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Abstract—Traditional terahertz (THz) equipment faces major
obstacles in providing the system cost and compactness necessary
for widespread deployment of THz applications. Because of this,
the field of THz integrated circuit (THz IC) design in CMOS and
SiGe HBT technologies has surged in the last decade. An interplay
of advances in silicon process technology, design technique, and
microelectronic packaging promises to narrow the gap between
the requirements and the reality of system cost and performance
of THz components. Furthermore, the scalability, reconfigurabil-
ity, and signal processing features of silicon technology have ini-
tiated research in complex THz ICs that expand the functionality
of THz systems; this has enabled new applications, methods, and
algorithms. This paper reviews the progress in THz IC research
and investigates several realizations of THz imaging and sensing
applications with silicon-based components regarding their mo-
tivation, system performance, and challenges. THz computed to-
mography, broadband multicolor imaging, high-resolution FMCW
radar imaging, subwavelength resolution near-field imaging, and
compressed sensing are presented.

Index Terms—CMOS, computed tomography (CT), compressed
sensing, FMCW radar, multicolor imaging, near-field imaging, sil-
icon technology, SiGe BiCMOS, terahertz (THz), THz imaging.

I. INTRODUCTION

THE most pervasive applications for terahertz (THz) waves
are in the areas of radio astronomy and earth observa-

tion. Here, high-sensitivity heterodyne receivers are used to
investigate the molecular composition and dynamics of the
interstellar medium and earth’s atmosphere [1]. The instru-
mentation for these applications is based on either traditional
LO-driven Schottky-diode mixers, which can reach sensitivi-
ties around 50 times the quantum limit at room-temperature
below 3 THz [2]–[4], or on sophisticated detector technol-
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ogy that requires cryogenic cooling. Such detectors, including
superconductor-insulator-superconductor devices, hot electron
bolometers, and Josephson junctions, show tremendous sensi-
tivity close to the quantum limit [3], [5]. Yet, the implications of
the cooling requirements on system weight, turn-ON time, and
cost have impeded the transfer of this technology to a majority
of commercially deployable THz systems.

Markets and applications are projected to be fairly diverse for
the terrestrial use of THz waves [6]. The uses span from poten-
tial large-volume applications, such as high-speed wireless com-
munications [7] and radar gesture control [8] to small-volume
niches in security inspection [9] and medical diagnosis [10].
This requires a diverse range of technology solutions, as an all-
in-one technology platform that offers high performance, low
cost, and compactness at the same time does not exist yet.

Today’s available THz equipment can be divided into pure
electronic and optoelectronic-based solutions. The electronic
solutions rely primarily on split-block hallow waveguide as-
semblies with Schottky diodes and III–V devices or on mi-
cromachined bolometer arrays. There are various remarkable
advances in this field, including the commercial development of
GaAs Schottky-diode-based multiplier sources, delivering up
to 35 μW at 1.9 THz [11], and the first demonstration of am-
plification above 1 THz using an InP-HEMT technology, with
an fmax around 1.5 THz [12]. Still, because of noncompati-
bility with conventional microelectronic packaging, or the ne-
cessity of adequate cooling, such THz electronics mostly target
performance-driven niches. For example, passive imaging sys-
tems based on InP HEMT low-noise preamplification [13], [14]
or kinetic inductance bolometer arrays [15], and active radar
imaging systems based on Schottky diodes [16], show great
potential for imaging applications that can tolerate costly and
stationary systems, such as mass transit security and loss pre-
vention. Moreover, electronic THz systems for real-time active
transmission imaging are already commercially available for
applications, such as conveyor belt imaging [17] or the security
screening of letters and packages [18].

In the field of optoelectronic THz equipment, THz time-
domain spectroscopy systems have emerged as a valuable labo-
ratory tool for fundamental THz science and imaging [19], [20].
They offer the extraction of dispersive transmission and reflec-
tion properties of different materials in more than a decade of
bandwidth. Furthermore, continuous-wave (CW) sources based

2156-342X © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-8677-7405
https://orcid.org/0000-0003-4606-4918
https://orcid.org/0000-0002-1139-1823
https://orcid.org/0000-0002-6753-7879
mailto:hillger@uni-wuppertal.de
mailto:grzyb@uni-wuppertal.de
mailto:rjain@uni-wuppertal.de
mailto:ullrich@ieee.org


2 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 9, NO. 1, JANUARY 2019

on quantum cascade lasers can now generate up to 1 W of power
at 3.4 THz. These sources, however, similarly require cooling
and their operation is limited to frequencies above 2 THz [21].

In summary, it can be stated that the aforementioned THz
platforms all suffer from distinct drawbacks for mass deploy-
ment, including system cost, achievable integration level or reli-
ability. Most importantly, the currently utilized microelectronic
packaging techniques for electronic THz systems cannot eas-
ily support the tight tolerance levels required for THz appli-
cations and are not scalable to large volumes. Low-cost THz
applications, therefore, require single-chip solutions that obvi-
ate the need for complex microelectronic assembly. THz inte-
grated circuits (THz ICs) based on modern nanoscale CMOS
and SiGe HBT/BiCMOS process technologies promise to ful-
fill this role, at least in the lower end of the THz spectrum.
They concurrently offer economies of scale, small form-factors,
and unprecedented integration capability at the highest indus-
try standards. THz ICs are, therefore, an interesting option for
applications that require extremely compact THz microsystems
for sensing [22]–[24] or active imaging components at a rea-
sonable price-performance ratio [25], [26]. In this regard, it is
also important to note the ongoing research activities on the
heterogeneous integration of III–V devices with foundry-level
silicon technology [27], which show enormous potential for
future medium-sized THz markets.

However, the benefits of economic viability and system size
are not the only drivers for research in THz ICs. The design
space that opens up by device plurality, reconfigurability, and
THz-mixed signal cointegration promises to expand the func-
tional scope of THz imaging systems. Applications such as THz-
light field imaging based on CMOS detector focal-plane arrays
(FPAs) [28], real-time subwavelength imaging with integrated
near-field arrays [29], and broadband passive spectroscopy [30],
have all been demonstrated based on THz ICs that approach
integration-levels comparable to the ones exhibited in conven-
tional consumer electronics.

