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Abstract — High-range resolution radar is essen-
tial for a variety of applications, including 3D imaging,
target detection, spectroscopic material identification,
and defense. In this article, to our knowledge, we report
the first experimental validation of an instantaneous
high-range resolution frequency-modulated continuous-
wave (FMCW) terahertz radar that is based upon a pho-
tonic integrated circuit (PIC). The terahertz transceiver
PIC consists of a unitraveling carrier photodiode tera-
hertz transmitter monolithically integrated with a Fermi-
level managed barrier diode (FMBD) terahertz receiver.
In a proof-of-concept experiment, the FMCW terahertz
radar PIC demonstrates being capable of detecting
objects up to distances of 62.5 cm. For an FMCW band-
width of 10 GHz, the measured range resolution is 14.5
mm. This is achieved by interconnecting the terahertz
radar PIC to a conventional WR-3.4 horn antenna by
using a ground-signal-ground probe. Finally, a fan-
shaped bow-tie antenna is shown that allows increasing
the FMCW bandwidth covering from 200 GHz to 600
GHz, resulting in a theoretical resolution below 1 mm.

1. Introduction

High-resolution target detection and imaging tech-
niques using millimeter and terahertz waves are of signifi-
cant importance in civil and security applications such as
nondestructive testing, remote sensing, and object tracking
[1, 2]. Terahertz frequency-modulated continuous-wave
(FMCW) radar is an enabling technology for achieving
high-resolution ranging due to the wide operational band-
width available at terahertz frequencies.

Previously, it was shown that electronic and
photonic terahertz FMCW radars offer high-range res-
olution at the millimeter level and even submillimeter
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level [1-9]. State-of-the-art electronic FMCW radar
transceivers on the basis of 65 nm CMOS technology
were reported to operate at 220 GHz to 320 GHz in [3], at
460 GHz to 520 GHz in [4], and at 450 GHz to 490 GHz
in [5] using 90 nm SiGe BiCMOS technology. Although
the FMCW bandwidth for electronic radars is typically
limited at around 100 GHz [3, 6], photonic FMCW radars
achieved much higher FMCW bandwidths of up to 4 THz
[7-9]. In general, the higher FMCW bandwidth of pho-
tonic radars is associated with the beneficial use of fre-
quency-downconverted wavelength-tunable lasers rather
than frequency-upconverted electronically tunable oscilla-
tors. Although photonic terahertz radars can offer a much
wider FMCW bandwidth and, thus, a higher range resolu-
tion to make them attractive for various system applica-
tions, a monolithically integrated photonic integrated
circuit (PIC) for photonic terahertz radars has not been
demonstrated, to our knowledge.

In this work, we present an InP-based monolithi-
cally integrated PIC for a terahertz FMCW radar front
end. The fabricated PIC allows for ultrabroadband sig-
nal generation and detection with an operational band-
width of several hundred gigahertz. The fabricated PIC
consists of a 1.55 ym unitraveling carrier (UTC) photo-
diode (PD) for signal generation and a monolithically
integrated Fermi-level managed barrier diode (FMBD)
for downconverting the received radar signal to IF. In a
proof-of-concept experiment, the developed terahertz radar
PIC was connected to a WR-3.4 horn antenna by using a
wafer probe. For an FMCW bandwidth of 10 GHz, the
achieved range resolution is 14.5 mm. We also report on a
broadband fan-shaped bow-tie antenna that can offer an
FMCW bandwidth up to 400 GHz and can be monolithi-
cally integrated with the fabricated PIC.

2. Theory

In the FMCW radar, the frequency of the trans-
mitted signal is swept over time. As the signal takes a
certain time to travel to and from the target, the received
signal is at a different frequency than what the transmit-
ter is scattering at the time the reflected signal arrives
back at the radar. By mixing the frequency of the two
signals, the difference easily can be measured.

Radar range is the distance within which a radar
system can detect objects by transmitting and receiving
electromagnetic waves. Along with wavelength A, the
range mainly depends on the parameters given such as
the transmitted power Py, received power P,, gain G of
the antenna, and radar cross section o. As o also
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Figure 1.
diode; TLD: tunable laser diode; EDFA: erbium-doped fiber ampli-
fier; and DUT: device under test).

