (a) raw

acquired signal, (b) time-domain averaged and filtered signal.
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Fig. 7. RCS measurement results of a metal cube with edge length 10 mm.
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This paper conducts experimental measurements on a
small unmanned aerial vehicle (UAV), and its 1D high-
resolution range profile (HRRP) is shown in the figure below.
Two dominant scattering peaks are observed in the HRRP:
peak 1 originates from the camera module, while peak 2 cor-
responds to the battery pack. Most UAV rotor wings (mainly
plastic materials) exhibit weak scattering characteristics with
some terahertz wave absorption. The compact design of
miniature rotor motors also results in few radar returns. After
calibration processing, the UAV’s terahertz-band RCS magni-
tude measures approximately —20 dBsm.
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Fig. 8. Measurement results of 1D HRRP for the AUTEL EVOII UAV.
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Fig. 9. RCS measurement results of the AUTEL EVOII UAV.

Compared to free-space TDS, fiber-based TDS offers
more convenient system deployment and higher integration.
However, TDS RCS measurement systems are typically lim-
ited to small-size targets, which severely restricts their ap-
plicability. The system developed in this work successfully

acquired measurements for larger-sized miniature unmanned
aerial vehicles, greatly expanding the range of measurable
targets. Furthermore, compared to microwave frequency-
multiplier systems, TDS provides extremely high spatial reso-
lution and ultra-wide bandwidth. The spatial resolution along
the longitudinal direction in microwave frequency-multiplier
systems primarily depends on their bandwidth, which is sig-

nificantly narrower than that of TDS.

3. Scale model RCS simulation and measure-
ment

Due to the prevalence of electrically-large targets in the
terahertz band, numerical simulation algorithms face an ex-
tremely high computational load, making it challenging to
model real-world targets and scenarios.?#=3%1 This study em-
ploys a high-frequency asymptotic theory-based fast algorithm
for simulation and validates its accuracy through measure-
ment, laying the foundation for further improvements and ap-
plications of such algorithms in the terahertz band.

3.1. Theoretical calculation

Electromagnetic scaling relationships for perfect electric
conductor (PEC) targets are given as follows. 3]

When the RCS of a 1 : s scale model (¢”) has the fol-
lowing relationship with the RCS scaled to the full-size (1:1)

target (0):
o =0'+20lgs (dB).

Correspondingly, the measuring frequency f’ of the scale
model should be s times that of the actual target’s measuring
frequency f.

According to the scaling law, a full-scale perfect electri-
cal conductor (PEC) model with a base diameter of 0.5 m and
a height of 1.78 m is shown in Fig. 10. The target is scaled
down at a 1:16.67 ratio, resulting in a metal scale model with
a height of 106.80 mm and a base diameter of 30 mm. The
RCS calculation frequency for the full-scale model is set at
30 GHz, while the measurement frequency for the scale model
is set at 500 GHz. Consequently, the full-scale model consti-
tutes an electrically large target, necessitating the use of high-
frequency modeling methods for RCS computation.

Electromagnetic scattering modeling for high-frequency
band targets primarily employs high-frequency asymptotic
theory-based computational methods to analyze complex tar-

31-361 This study adopts a facet-

get scattering characteristics.|
based geometric model, utilizing the physical optics (PO)
method and the equivalent edge current (EEC) method to
calculate the contributions of primary reflections and edge
diffraction from complex targets, while employing the ray
tracing (RT) technique to account for multiple reflection con-

tributions.
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Fig. 10. Simulating full-scale model.

High-frequency scattering primarily comprises five scat-
tering mechanisms, whose combinations form the RCS char-
acteristics of complex targets. These mechanisms include:
(1) specular reflection; (2) scattering from surface discon-
tinuities (e.g., edges, corners, and tips); (3) scattering due
to surface derivative discontinuities (e.g., curvature breaks);
(4) scattering from concave regions (e.g., cavities, dihedrals,
and trihedrals); (5) interaction scattering (e.g., multipath scat-
tering or multiple interactions between scattering centers).