At present, the low speed of silicon transistors and the is-
sues related to efficient THz signal escape [31] constitute an
ongoing research challenge for both technology development
and IC design. Over time, silicon technology has undergone
a steady scaling and an improvement of device parasitics, re-
cently achieving an fmax of 500 GHz in commercially available
0.13-μm SiGe BiCMOS technology [32]. While these advances
have already kicked off the large-scale commercialization of
various mmWave systems, such as 60-GHz transceivers for the
wireless backhaul [33] and 77-GHz automotive radar [34], past
research has shown that THz IC design cannot only be a mere
extension of classic radio-frequency design techniques to THz
frequencies, but it rather requires novel circuit architectures to
circumvent the device-speed limitations. For example, the most
significant progress toward practical source power levels has
been achieved by the large-scale implementation of THz subcir-
cuits that exploit a codesign approach of electromagnetic struc-
tures and active circuitry for power combining and wavefront
engineering [35]–[39].

In this paper, we aim to assess the current capabilities and
performance of THz ICs for imaging and sensing applications.

First, the state of the art in source and detector/receiver THz
ICs is examined in Section II. Section III discusses practical
realizations of several imaging and sensing systems in sili-
con technology. Final conclusions and outlook are presented in
Section IV.

II. STATE-OF-THE-ART SILICON THz ICs

This section first briefly discusses recent progress in high-
speed silicon technology. Next, the state of the art and perfor-
mance trends of silicon-based THz source and receiver compo-
nents are reviewed.

A. Silicon Process Technologies for THz ICs

Fueled by the investments in the multibillion dollar consumer
markets for digital microprocessors and radio-frequency inte-
grated circuits (RFICs), CMOS technology undergoes contin-
uous gate-width scaling, which simultaneously increases the
intrinsic speed of MOSFETs as a by-product. However, the max-
imum frequency of oscillation (fmax ) of fully wired n-MOSFETs
decreases for the most advanced CMOS nodes (< 45 nm) be-
cause of a scaling-related deterioration of gate and wiring re-
sistances [40]. This has damped the expectations that future
deep nanoscale CMOS technology can provide to reliable fun-
damental device operation in the THz band [6]. Meanwhile,
the low power handling capabilities of MOSFETs reinvigorated
SiGe HBT technology as a bridging technology offering a
low-cost alternative to III–V MMICs in the mm-wave band.
With commercially available high-speed SiGe HBT technol-
ogy achieving 500 GHz fmax [32], and with research activities
demonstrating 700-GHz fmax for the next technology node [41],
SiGe HBT technology is just on the verge of enabling funda-
mentally operated circuits above 300 GHz [42]–[44]. Contrary
to CMOS technology, the speed of SiGe HBT devices is pro-
jected to continue to improve with transistor scaling. Results
obtained from a theoretical analysis of the electrical perfor-
mance limits of SiGe HBTs indicate that operating frequencies
of 1 THz and beyond are within reach in the future [6].

However, the scaling of silicon technology poses consider-
able challenges for THz IC integration. First, advances in fre-
quency performance are inherently linked to a reduction in de-
vice breakdown voltages. For high-speed 130-nm SiGe-HBT
technology, the open-base collector-emitter breakdown voltage
is BVceo = 1.6 V [32], whereas CMOS technology exhibits
gate-oxide breakdown voltages of only 1.2 V for the 65-nm
node [45] and below for more advanced nodes. Second, the
technology stack of foundry-level silicon technology presents
an increasingly unfavorable environment for antenna and pas-
sives implementation in the THz band. Typically, several metal
layers are embedded in a thin dielectric stack (BEOL) on top of
a lossy silicon substrate. The BEOL fabrication enforces strict
design rules on the density of metal structures, which escalate
the modeling and design effort of on-chip antennas and pas-
sives. The design of on-chip antennas in silicon technology is
particularly challenging given potential multimode propagation
issues (e.g., surface waves) [46], [47] and the difficulties in
achieving appropriately high directivity of the antenna system
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TABLE I
STATE OF THE ART OF SILICON-INTEGRATED RADIATION SOURCES ABOVE 250 GHZ

to provide sufficient link budget for practical applications. This
motivated the wide use of backside radiating on-chip antennas
with auxiliary silicon lenses [31], [48].

B. Sources

Since the first demonstration of a CMOS THz source ten
years ago [49], which radiated −42 dBm at 410 GHz, tremen-
dous progress has been made toward the provision of suitable
power levels for imaging applications with THz ICs. The ad-
vances were enabled by both new design methodologies for the
proper synthesis of passive embedding networks to optimize the
harmonic generation [50]–[52] and novel scalable system archi-
tectures [36], [37], [39], [53]. Table I and Fig. 1 summarize
the current state of the art for CMOS and SiGe HBT radiation
sources above 250 GHz. The sources are grouped into unlocked
oscillator-based sources [35], [36], [38], [39], [52]–[61] and into
oscillator- or multiplier-chain-based sources that can be locked
to an external phase-stable reference signal [7], [37], [42], [51],
[62]–[68]. The table furthermore lists the applied circuit ar-
chitectures and antennas to emphasize a remarkable variety be-
tween different implementations. It is worth noting that no single
best architecture has emerged yet and researchers continue to
explore a large design space offered by silicon technologies to
overcome the barriers associated with the limited device speed
and with THz wave escape from the chip level [31].

Currently, the upper frequency limit for fundamental circuit
operation for the fastest 130-nm SiGe HBT technology with
fmax = 500 GHz [32] is just below the mmWave-THz tran-

Fig. 1. Comparison of state-of-the-art THz sources in CMOS and SiGe tech-
nologies.

sition. Total radiated power (TRP) levels up to 8.5 dBm have
been demonstrated for power-amplifier-based transmitter front-
ends at 240 GHz, with a 3-dB bandwidth of 35 GHz in an
experimental 130-nm SiGe-HBT technology with fT /fmax =
350 GHz/550 GHz [7]. Above 300 GHz, silicon THz sources
employ the nonlinear frequency translation process of strongly
driven high-speed devices. The nonlinear THz front-end circuit
is either directly implemented as a harmonic N-push oscillator or
as a frequency multiplier circuit. Both approaches entail a con-
version loss that increases rapidly with the harmonic order and
drive frequency. Therefore, contrary to the typical 20 dB/decade
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TABLE II
STATE OF THE ART OF SILICON-INTEGRATED SUB-mmWAVE AND THZ RECEIVERS

1 The table lists the optical NEP and antenna gain is de-embedded.

roll-off for power amplifiers below fmax (Johnson Limit) [69],
the data-points indicate an around 40 dB/decade power roll-off
for single-radiator sources in the THz band.

