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Experimental Low-Terahertz Radar Image Analysis
for Automotive Terrain Sensing

D. Jasteh, E. G. Hoare, M. Cherniakov, and M. Gashinova

Abstract—In this letter, we report initial experimental results
which provide the foundation for low-terahertz (low-THz) radar
imagery for outdoor unstructured scenarios as expected in auto-
motive sensing. The requirements and specifications for a low-THz
single imaging radar sensor are briefly outlined. The imaging
capabilities of frequency-modulated continuous-wave (FMCW)
radar operating at 150 GHz are discussed. A comparison of
experimental images of on-road and off- road scenarios made
by a 150-GHz FMCW radar and a reference 30-GHz stepped-
frequency radar is implemented, and their performance is
analyzed.

Index Terms—Imaging radar, low terahertz (low-THz).

I. INTRODUCTION

IN THIS letter, we specify “low terahertz” (low-THz) as the
portion of the electromagnetic spectrum from 0.1 to 1 THz.

The performance of the system operating in the low-THz fre-
quency band may be compared to LIDAR and far infrared (FIR)
spectra.

For more than a decade, research on low-terahertz imaging
systems has been focused mainly on hidden weapon detection.
An example of such systems is the 675-GHz Imaging Radar
for Standoff Personnel Screening developed in [1]. Terahertz
imaging arrays made in CMOS technology and several forms
of terahertz active imaging systems with real-time capabilities
have also been reported in the literature [2], [3]. Other potential
applications that have been discussed in the literature consist
of chemical sensing and nondestructive testing [4], medical
imaging [5], helicopter landing aid [6], and indoor mapping and
navigation [7]. However, only short-range body scanners have
progressed to the commercial stage of development so far.

The radar system introduced in this letter is designed to
address the special requirements of short–medium-range imag-
ing for automotive applications. In this case, forward looking
sensors must operate in an unconstrained environment, in any
weather or terrain conditions and with random targets. This still
represents an unsolved challenge.
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Known reservation of using terahertz frequencies for
medium-range sensing relates to expected high losses. How-
ever, high attenuation and dispersion occurring over a kilometer
range within low-absorption frequency windows of interest
(100–700 GHz) does not generally exceed 10 dB [8], [9].
Moreover, it has been shown in [10] that, even in dense fog,
the attenuation loss of a terahertz pulse is less than 3 dB/km in
the low-absorption windows within the 100–900-GHz range.
Such attenuation would not be a problem for the ranges of
interest up to 200 m. Therefore, here is a significant advantage
of low terahertz over FIR and especially optical frequencies
in adverse weather conditions such as rain, snow, dust, and
smoke [10], [11].

The goal of this letter is to demonstrate the imaging per-
formance of experimental low-terahertz FMCW radar in all-
terrain scenarios. The focus is on the interpretation of radar
images by the analysis of features of imaged environments and
comparison with microwave radar images.

This letter is organized as follows. In Sections II and III,
the feasibility of low-terahertz frequency bands for outdoor
unstructured environment imaging is briefly discussed, and
system requirements with design considerations are outlined.
In Section IV, a comparison of the imaging performance of ex-
perimental systems operating at microwave frequencies around
30 GHz and low-terahertz 150 GHz is presented with the
analysis of features for initial image interpretation. Imaging
capabilities are further discussed in Section V; here, the poten-
tial to identify painted road markings is demonstrated by real
images of road with rumble strips. In Section VI, conclusions
are drawn, and further system development is discussed.

II. ADVANTAGES OF LOW-TERAHERTZ FREQUENCY

BAND FOR AUTOMOTIVE APPLICATIONS

There are several potential advantages in the use of low-
terahertz frequency bands for automotive applications, as op-
posed to the lower frequency microwave and millimeter-wave
bands and, on the other side of the spectrum, the infrared
and optical bands. Low-terahertz sensing is expected to de-
liver information-rich imaging by combining the advantages
of electro-optical technologies in terms of reasonably fine res-
olution, with the ability of radio waves to propagate through
adverse environments (e.g., spray, fog, dust, snow, etc.). In
addition to conventional imaging, the radar can potentially
provide additional classification features, such as depth of
shadow, spectral patterns and resonances in the backscatter
signal that will imbue the image with texture, object curvature,
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Fig. 1. Single beam monostatic configuration for imaging radar. H is the
antenna elevation; ΘE and ΘH are beamwidths of antenna pattern in E-plane
and H-plane accordingly. R is the distance to the center of the footprint, defined
by beam axis direction; Rc is the linear angular range at the distance R.

and motion parameter estimation. Enhanced resolution of low-
terahertz imagery allows the exploitation of the vast legacy of
optical image processing algorithms [12].