Schematic of terahertz FMCW radar setup (LD: laser

depends on wavelength [10], it varies over a wide fre-
quency range. The radar range equation calculates the
maximum range of the radar, shown by
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In addition, the ability to differentiate between two
objects at different distances, also known as range resolu-
tion, is a crucial property of a radar system. The smallest
measurable distance is determined by the bandwidth
available within the system. Range resolution is given by

C

Res = W 2)
where c is velocity of light at free space and B is the
bandwidth of the system [11, 12]. As radar recognizes
objects by the difference in distance, objects that are
located at the same bearing as to the radar are reliably
kept apart by the radar via distance detection. The dis-
tance estimation is based on IF and can be calculated as
the following:
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where % is the frequency shift per unit of time corre-
sponding to the sweeping rate of the tunable source.
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3. Conceptual System Design

The proposed system makes use of the InP-based
terahertz PIC, where monolithically integrated UTC-
PDs [13, 14] for generating power to transmit and
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Figure 2. Simplified electrical equivalent circuit of the fabricated

terahertz radar PIC.
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The terahertz FMCW radar measurement setup showing
the probed mixer chip on the left and the sending and receiving sig-
nals from the target on the right.

Figure 3.

FMBDs for mixing the received power from antenna
are implemented together with a high-pass filter (HPF)
for dc isolation [15]. For generating the ultrabroadband
FMCW terahertz signal, an optical heterodyning system
is exploited. The laser signal is compared with another
reference laser that would have a fixed offset in fre-
quency and phase. As most of the available systems
have high losses at such high frequencies and low
power range, stable heterodyne output is critical for
obtaining stable output from this system. The output is
then amplified and passed to the UTC-PD with optical
fiber. The UTC-PD acts both as a local oscillator (LO)
for the FMBD and transmitter sending the signal
through an antenna toward the device under test. While
receiving, the signal travels in the opposite direction,
and the FMBD acts as receiver, as well as mixer. The IF
output of the FMBD is then filtered through a low-pass
filter and can be measured with an analog-to-digital
converter (ADC).

4. FMCW Setup and Results

The transceiver chip was placed in a setup similar
to Figure 1, and its performance was measured. One
optical signal was generated at fixed wavelength by a
highly stable laser (NKT Koheras BASIK X15), and the
other was generated by a wavelength-tunable laser
(Santec TSL-570). For the FMCW, a sawtooth modula-
tion of the tunable laser with slope 1.24 THz/s was

Figure 4. Close-up of the terahertz transceiver chip with (a) and
without (b) probes and coupled lensed fiber.
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Figure 5. Measured signals mixed down by the FMBD receiver at

the IF of ~3.5 kHz (blue), ~4.3 kHz (turquoise), and ~5.3 kHz
(pink) after object detection with the radar.

used, generating beat frequencies between 220 GHz and
330 GHz. The lights from the lasers were coupled to a 3
dB coupler to create an optical beat and amplified by an
erbium-doped fiber amplifier. Afterward, the light was
coupled to the UTC-PD on the InP substrate to generate
a terahertz signal at the beat frequency. The output of
the on-chip UTC-PD was extracted by ground-signal-
ground (GSG) probe (Infinity probe, 1325-T-GSG-100-
BT, insertion loss ~6 dB [14]) and transmitted to a tar-
get through a horn antenna (gain: 25 dBi). After the sig-
nal was reflected from the target, the signal was
received by the same antenna and mixed in the on-chip
FMBD with transmit signal acting as a LO, which was

15 .
BW: 10 GHz
Bl
210
=
=
2 FWHM~60 Hz
=~ el | s
=
0 H
3.0 K B 4.0
Frequency (kHz)
Figure 6. Target detection with sweeping bandwidth of 10 GHz

(270 GHz to 280 GHz).
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Figure 7. Fan-shaped bow-tie antenna and its placement.
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directly fed by the on-chip UTC-PD, generating an IF
output. The IF signal was extracted with the help of the
integrated bias tee of the GSG probe. The distance of
the target is calculated with the help of (3). Figure 2
represents the electrical equivalent of the circuit.

Figure 3 presents the measurement setup. For
detecting the object, one corner reflector was placed at
~0.21 m distance from the antenna head leading to a
signal path of 0.42 m. Considering the guided propaga-
tion between the horn antenna and the on-chip mixer,
the propagation path was around 0.2 m. This distance
could be changed by moving the object on a rail. The
close-up picture in Figure 4 depicts that UTC-PD was
dc biased at —1 V by using dc needles, and the optical
signal was transmitted via optical fiber coupling to the
chip. The HPF prevented undesired biasing and irre-
versible damage in the FMBD from the generated pho-
tocurrent in the UTC-PD. The GSG probe on the right
side contacted the coplanar waveguide pad for transmit-
ting and receiving.

The wide bandwidth characteristics of FMBD
were already explained in [16]. With a total distance of
62.5 cm, the IF was calculated to be ~4.3 kHz. As
shown in Figure 5, the object was detected at several
distances of 42.5 cm, 52.5 cm, and 62.5 cm.