Notably, the small size of on-chip THz passives and the
abundant availability of transistors have motivated the research
in coherent single-chip multielement radiators. Innovative de-
vice/electromagnetics codesign architectures that utilize syn-
chronized two-dimensional (2-D) oscillator arrays broke the
power roll-off trend, delivering a TRP of up to 5.2 dBm at
317 GHz with a 16-element array [37] and −10.9 dBm at
1.01 THz with a 42-element array [39] in 130-nm SiGe HBT
technology. Furthermore, the baseband processing capabilities
of silicon technology have been further exploited for radiation
pattern reconfiguration of multielement sources with the aid of
power-on control of asynchronous sources to diffuse scene il-
lumination at 530 GHz [53] or phased array functionality at
338 GHz [36] and 400 GHz [62].

C. Receivers

Similarly to the first silicon-based THz source demon-
strations, the first silicon-based THz FPA was demonstrated
ten years ago [70]. Since then, the research in silicon THz
IC receivers is largely focused on advancing the sensitivity
and bandwidth of direct power detectors. Silicon technology
features high fabrication yield and the availability of on-chip
baseband processing circuits, enabling the integration of de-
tectors into chip-scale FPA with on-chip read-out circuitry.

Therefore, silicon detectors offer significantly higher integration
capabilities compared with the prevalent room-temperature THz
detector technologies, such as Schottky barrier diodes, InP
HEMT low-noise amplifiers, Golay-cells, microbolometers, and
pyroelectric detectors [71]–[74].

Due to the lack of low-noise preamplification in the THz band,
silicon power detectors are implemented as antenna-coupled di-
rect detectors. Therefore, the predominantly exploited methods
for THz direct detection are either non-quasistatic self-mixing
in cold MOSFET channels [75]–[82] or rectification in the base-
emitter junction of a high-speed HBT [47], [83]–[85]. At THz
frequencies, both device classes operate close-to or above their
cutoff frequencies defined by the carrier transit time, and their
response and operation bandwidth are severely influenced by
the efficiency of coupling the THz radiation into the intrin-
sic device. Since broadband operation is typically desired for
practical implementations to allow versatile application scenar-
ios at low cost, classic narrowband RF matching techniques
made way for innovative antenna-device codesign approaches.
In particular, antenna systems based on a backside-radiating
on-chip primary antennas and an external hyper-hemispherical
silicon lenses have been demonstrated to simultaneously pro-
vide pW/

√
Hz-level noise-equivalent power (NEP) across sev-

eral hundreds of GHz and antenna directivity values in the range
of 20 dBi [78]–[81], [85].

MOSFET direct power detectors are operated without drain-
source bias (“cold”) and in moderate inversion for the high-
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est responsivity. The lowest reported NEP is in the range of
12–14 pW/

√
Hz with a 3-dB RF operation band of around 650–

1000 GHz in 65-nm CMOS [80]. Please note that although
device scaling can result in lower thermal noise of the MOSFET

channel, the so far reported detector performance (responsiv-
ity, NEP, operation bandwidth) did not considerably improve
by migration to nanometric CMOS technology nodes. One of
the main possible reasons for that is the very high (kΩ-range)
and frequency-dependent impedance of the MOSFET operating
in moderate inversion, which makes efficient and broadband
coupling to on-chip antenna very challenging. Contrary to that,
the impedance levels associated with a base-emitter junction of
HBTs at THz frequencies should facilitate considerably broader
frequency operation range, although the literature still reports
very few implementations of such detectors at THz frequencies.
An NEP of 15 pW/

√
Hz and 50 pW/

√
Hz was reported at 540

and 700 GHz, respectively, for 130- and 250-nm SiGe HBT
technology nodes [85], [86] and further base-emitter junction
optimization should result in substantial improvements of de-
tector performance. Schottky diodes in CMOS technology were
also reported for THz signal rectification at 860 GHz with an
NEP of 42 pW/

√
Hz [87]. However, power detectors in sili-

con technologies still lack the sensitivity requirements regard-
ing noise-equivalent temperature difference (NETD) for passive
imaging (NETD < 0.5 K) and are in need for artificial illumi-
nation. To reach the required NETD, an estimated detector NEP
in the range of 1 pW/

√
Hz combined with a large fractional

bandwidth of multiple hundreds of GHz is necessary, which
constitutes an ambitious objective for future work.

Hetero-/homodyne receivers in silicon technologies above
300 GHz are still very scarce. They rely on a mixer-first ar-
chitecture with predominantly subharmonic operation and low
instantaneous IF bandwidth, yielding relatively poor conversion
gain and noise figure. Thereby, implementation issues such as
the LO distribution and the total dc power consumption have
thus far been prohibitive for large-scale array implementation.
Table II lists some of related works to indicate the typical perfor-
mance metrics [26], [44], [67], [88]–[92] and Fig. 2 shows the
sensitivity comparison between state-of-the-art direct detectors
and coherent hetero-/homodyne receivers.1

The hetero-/homodyne receivers show distinctly better sen-
sitivity by around 80 dB at 300 GHz, as compared to direct
detectors. The necessity of using higher harmonic orders to
reach higher operation frequencies, however, results in a steep
noise figure increase. It is important to note that a similar trend
is not present for direct power detectors.

III. THz IMAGING APPLICATIONS

This section presents some case studies on silicon-based com-
ponents for THz imaging and sensing applications. This paper

1The sensitivity figure of hetero-/homodyne detectors is typically reported
in terms of noise-figure (NF), which is converted to an equivalent NEP after
assuming room-temperature thermal noise as the receiver input, i.e., NEP =
−174 dBm/Hz + NF (in dB), normalized to a 1-Hz bandwidth. Since the output
IF signal is read out in terms of signal power, the resulting NEP is reported in
the units of dBm/Hz. For direct detectors, the NEP is reported in the unit of
dBm/

√
Hz owing to the rectification of THz power to a dc voltage or current.

Fig. 2. Comparison of state-of-the-art direct power detectors and hetero-
dyne/homodyne receivers in CMOS and SiGe technologies in the frequency
range of 0.2 THz to 1 THz. The comparison basis relies on NEP in units of
dBm/Hz0 .5 for direct power detectors and NEP in units of dBm/Hz for hetero-
/homodyne receivers.

is by no means comprehensive, but it should provide the reader
with a grasp of current system performance and future direc-
tions.