To satisfy all general requirements, a tradeoff should be made
between desired resolution (range and azimuth), transmission
bandwidth, antenna size, number of transceivers, scan rates, and
vehicle speed.

III. FUNDAMENTAL SYSTEM REQUIREMENTS FOR

SCANNING SHORT-RANGE IMAGING RADAR DESIGN

General requirements that should be met in designing a
scanning high-resolution imaging radar system for automotive
applications are compact antennas with a narrow beam in the
azimuth plane to provide high angular resolution, the ability to
scan the area to be imaged, and wide operational bandwidth to
deliver a fine range resolution. While the latter is an inherent
feature of low-terahertz devices with up-converted frequencies,
the antenna design requires significant efforts to satisfy the
desired performance [13]. The antennas should have a wide
E-plane (elevation) beam ΘE to provide the required wide
illuminated footprint along the path and a narrow H-plane
(azimuth) beam ΘH to provide a fine angular resolution. This
is shown in Fig. 1. The narrow H-plane (azimuth) beam leads
to a relatively large aperture dimension in azimuth, d, and
will increase the far-field distance according to the Fraunhofer
estimate (2d2/λ). Therefore, microwave lens horn antennas
with their relativity small size are the optimum solution that
makes imaging possible at short ranges to the radar using
compact transceivers [13].

IV. IMAGING OF ROAD SCENARIOS BY

30-GHZ AND 150-GHZ RADARS

Images of the specific road scenarios have been made at
150 GHz in order to provide the fundamental and technical
foundations for low-terahertz imaging and to develop algo-
rithms and processing software. The images were compared to
the radar images made by stepped-frequency radar operating
at microwave frequencies (30 GHz) with similar operational
parameters. The images in this letter are presented without any
significant image processing.

A. 150-GHz FMCW Radar Specifications and Setup

A 150-GHz FMCW radar has been custom-made in collabo-
ration with ELVA-1, St. Petersburg, Russia, [14] using the spec-
ifications of the University of Birmingham. The requirements

Fig. 2. (a) Mechanically scanning 150-GHz FMCW radar. (b) 30-GHz experi-
mental system.

TABLE I
COMPARISON OF 150- AND 30-GHZ RADAR PARAMETERS

for the Tx/Rx antennas in a monostatic configuration were
defined by the expected illuminated footprint of a 3–100-m
extent of the road in range from the transceiver. The mini-
mum required angular resolution is 20 cm at a 10-m range,
which is comparable to the vehicle tire width. This defines
the beamwidth in the azimuth plane, ΘH , aperture size, and
gain. As a result, two colocated custom-designed H-plane horn-
lens antennas of ΘE = 15◦ and ΘH = 2.2◦ were designed to
transmit and receive the 150-GHz FMCW signals of the 6-GHz
sweep. The 150-GHz radar was mounted on a turntable to
provide the mechanical scanning in azimuth [see Fig. 2(a)].
A laptop is used for logging data via an Ethernet connection.
Initially, the performance of this radar was analyzed by testing
it in controlled outdoor conditions with calibrated targets [13].

B. 30-GHz Stepped-Frequency Radar Setup

The reference 30-GHz stepped-frequency radar is driven by
a vector network analyzer (VNA) and uses a single sectorial
parabolic antenna of a 15-cm dish which provides the relatively
narrow azimuth beam of ΘH = 3.5◦ [see Fig. 2(b)]. To achieve
the desired range footprint of up to few hundred meters, the
elevation beam was increased to about 12◦. This was done
by reducing the effective size of the aperture in E-plane from
15 to 4 cm by tapering it with absorbers. This antenna is
used for transmit and receive channels, which are isolated
by a 2.5-GHz bandwidth circulator so that the configuration
is monostatic. The VNA sweeps the frequency from 29 to
31.5 GHz, delivering an overall bandwidth of 2.5 GHz.

In Table I, parameters of both the 30- and 150-GHz radars
are summarized.

C. Experiments, Results, and Discussions

In this letter, we present static images of real road scenarios
with the focus on features of scattering from surfaces and road-
related objects of interests.