Figure 6 conveys the effect of bandwidth to pre-
cisely detect the target that is also associated with range
resolution. The target placed at 0.425 m was measured
with frequency ranging from 270 GHz to 280 GHz. The
signal for 10 GHz B indicates a full width at half
maximum (FWHM) of ~60 Hz corresponding to a
calculated resolution of 14.5 mm, which is in good
agreement with the theoretical value of 15 mm,
according to (2). To show an improved resolution for
higher BWs, it is necessary to reduce the influence of
the laser’s sweeping nonlinearity. Also, it should be
confirmed that the resolution is not limited due to the
frequency noise of the laser.

Table 1. Fan-shaped bow-tie antenna dimensions

Dimension Unit (pum)
L1 650
L2 125
L3 200
L4 75
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Figure 8. The simulated S;; of the presented fan-shaped slot bow-
tie antenna for the different number of arcs overlapped.

5. Next Step of Integration: Antenna

For implementing an integrated on-chip radar sys-
tem, a wideband antenna needs to be combined with the
transceiver. A slot bow-tie antenna known for its wideband
response is a promising candidate. Due to its planar struc-
ture, monolithic integration with the transceiver is possible.
A fan-shaped slot bow-tie antenna [17] is designed on the
InP substrate, and its characteristics are investigated by 3D
electromagnetic wave simulation (CST Microwave Studio,
version CST Studio Suite 2023). The schematic of the
designed antenna is presented in Figure 7. The antenna
dimensions, which are optimized to obtain an operational
bandwidth covering from 200 GHz to 600 GHz, are
shown in Table 1.

A discrete excitation port is placed at the center of
the antenna for simulating the S parameter (S;;) and the
radiation properties. The antenna is placed on an Si hemi-
spherical lens with a radius of 2 mm to collimate the
beam. The lens allows extracting terahertz output power
from the backside of the high-permittivity InP substrate,
resulting in an increase of antenna gain. By inserting an Si
spacer with 500 pm thickness between the antenna chip
and the lens, the gain is further enhanced [17].

The antenna is made by overlapping two bow-tie
antennas together. First, a fan-shaped antenna having
only a single arc is designed. The simulated S parame-
ters (Sq;) with values below —10 dB are shown in Fig-
ure 8. For improving the performance at all frequencies,
an additional antenna with increased radius is overlapped.
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Figure 9. Comparison of simulated S;; of the presented fan-shaped
slot bow-tie antenna in the presence of the semi-infinite Si spacer and
lens with the 500 pm spacer.
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Figure 10. Gain over frequency range for different spacer thick-
nesses of the presented bow-tie antenna.

As a result, the S;; over the whole frequency range is
decreased to around —15 dB. With an increased number
of antennas, reflection loss throughout the frequency range
is achieved. During simulation, the antenna is placed on a
semi-infinite Si spacer. The simulated result of S;; this
way is equivalent to placing the antenna on a lens together
with Si spacer of 500 pm [19]. Figure 9 supports the result
of enabling a time-efficient antenna design.

To increase the gain, the antenna is placed on a
lens of 2 mm radius with different spacer thicknesses in
between. The Si thicknesses considered for simulations
are 300 pym, 400 pym, 500 pm, and 600 pm. Figure 10
plots the simulated antenna gains along the frequency
range for different spacer thicknesses.

The antenna achieves the best performance for
the 400 pm thick spacer, with a hemispherical Si lens of
2 mm radius. The simulated highest gain is 22.7 dBi at
600 GHz for the 400 pm thick spacer.

Figure 11 shows the simulated radiation pattern
of the antenna at the center frequency of 400 GHz for
the 400 pm spacer. The projected beam is focused at
180°. In other words, most of the power is focused
downward. As a result, the range of radar could be fur-
ther increased. It makes this antenna favorable for radar
applications.

6. Conclusion and Outlook

The first terahertz FMCW radar front-end PIC
featuring an ultrabroadband UTC-PD transmitter
monolithically integrated with the FMBD acting as a
terahertz mixer is reported. In a proof-of-concept
experiment, a range resolution of 14.5 mm is achieved
for the 10 GHz FMCW bandwidth. The current setup
is limited with respect to the operational bandwidth
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Figure 11. The E-plane (left) and H-plane (right) radiation pattern
of the presented bow-tie antenna at 400 GHz for 400 ym spacer; gain
(decibels isotropic) versus angle (degree).
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that could be overcome by integrating the PIC with a
planar bow-tie antenna that potentially leads to FMCW
bandwidths of several hundred gigahertz.
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