A. Computed Tomography (CT)

Since the first demonstration of THz transmission imaging by
Hu and Nuss in 1995 [95], most studies on THz imaging were
focused on 2-D imaging. Because 2-D imaging only provides
limited information content for thick objects with high volu-
metric complexity, there has been an increasing effort to extend
THz imaging modalities to 3-D imaging. 3-D visualization of
the objects’ internal structure may be particularly valuable for
applications in industrial quality control, e.g., for the localiza-
tion of cracks and defects in composite materials, or for con-
tent inspection of the packaged goods. Another interesting use
case for 3-D THz imaging could arise for noninvasive analysis
of archaeological findings, e.g., inspection of wrapped mum-
mies [96], sealed pottery [97], or imaging of human bones [98].

Various techniques have been investigated for the acquisi-
tion of 3-D images at THz frequencies, including time-of-
flight measurements in reflection mode [99], diffraction to-
mography [100], tomosynthesis [99], imaging with binary
lenses [101], and CT with ultrashort THz pulses [102] or CW
sources [97].

THz tomography competes against the highly established X-
ray CT, which usually provides far superior image quality in
terms of spatial resolution and uniqueness to the image con-
trast mechanism. However, there are two opportunities for THz
frequencies in this field. First, THz waves may provide valu-
able supplemental information, enabling additional extraction
of the spectroscopic object properties [102] and providing dif-
ferent absorptive contrast as compared to X-rays. Next, on-
going advances in silicon-integrated THz components, outlined
in Section II, should enable the realization of ultra-low-cost 3-D
THz-CT imaging systems [25], promising an increased exploita-
tion for future industrial applications as compared to expensive
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Fig. 3. Illustration of the simple low-cost THz-CT experiment. The setup
comprises a 430-GHz SiGe HBT source, a SiGe HBT detector and an optical
train of 4 f# = 2, 50-mm PTFE lenses. The object is rotated (φ) and stepped in
the 2-D object plane (y, z).

Fig. 4. 430-GHz source based on 130-nm SiGe HBT technology. (a) Chip mi-
crograph; after [52]. (b) Image of a low-cost packaging scheme with secondary
Si-lens antenna. (c) Measured radiation pattern; data from [52]. (d) Measured
source output power; data from [52].

X-ray CT equipment with necessary security measures related
to the hazardous radiation.

This paper demonstrates a THz-CT setup solely based on sil-
icon components and simple THz optics. Fig. 3 illustrates 2f–
2f transmission imaging setup for the volume data acquisition.
A free-running radiation source based on a Colpitts-oscillator-
driven antenna-coupled doubler with optimized harmonic feed-
back illuminates the object. The source radiates −6.3 dBm at
430 GHz and is implemented in 130-nm SiGe HBT technol-
ogy [52]. The silicon die is equipped with an on-chip antenna
illuminating the silicon lens through the chip backside to result
in a directivity of ≈ 21 dBi, which is appropriate for coupling to
an optical train based on 5-cm diameter PTFE lenses with 10-cm
focal length. Fig. 4 summarizes some implementation and char-
acterization details of the source. An in-house developed SiGe
HBT power detector with the measured NEP of 9.5 pW/

√
Hz

and current responsivity of 1.25 A/W at 430 GHz, manufactured
in an experimental 0.13-μm SiGe HBT technology with peak
ft/fmax of 350 GHz/550 GHz, is used to acquire the raster
scanned 2-D transmission images of an object under different
projection angles. The Gaussian 1/e2 beam waist in the object

TABLE III
THZ-CT PERFORMANCE SUMMARY

Fig. 5. CT-Imaging results for a knife blade and hypodermic needle embedded
in polystyrene foam. (a) Visible-light photo. (b) 2-D volume render after tomo-
graphic reconstruction with SART algorithm [104]. (c) 2-D slices in x–y-plane
for different heights (z-axis). The data was acquired with 1-mm spatial and 10◦
angular steps. The acquisition time was 282 min.

plane was measured with the knife-edge technique [103] and is
3 mm in y-direction and 3.2 mm in z-direction. A high dynamic
range of 71.2 dB can be achieved by electronic chopping of
the source at 120 kHz and 3-ms integration time of an external
lock-in amplifier. A short performance summary of the THz-CT
setup is given in Table III.

For demonstration purposes, a cuboid made of polystyrene
with a metal knife blade and a hypodermic needle inside its
protective casing was scanned. Fig. 5(a) shows a visible light
photograph of the objects and Fig. 5(b) shows corresponding re-
sults of the volume render after tomographic reconstruction. A
total of 18 projections were acquired in 282 min with a 10◦ angle
resolution and a 1-mm step size. The projection size was 54 mm
× 68 mm, leading to a total scanning speed of 11.7 mm3/ s
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when referred to the volume after tomographic reconstruction.
A reconstruction algorithm based on Simultaneous Algebraic
Reconstruction Technique (SART) (360 iterations) from the
ASTRA Tomography Toolbox [104] was applied to synthesize
the 2-D slices shown in Fig. 5(c) at all heights. The algorithms
currently do not account for quasi-optical effects at THz fre-
quencies.

The simple low-cost THz-CT setup, although currently very
slow, is capable of visualizing the macroscopic structure of the
embedded objects with sufficient detail for object identification.
However, a consequence of quasi-optical operation at THz fre-
quencies is that the image contrast is not solely defined by on the
absorption of the material but also by refraction and scattering
at the object interfaces. This leads to an information ambiguity
between absorption and refraction. As shown in Fig. 5(c), the
polystyrene cuboid is reconstructed as a nonuniform material
and the plastic casing of the needle exhibits a similar image
contrast compared to the fully reflecting metal blade.

The long image acquisition time currently constitutes the
main issue to adopt THz-CT as a tool for industrial quality
control, where scanning times of several minutes are still un-
acceptable. Yet, rapid THz-CT volume acquisition within sec-
onds has been readily demonstrated by 1-D and 2-D collimated
beam object illumination with nonsilicon high-power sources
and concurrent FPA detection [105], [106].

B. Imaging With Compressed Sensing

Compressed sensing (CS) is a signal processing concept that
deals with the reconstruction of sparse information from under-
sampled signals. In contrast to the postprocessing compression
methods (e.g., JPEG in images, MP3 in Audio), CS deals with
measuring the compressed signal directly, thereby saving on the
measurement time. CS can be utilized to build a single-pixel
camera (SPC), where the light incident on a scene or an object
is modulated spatially and thereafter integrated over a single-
pixel sensor [107]. Therefore, a 2-D pixel array is not required at
the sensing plane, saving on the size and complexity, which al-
lows full imaging with a single sophisticated detector unit. Also,
since the image is being compressed during the measurement
process, CS allows for a fast image acquisition while avoiding
any mechanical scan.