Fig. 3 shows a road scene on the campus of the University
of Birmingham which includes potential obstacles for vehicles
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Fig. 3. Road scenario with different obstacles.

TABLE II
OBJECTS USED IN THE ROAD SCENARIO IN FIG. 4

at different ranges: a kerb, a wall, a lamp post, small rocks, and
stones. As a reference, two canonical objects with known Radar
Cross Section (RCS)—a sphere and a brick—are placed at 6
and 13 m from the antennas (see Table II). The road is scanned
from −30◦ to +30◦ clockwise with 1◦ steps. H = 0.8 m, and
α = 85◦ (see Fig. 1). Two radar images made by the 150-
GHz and the 30-GHz radar are shown in Fig. 4(a) and (b),
respectively.

Fig. 4 shows that the range, angular position, and intensity
of return from each imaged object correspond to the scene. It is
also evident that 150 GHz is very sensitive to surface roughness
due to it’s 2-mm wavelength. Returns from the kerb and the
wall are seen as nearly continuous linear features on the image
approaching optical quality. On the contrary, in the 30-GHz
radar image, they are seen rather as a set of discrete speckles
typical of radar imagery. Strictly speaking, the two radar images
cannot be directly compared due to slight differences in range
and angular resolution; however, a comparison is still valid
as long as emphasis is made on the differences relating to
the increase of diffuse scattering from surfaces of different
roughness and texture.

It is worth noting that the increased diffused scattering of a
150-GHz signal [see Fig. 4(a)] allows distinguishing smoother
patches on the (generally) rough surface of the road. In the
150-GHz image, the footpath, highlighted in yellow in Fig. 3,
can be clearly recognized by the reduced backscattering due to
smoother texture of the road in comparison to the remaining
part of it, which was covered by loose leaves and soil.

This indicates the great potential of low terahertz to deliver
information on the texture and profile of the road surfaces.
Being a borderline frequency range between microwave and
optical regions, it demonstrates increased diffused reflections

Fig. 4. Image of the scene of Fig. 3 by (a) 150-GHz FMCW radar and
(b) 30-GHz stepped-frequency radar.

Fig. 5. Off-road imaged scenario.

from the surfaces which can be seen as flat and mirrorlike by
microwave and conventional millimeter-wave radars. High sen-
sitivity to texture and roughness further results in the discrim-
ination of patches of slightly different texture, not generally
visible in optical images.

Fig. 5 shows an uneven countryside road with a ditch on its
left. The photograph was taken from the side of the road, while
the radar has been positioned in the middle of the road, scanning
over 20◦ on each side.

The arrows indicate profile slope changes: Positive and neg-
ative angles show ascending and descending areas in respective
directions along the road and the ditch. A tilted T-shaped
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Fig. 6. Images of the road scenario of Fig. 5 by (a) 150-GHz FMCW radar and
(b) 30-GHz stepped-frequency radar.

pothole (insert) filled with water was present at the time of the
radar signal acquisition at the distance of 5–7.5 m. Images made
at 150 and 30 GHz are shown in Fig. 6(a) and (b), respectively.
Both images clearly show road edges; however, the 150-GHz
image is significantly more continuous due to a smaller range
resolution and a larger diffused return.

At both frequencies, the ditch on the side of the road is shown
as the area of low reflectivity between the road edge and the
fence. This is easily identified as the shadow region by the
uniformity of the color. It is more identifiable in the 150-GHz
image.

The T-shape water-filled pothole is also visible in both im-
ages as a low reflectivity area (due to specular reflection from
the water surface away from radar). However, the 150-GHz
quality is significantly better, and the image interpretation is
easier. The identification of concave and convex objects, pot-
holes, and bumps is the next stage of the research and will be
discussed in the next paper.

V. 150-GHZ IMAGE OF ROAD MARKINGS

Fig. 7 shows photographs of the road with rumble-
type painted markings on the campus of the University of
Birmingham: In (a), the radar is positioned at the side of the
road, and the scanning beam is directed at an angle to the strips;
and in (b), the radar is on the road, and the axis of the radar
scanning beam is perpendicular to the rumble strips. In both

Fig. 7. Imaging of rumble stripes on a road at the University of Birmingham
campus. (a) Side-road radar positioning. (b) Radar is positioned on the road.