High-frequency scattering is closely related to the local
structure of targets. Different scattering mechanisms often re-
quire distinct high-frequency analysis methods. Among these
mechanisms, specular reflection is a strong scattering mech-
anism, typically analyzed using geometric optics or physi-
cal optics. Edge discontinuities and surface irregularities ex-
hibit diffraction phenomena, which represent another signif-
icant scattering mechanism usually addressed through geo-
metric diffraction theory or equivalent electromagnetic.cur-
rent methods. Scattering from concave regions often produces
strong echoes across a wide angular domain, but its complex
process poses challenges for conventional theoretical meth-
ods. This paper employs an improved ray-tracing technique
to calculate multiple reflection contributions. For complex
targets, accounting for these dominant mechanisms generally
yields satisfactory results. Additionally, incorporating scat-
tering contributions from special structures (slots, tips, etc.)
can significantly enhance electromagnetic scattering calcula-
tion accuracy. Under high-frequency conditions, electromag-
netic'wave reflection follows the geometric optics reflection
law.

Based on the aforementioned theoretical methods, the
calculated full-azimuth RCS results of the full-scale model at
30 GHz are shown in Fig. 11.

As shown in Fig. 11, near 0°, the primary scattering
mechanism originates from the tip scattering of the model.
Near 90°, it is dominated by strong specular reflection from
the side surfaces of the model. Near 180°, the main contribu-
tion arises from strong specular scattering at the base surface
of the model.

Simultaneously, the omnidirectional RCS of the 500 GHz
scale model was calculated using the same method, demon-
strating strong consistency with the computational results of
the 30 GHz full-scale model.
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Fig. 11. Simulation RCS of full-scale model.

3.2. Measurement results

As shown in Fig. 12, the scale model has a surface rough-
ness of less than 3 micrometers. Based on calibration mea-
surements, multi-angle echo measurements and RCS calibra-
tion were conducted for the metallic scale model.

Fig. 12. Measuring scale model.

During the measurement process, to ensure the accuracy
of the azimuth angle, the model orientation at 180° is first de-
termined by adjusting the base disk of the model to face the
transmit-receive waves directly. Near the estimated 180° po-
sition, echoes are measured at different azimuth and elevation
angles. The azimuth angle corresponding to the maximum
echo intensity is identified as the true 180° reference. Using
this angle as the benchmark, the model echoes are then mea-
sured across varying azimuth angles.

The azimuthal RCS of the measured scale model is shown
in Fig. 13. RCS values at certain angles were not acquired
due to excessively low RCS values, where time-domain echoes
were too weak or submerged in noise, making extraction im-
possible and resulting in invalid RCS data. For the measured
angular RCS results, the maximum deviation does not exceed
3 dB compared to theoretical values. The symmetrical 0°—
360° RCS results are shown in Fig. 14.

When the model’s top faces the incoming wave direc-
tion, extremely weak scattering mechanisms such as tip scat-
tering, edge scattering, creeping waves, and traveling waves

104101-5



Chin. Phys. B 35, 104101 (2026)

are observed. Unlike the microwave band, terahertz waves ex-
hibit exceptional directionality, causing most incident energy
to undergo forward scattering upon interacting with the target.
Consequently, minimal scattered energy returns to the receiv-
ing parabolic mirror, resulting in undetectable signals. For the
same reason, no effective echo signals can be measured within
a certain angular range near 0°.
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Fig. 13. Scale model RCS measurements and simulation results of 0°—180°.
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Fig. 14. Scale model RCS measurement and simulation results of 0°-360°.

4. Conclusion and perspectives

A laser-based all-fiber THz-TDS RCS measurement sys-
tem was established. In an anechoic chamber environment,
despite the free-space optical path of the terahertz wave ex-
ceeding 20 m, broadband and high dynamic-range echo sig-
nals were still acquired. Validated by calibration targets, the
measurement error remained within 1.5 dB. Subsequently,
the scattering characteristics of small unmanned aerial vehi-
cles were tested, providing critical support for potential appli-
cations of terahertz radar in counter-small UAV scenarios.

Using a high-frequency fast method, the 0°-360° az-
imuthal RCS of both the 30 GHz full-scale metallic model
and the 500 GHz scale model was simulated. The RCS of the
metallic scale model was subsequently measured using a tera-
hertz TDS target scattering characterization system. Based on
the electromagnetic scaling theory for perfect electric conduc-
tor targets, the computational and experimental results were

compared, showing errors within 3 dB. This validates the fea-
sibility of high-frequency theoretical fast computation meth-
ods for electrically large-scale targets in the terahertz band.
When calculating the RCS of a full-scale model using high-
frequency methods, all scattering mechanisms are comprehen-
sively accounted for, with distinct theoretical approaches ap-
plied to different mechanisms. However, during experimen-
tal measurements of the scale model’s RCS, weak scattering
mechanisms such as creeping waves and tip.scattering often
remain undetectable due to noise interference in echo signals,
leading to discrepancies between theoretical-predictions and
measured values.
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