THz imaging can also benefit from CS since a heterodyne
detector based SPC can show a much better SNR as compared
with a direct detector based FPA camera. However, spatial light
modulation (SLM) for THz radiation has remained a major bot-
tleneck in the development of THz SPC. In past, different tech-
niques have been used to create spatial masks that can modulate
THz wave attenuation in the beam path. The first demonstration
of THz SPC was based on metal masks that were constructed
and replaced manually [108], resulting in a very slow image ac-
quisition. Since then, other techniques have been used to create
reconfigurable masks. In [109] and [110], spatially distributed
photo excitation of charge carrier density in a semiconductor
wafer was utilized to alter the THz attenuation. In [111], Watts
et al. report on a THz SPC with an electronically programmable
metamaterial mask. However, both of the latter approaches suf-

Fig. 6. THz CS imaging with 4 × 4 pixel 0.53-THz source array [53] used
as T-DLP. (a) Transmission mode imaging setup. (b) Metallic stencil used as a
sparse object for imaging experiments.

fer from poor modulation depth (< 50%) that limits the image
SNR. These spatial masks also increase the size, complexity,
and cost of the imaging setup.

Mixed-signal integration in silicon technology also allows for
novel SLM schemes that can be integrated within the THz source
chipset. Such SLM is incorporated in [53], which presents a 4
× 4 pixel source-array with a TRP of 1 mW at 0.53 THz. Here,
an array of incoherent or mutually unlocked free-running os-
cillators is implemented to destroy source wave coherence and
synthesize stochastically independent THz beams for imaging
applications [53]. Particularly, each source pixel can be pro-
grammed ON or OFF individually through an electronic interface
to create SLM at the object plane. Therefore, the source-array
module can be used as a THz digital light projector (T-DLP) for
SPC without using any external SLM masks. This allows for an
infinite modulation depth (effectively limited by the noise-floor
of the receiver) and a fast electronic SLM pattern reconfiguration
within a scalable T-DLP architecture.

T-DLP-based CS was experimentally investigated with the
setup shown in Fig. 6(a). Here, the 4 × 4 pixel 0.53 THz T-DLP
module was used as TX. The 1k-pixel THz camera from [81]
was used in power integration mode (equivalent to a single
detector unit) as RX for a convenient collection of all source-
pixel beams. PTFE lenses with matching f-numbers at the TX
and RX were used to create a planar illumination at the object
plane and to collect the power at the RX. A metallic stencil
with a hole was used as a sparse object, as shown in Fig. 6(b).
The object allowed for in-plane rotation to move the position
of the hole inside the illumination path. Illumination patterns
for SLM were programmed at the source-array module at run-
time. For CS imaging, binary low-density parity check matrices
were used for close-to-optimal SLM pattern generation on-the-
fly with adaptive progressive-edge growth matrix construction
in accordance with [112]. To ascertain the reliability of CS-
estimated images, individual pixelwise scanned images were
also generated. For the latter, each single source-pixel of the of
T-DLP was turned ON sequentially and the sampled signals at the
RX were recorded. Fig. 7 shows the comparison between image
pixel values as scanned sequentially and as estimated with CS
methodology, for two different arbitrary object rotations A and
B. The bright image pixels are identified correctly in the CS es-
timation. Here, sequential scanning required 16 measurements
for 16 source pixels, whereas CS imaging was performed with
only 8 illumination patterns, resulting in a compression ratio of
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Fig. 7. Comparison of image pixel values (in absolute voltage scale as read out
at the RX) obtained from pixelwise sequential scanning and CS estimation, for
two arbitrary object rotations A and B. In these measurements, a compression
ratio of 50% was achieved with CS imaging.

50% or a twofold speedup in overall measurement time. These
initial results indicate the future potential of silicon-integrated
source arrays beyond power combining applications, such as
for T-DLP-based solid-state compressive imaging in THz, as
demonstrated here for the first time.

C. Spectroscopic Imaging

Spectroscopic THz imaging is regarded as one of the key
applications for the THz band. Several solid materials exhibit
characteristic vibrational phonon modes in the THz frequency
band. Thus, THz spectroscopy is envisioned to provide a com-
plementary technique to midinfrared spectroscopy for illegal
drugs [113] and explosives [114] detection and is of particular
interest for security applications where the specification of solids
behind infrared blocker materials is desired. Furthermore, po-
lar gas molecules exhibit quantized rotational resonance states
with narrow spectral lines (≈ 1 MHz in the Doppler-limit) in
the mmWave-to-THz transition band. Rotational spectroscopy
can thus be used for analysis of complex gas mixtures, showing
potential for medical diagnosis of the human breath [24], [115].

Established THz spectroscopes operate in time domain (THz-
TDS), using femtosecond lasers to generate THz pulses by exci-
tation of nonlinear crystals or photoconductive switches. Com-
mercial THz-TDS systems offer bandwidths of several THz and
achieve dynamic range higher than 70 dB. However, they are
costly and require bulky auxiliary equipment.

Electronic solutions (silicon and III–V) offer the possibility to
implement compact and frequency-agile CW transceivers with
sub-kHz frequency resolution. Recent research work on silicon-
integrated transceivers for gas spectroscopy has shown that frac-
tional concentration sensitivities as low as a few ppm (without
preconcentration) can be identified between 220–320 GHz are
achievable with fully integrated silicon implementations [24],
[116]. However, THz spectroscopy of condensed matter, e.g.,
for security applications, requires significantly a higher RF
bandwidth, which exceeds the current capabilities of THz in-
tegrated electronics. Motivated by the limited RF bandwidth,
the functionality of classical frequency-selective THz CW ac-
tive all-electronic imaging systems was extended in [26] where a
multicolor imaging chip-set operating in the 160-to-1000-GHz
band was demonstrated in a 0.25-μm SiGe HBT process with

Fig. 8. Transmitter module. (a) Block diagram. (b) Chip micrograph (4.1 ×
0.8 mm2). (c) Packaged module with 4-mm diameter Si-lens; after [26].

fT /fmax of 280/435 GHz. The imager takes advantage of high-
integration levels available by a combination of silicon technolo-
gies, very wideband on-chip antenna for THz signal escape, and
low-cost chip-on-board (COB) wire-bonded packaging for low-
frequency IF and the low-frequency drive for the on-chip LO
generation path. It is implemented in the form of two indepen-
dent single-chip transmitter and receiver modules equipped with
the ultrawideband silicon lens-coupled on-chip antennas [117],
[118] radiating through the chip backside. Such implementation
allows coupling to the quasi-optical train over almost a decade
of bandwidth.