Fig. 8. (a) Images corresponding to the road scenario and radar position shown
in Fig. 7(a). Here should be Fig 7 (b). Scanning at an angle to the rumble stripes.
(b) Image corresponding to the scene of Fig. 7. Scanning perpendicular to the
rumble stripes (normal incidence).

cases, the scanning angle is 10◦ on each side. The rumble
strips are 42 cm apart, the width of the strip is 10 cm, and the
thickness of the paint is approximately 5–7 mm.

In Fig. 8, the 150-GHz radar images of stripes with the radar
positioned as in Fig. 7 are presented. The rumble strips in (a)
are clearly visible as diagonal lines on the left-hand side of the
image. The two wide diagonal lines starting at 12 and 13 m
on the right side of the image correspond to the kerb and
the short wall on the side of the road opposite to the radar,
indicating a 1-m pavement between them. The linear increase
of the resolution pixel size in azimuth is visible here and is the
reason for the discrete presentation of linear features at a longer
range. In the image of Fig. 8(b), the rumble strips appear more
continuous due to their orientation toward the radar. Fig. 7(a)
and (b) shows a comparison of two scenarios with different
angles of incidence. It is evident that the specular return from
the rumble strips to the radar is expected only in the scenario
of Fig. 7(b). Here, the radar beam is perpendicular to the strips.
Only off-specular reflections to the radar are expected in the
case of Fig. 7(a). However, it is clear from Fig. 8 that the power
of reflections from rumble strips is similar in both scenarios.
This result is a manifestation of dominant diffused scattering at
terahertz frequencies, even if the surface is seen as only slightly
rough according to visual/optical observation. Several bright
points on the left-hand side are reflections from the corners
of parked cars appearing at the edge of the scanned area. The
received power is normalized to 0 dB.

In order to investigate the dependence of the reflectivity of
the rumble strip on its height, a carefully controlled experiment
has been set up. Several mock rumble bars of four different
heights have been made by the help of a company specializ-
ing in road surface maintenance. Different heights have been
achieved by stacking layers of thermoplastic hot paint on a
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Fig. 9. 150-GHz images of the rumble bar pairs with four different heights.
(a) 4 mm, (b) 7 mm, (c) 10 mm, and (d) 12 mm.

Fig. 10. Normalized received power from rumble bars with four different
heights of Fig. 9. The PO RCS approximation of the rumble bar with 6◦

depression angle of the antennas and 15◦ degree tilt of the rumble bars
corresponding to radar’s line of sight.

base which is commercial textured vinyl (lino) flooring, with
an approximate thickness of 1.1 mm.

The thermoplastic is the industrial standard material for road
markings in the U.K. Each layer of paint is about 2–3 mm
thick. One to four layers of thermoplastic on vinyl result in
approximately 4-, 7-, 10-, and 12-mm total bar heights. Four
sets of two rumble strips of 10-cm width have been created. The
purpose-made thermoplastic stripes were placed at an angle of
15◦ toward the antenna’s boresight at about a 5–6-m range from
the radar. The two rumble strips were about 30 cm apart.

Fig. 9 shows the resulting images. As can be seen, the
purpose-made stripes are visible in all four images. The nor-
malized received power at four different heights is plotted in
Fig. 10 and is compared to the analytical RCS approximation at
150 GHz [15]. The received power is adjusted to the minimum
power in Fig. 8 (−30 dB) in order to demonstrate the decrease
in the power of reflections from the stripes.

Several conclusions can be made here: 1) The strips with
the smallest height (4 mm) are still visible; 2) reflection from
each strip is coming from three consecutive resolution cells
corresponding to the strip width, and this indicates the sensi-
tivity of the 2-mm wavelength to the difference in roughness
of the floor and the material of the strip; and 3) the analytical
results at 30 GHz show that the reflection from the stripe’s
reflective facet/edge is reduced by approximately 14 dB. This

decreases the visibility of the stripe dramatically. None of
the strips (different heights) was visible when illuminated by
30 GHz in our reference measurements.

VI. CONCLUSION

The initial 150-GHz experimental results demonstrate the
potential of a low-terahertz radar sensor to deliver a high-
resolution image of the road environment due to it sensitivity
even to slight roughness and texture of the imaged objects.
It has been shown that the raw images are suitable for visual
feature detection and interpretation owing to their similarity
to optical images. Enhanced automatic feature detection will
be possible by using further image processing and feature
extraction techniques. This is the subject of further work.

In the next stage of this research, the capabilities of doubled
frequency bands of 300 and 600 GHz will be analyzed for
outdoor imaging.
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