The architectures of the receiver and transmitter chips are
shown in Figs. 8(a) and 9(a), respectively. They share a com-
mon ×9 tunable multiplier chain driven from an external board-
level signal located around 17–18 GHz. The ×9-multiplied tone
centered around 164 GHz is used to drive either the antenna-
coupled harmonic generators on the TX side or the antenna-
coupled harmonic mixers on the RX side. The frequency range
of 160-to-1000 GHz is not continuously covered with a sin-
gle frequency multiplication factor but divided into 6 frequency
bands that are integer multiples of the fundamental frequency at
the ×9 multiplier output. All six harmonics are generated by the
harmonic generator circuit of the transmitter module with the
power levels sufficient to achieve an appropriately high SNR up
to 1 THz. Thereby, six separate THz images can be produced
simultaneously for a fixed reference frequency provided to the
multiplier chain input. A short performance summary of the
multicolor imaging system is given in Table IV.
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Fig. 9. Receiver module. (a) Block diagram. (b) Chip micrograph (2.2 ×
0.6 mm2). (c) Packaged module with 4-mm diameter Si-lens; after [26].

TABLE IV
MULTICOLOR IMAGING SYSTEM PERFORMANCE SUMMARY

* measured including the atmospheric absorption line around 980 GHz; the esti-
mated additional loss is around 10 dB.

The transmitter and receiver modules were configured into a
complete scanning transmission-mode imaging setup, as shown
in Fig. 10(a). Here, the diverging beam from the TX module is
refocused by two 45◦ elliptical mirrors (11.3-cm aperture diam-
eter along minor axis and 18.75-cm focal length) onto the object
plane. The second set of similar mirrors projects the transmitted
signal after passing the object onto the receiver module plane.
For this particular setup, the SNR within 1-Hz resolution band-
width was measured to be 90 dB for the 165 GHz band, 115 dB
for the 330 and 495 GHz bands, 95 dB for the 660 and 820 GHz
band, and 70 dB for the 990 GHz band [see Fig. 10(b)].

The optical quality in the imaging setup was investigated with
the knife-edge approach. The evolution of the beam size along
the beam propagation path (z-axis) around the image plane for
all six harmonic signals altogether with the fitting hyperbolas
to the fundamental Gaussian mode is presented in Fig. 11(a).
The measured beam waist varies between 2.2 mm for 160 GHz
down to around 0.8 mm for higher order harmonics whereas the
location of beam waist (along z-axis) varies by no more than

Fig. 10. Transmission-mode imaging setup. (a) Block diagram. (b) SNR
(1-Hz RBW) for six harmonic signals of 164 GHz. The free-space propaga-
tion path between TX and RX is 150 cm; after [26].

3 mm and stays within a depth of focus for all harmonic tones
(7–18 mm). The lateral resolution of the setup was further veri-
fied with a resolution target located in the imaging plane. As a
resolution target, a thin laminate board with the etched copper
structures with varying feature size was applied [see Fig. 11(b)].
Two exemplary chosen THz images of the target at 492 GHz
and 984 GHz are shown in Fig. 11(c). The features around
1 mm in size can be still resolved, correlating well with the
previously estimated beam spot size. Both images are normal-
ized to the maximum received power for each frequency band
separately.

Fig. 12 shows six multicolor images of some sweets. The
applied color scale for each of the images is normalized to
the maximum received signal level in each harmonic. The im-
age was acquired with a scanning speed of 40 pixels/s with a
0.5-mm step size and with an equivalent noise bandwidth
(ENBW) of 366 Hz. This noise bandwidth corresponds to a
25.6-dB reduction of the image SNR when compared to that
from Fig. 10 for a 1-Hz bandwidth. The effective SNR achieved
for each of the harmonic subfigures is denoted in Fig. 12(b).

The images show a distinct frequency-dependent material
absorption for different sweet types. It is interesting to notice that
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Fig. 11. Optical quality of the imaging setup. (a) Evolution of the beam size
around the image plane for all six harmonic bands. (b) Resolution target with
the indicated feature size in mm. (c) 492- and 984-GHz spectral image of the
target in the linear scale. Each of the images is normalized to its own received
peak power.

the transparent plastic foil cover for some of the packaged sweets
starts to be well visible for higher harmonics, indicating the
usefulness of the multicolor imaging technique for enhancing
the object detection probability.

D. FMCW Radar Imaging

In contrast to other previously discussed active imaging tech-
niques, radars can enhance the image quality in reflection-mode
as they provide range-gating capabilities. Therefore, THz radars
may be used for inspection of packages with reflecting sur-
faces [42] or high-precision remote gesture recognition [8]. Sim-
ilar to other general-purpose transceivers in the upper mmWave
and THz bands, radar imagers typically rely on multidie split-
block waveguide assemblies and, therefore, show low integra-
tion levels [119], [120], [121].

To respond to the needs of the future radar sensors in
high-volume consumer and industrial markets [122], [123], a
high-resolution single-chip FMCW monostatic homodyne radar
front-end module operating around 210–270 GHz [42] was
developed in 130-nm SiGe HBT technology with ft /fmax of
300/500 GHz [32]. A COB packaging scheme with a broad-
band silicon lens-integrated on-chip slot antenna [124], [125]
for THz signal escape (see Fig. 13) was implemented. Contrary
to other highly integrated linearly polarized monostatic radars,
here presented radar employs circular polarization to isolate
transmitter and receiver paths connected to a single antenna

Fig. 12. Multicolor transmission-mode THz image of sweets. (a) Photograph
of the imaged object. (b) Spectral images with indicated SNR for each harmonic
band. All plots share the same scale of 80 dB but are normalized to their
maximum received power levels.

that results in a 6-dB improvement in SNR [126], [127]. The
other possible advantages of this solution are the reduction of
the influence of ghost targets in indoor environments, reduced
sensitivity to wave depolarization effects or receiver jamming
for multisensor operation [128].
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Fig. 13. 210–270 GHz radar front-end chip in 0.13-μm SiGe HBT technology.
(a) Chip architecture. (b) Chip micrograph; after [42]. (c) Silicon lens-packaged
radar module on low-cost FR-4 PCB with the mounted absorber material. The
chip size is 2.9 × 11 mm2, whereas the lens diameter is 9 mm.

Fig. 14. Complete FMCW radar system. The system comprises the 240-GHz
transceiver module, an in-house developed linear frequency-sweep generator,
an external ADC for IF signal sampling and MATLAB-based data-processing
tool.

The radar chip employs a wideband LO-generation path
based on a multiplier-chain architecture with ×16 multiplica-
tion factor applied to an external linear-frequency chirp signal
around 13–17 GHz (see Fig. 13) provided on-board from a
sawtooth frequency-ramp generator. The output signal from the
multiplier-chain after 3-dB split and power amplification by
two four-stage PAs with small-signal gain of 14 dB and Psat of
7 dBm [129] drives both the transmitter input of the circularly
polarized antenna and the fundamentally operated Gilbert-cell
based downconversion mixer. The RF port of the mixer is pre-
ceded by a three-stage power amplifier instead of regular LNA
for improved bandwidth and linearity [42]. Circular polariza-
tion in a broad frequency range is realized by the combina-
tion of a wideband quadrature coupler [124] with a broadband
annular-slot antenna supporting two orthogonal polarizations
[124], [125]. The frequency-dependent directivity of the radar
module packed with a 9-mm diameter silicon hyperhemispher-
ical lens was measured to be 25.8–27.8 dB and 25.9–27 dB in
210–270 GHz for the transmitter and receiver mode of operation,
respectively. The measured peak TRP from the fully packaged
radar module is +5 dBm with the corresponding noise figure
of 21 dB in the presence of the transmitter leakage running si-
multaneously. The RF front-end was further extended by an in-

TABLE V
240-GHZ RADAR SYSTEM PERFORMANCE SUMMARY

Fig. 15. Reflection-mode scanning setup with the radar module; after [42].
The same set of elliptical mirrors to that from the multicolor imaging experiment
was applied. The free-space propagation path between the radar module and the
imaged object is around 78 cm.

house developed linear-frequency saw-tooth chirp generator and
a data acquisition unit with MATLAB code for signal processing
(see Fig. 14).

The calibrated radar response is currently influenced by ×14
and ×18 parasitic harmonic spurs from the multiplier chain
based LO generation path, which limit both the spurious-free
dynamic range (SFDR) and the ramp operational RF bandwidth
to around 60 GHz: 15 GHz (×18 −×14) = 60 GHz for the
center ramp frequency of 15 GHz. A close-to-theoretical range-
resolution of 2.57 mm was extracted from the main-lobe full-
width at −6 dB of the point-spread function (PSF) of the cali-
brated beat signal spectrum for the maximum supported 60 GHz
ramp swept over 2 ms. A brief performance summary of the
radar system is provided in Table V.

To demonstrate the performance of the complete radar system,
a reflection-mode scanning setup (see Fig. 15) was assembled
with the same set of elliptical mirrors to that from the multicolor
imaging experiment. A 16-b ADC card with the sampling rate
of 3 MHz digitized the time-domain trains of the IF beat signals
after differential preamplification. For FFT data postprocessing,
a Hamming window was applied as a good compromise between
selectivity and resolution (maximum side-lobe level of −43 dB,
−6 dB main-lobe width of 1.81 [130]). In combination with
a 60-GHz bandwidth swept in 2 ms (4000 samples), it results
in an equivalent noise bandwidth of 680 Hz and a main-lobe
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Fig. 16. Radar imaging experiment with an aluminum pin-type heat sink
as a resolution target. (a) Photograph of the heat sink with indicated lateral
dimensions. The pin height is around 5 mm. (b) 2-D image of the normalized
receiver power for the object-to-radar distance corresponding to the top of the
pins (768 mm). (c) and (d) Range profiles for two selected positions marked
with dots. Position A denotes the pin location, whereas B corresponds to the
free-space between two pins. The range profiles were sampled at a 0.5-mm
spacing.

full width at −6 dB of around 4.65 mm. In the first imaging
experiment (see Fig. 16), an aluminum pin-type heatsink was
used as a scanned target to verify both the cross range as well
as the lateral resolution of the complete setup. Each of the pins
is around 5-mm high and is considered to be an object feature
with low radar cross section compared to a large backside of the
heatsink in its close proximity and in the range of expected radar
cross-range resolution. From the provided 2-D image of the
normalized received power at the top of the pins and the
range profiles for two selected positions across the heatsink,
one can notice that the 1.7-mm diameter and 5-mm high pins
can be appropriately resolved. Another imaging experiment
was conducted with a blister pack of drugs hidden in a card-
board box with the goal to be able to detect two missing
tablets. Exemplary, the chosen range profile for a single po-
sition (XY) across the cardboard corresponding to the missing
tablet altogether with three different 2-D images of the nor-
malized received power for selected distances along this pro-
file are depicted in Fig. 17. Please note that from the first
2-D image at a distance of 772.5 mm corresponding to the
top of the plastic cavity, the missing tablet cannot be resolved,
whereas the next profile only 6 mm behind and located around
the leading seal of aluminum foil allows identification of the
missing tablet, thanks to the provided radar cross-range res-

Fig. 17. Radar imaging of a blister pack of drugs hidden in a cardboard box;
after [42]. Two tablets are missing. (a) and (b) Visible-light photos of the box and
the blister pack, respectively. (c) Range profile for a single position A across the
cardboard box corresponding to a missing tablet in the center. (d) 2-D images of
the normalized receiver power for three different distances to the radar module.
A distance of 772.5 mm is aligned with the top of the plastic cavity, whereas
779 mm matched an aluminum foil sealing the back of the cavity. Multiple
reflections in the empty cavity are primarily responsible for the radar echo for
larger distances (e.g., 789 mm). The acquired range profiles show a dynamic
range of around 48 dB.

olution. From the last profile (789 mm), multiple reflections
only in the empty cavities for two missing tablets generate
nonphysical return signals at distances behind the backside of an
aluminum foil. In Fig. 18, a 3-D surface-reconstructed picture of
the blister pack is shown, which was created with a simple peak-
search algorithm to identify the range position of the feature with
the highest reflected power for each lateral (XY) position across
the scanned object. To allow identification of the missing tablets,
the data were here range-gated appropriately to discard the influ-
ence of the masking reflections in front of and behind the tablets.
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Fig. 18. 3-D surface reconstruction of the blister packs with two tablets miss-
ing with a peak-searching algorithm; after [42]. The data were range-gated
appropriately to remove the influence of multipath reflections behind the tablets
as well as reflections from the front side of the cardboard box and the plastic
cavities. The image color scale represents the normalized received power.

E. Near-Field Imaging

The spatial resolution THz far-field imaging is fundamentally
restricted by Abbe’s diffraction limit, which is in the mm-range
at THz frequencies. This can be far too low for many promis-
ing THz applications, e.g., semiconductor process quality con-
trol [131] and in situ assessment of malignant tissue margins
during segmental mastectomy breast cancer surgeries [10]. In
the last decades, there has thus been a significant interest in
THz near fields which can interact with micro- and nanoscale
phenomenon. Today’s common THz near-field imaging systems
rely on near-field scanning optical microscopy (NSOM). Here,
metallic or optically gated apertures, scattering probe-tips, or
electro-optical probes [132]–[135] are illuminated with THz ra-
diation to achieve subwavelength resolution. The typical resolu-
tion of such systems is in the micrometer range [135], whereas
record resolution of 20–40 nm has also been demonstrated
with atomic-force microscopy tips [134]. Yet, in a majority of
such systems, either the illumination or the detection paths are
placed remotely, resulting in weakly detected signals addition-
ally shadowed by strong far-field background clutter. Even with
high-power sources and cooled detectors [132]–[134], [136],
[137] long integration times are needed for reasonable sensitiv-
ity, making real-time visualization very challenging.

The implementation of THz near-field sensing in integrated
electronics can solve some of the major issues undermining
classical THz NSOM methods. In particular, integrated cir-
cuits allow cointegration of superresolution near-field probe,
illumination source, and detector on the same die, which can
mitigate the sensitivity problems associated with remote com-
ponent placement. Furthermore, silicon technology facilitates
the multipixel integration of near-field sensors, which can re-
duce required scanning times or obviate the need for scanning
in general. Silicon integrated terahertz superresolution sensors
have been reported in [22], [29], and [86]. Here, one major

Fig. 19. Single-ended silicon-integrated subwavelength THz sensor; after
[86]. (a) 3-D illustration of the cross-bridged double split-ring-resonator em-
bedded into a 3-D multilayer silicon-dioxide stack on top of a silicon substrate.
A SEM view of the used technology cross-section is also shown. (b) Incoher-
ent operation mode based on measurement of the temporal power transmission
changes across the resonant curve. (c) Micrograph of the implemented imag-
ing device with cascaded source, resonator, and power detector components
indicated.

implementation challenge is building a highly confined sub-
wavelength near-field probe in a planar technology, which is
difficult in view of the thin, electrically small dielectric stack.
The idea applied in [22], [29], and [86] is to measure the reso-
nant shift of a split-ring-resonator (SRR) upon loading it with a
sample. Thereby, only the field of the electric-dipole-type field
of the split-gap is exposed to the chip top surface and the sen-
sors rely on capacitive near-field coupling with an object. To
minimize the effective size of the sensing surface, a 3-D SRR
topography is embedded in the multilayer BEOL, as shown in
Fig. 19(a). The achieved lateral resolution with this approach is
10–15 μm at 530 GHz [29], [86].

Another challenge arises from operation at THz frequencies,
which restricts potential circuit architectures for sensor illumi-
nation and detection to very low complexity. Thus, the sensors
pursue an entirely incoherent sensing concept where the SRR is
illuminated by a free-running on-chip oscillator and the trans-
mitted power through the SRR is detected with a broadband
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Fig. 20. 128-pixel near-field sensor system-on-a-chip; after [29]. (a) Chip
micrograph. (b) Imaging results and setup for a 1-D scan of a nickel-mesh.
(Image size = 1500 × 128 pixels, step size = 1μm, Tscan = 6 min 45 s,
frame rate = 6 fps). (c) Imaging results for a 1-D scan of a human fingerprint;
after [138]. (Image size = 842 × 128 pixels, Tscan = 30 s, frame rate= 15 fps).

SiGe HBT power detector, as shown in Fig. 19(b). Detection
of the frequency shift is translated to measuring the differential
temporal transmission changes from opaque to lucent at the de-
tector output for the operation frequency set by the illumination
source. Note that while more complex architectures, such as an
integrated heterodyne detector, may provide a better sensitivity,
they are avoided to facilitate multipixel integration and low dc
power consumption.

The massive multipixel integration of near-field sensors is still
limited in terms of sensor pitch due to the on-chip oscillators,
which require wavelength-size passive tuning elements intro-
ducing an elemental size difference between the SRR and the
oscillator, as shown in Fig. 19(c). Thus, a circuit architecture
based on power distribution networks was pursued in [29] to
achieve a high pixel density in a 1-D array. The THz wave gen-
erated by a single oscillator is fanned out to four SRRs, spaced

TABLE VI
NEAR-FIELD ARRAY PERFORMANCE SUMMARY

* For a digital real-time readout with 28 fps frame
rate.

at a 50-μm pitch. With further vertical mirroring, a 25-μm pixel
pitch and a 1-D fill factor of 48% corresponding to a density of
around 100 ppi was achieved. This concept was applied to build
a 550 GHz 128 pixel near-field sensing system-on-a-chip (SoC)
with cointegrated mixed-signal baseband signal processing in
0.13-μm SiGe BiCMOS technology [29]. Fig. 20(a) shows the
micrograph of the SoC. It implements a large-scale detector
read-out scheme with an integrated lock-in circuitry and subse-
quent 6-bit digitization, achieving a DR of 37 dB at a frame rate
of 28 fps. Table VI summarizes the most important performance
metrics of the SoC.

Two imaging experiments were conducted with the sensor ar-
ray. First, a nickel-mesh with a 50-μm bar width and a 250-μm
bar pitch was scanned with a 1-D translation of the SoC. The
corresponding THz near-field image, as shown in Fig. 20(b),
clearly depicts the subwavelength-sized features of the mesh. In
the second experiment, biometrical human fingerprint reading
was demonstrated with the SoC [138]. Here, a finger was moved
orthogonally across the sensor surface. The results of the finger-
print acquisition are shown in Fig. 20(c). The high integration
level and the ability of high-speed room-temperature operation
are a good starting point for further research on fully integrated,
large-count arrays of superresolution THz sensors. Future direc-
tions in this field may thus include research on implementation
of dense 2-D arrays, measurement bandwidth extension, or sen-
sor calibration.

IV. CONCLUSIONS AND OUTLOOK

In this paper, it was demonstrated that silicon-based THz ICs
show potential to leverage various THz imaging and sensing
applications. THz IC design has recently emerged into a vibrant
field of research, achieving breakthroughs in practical utility, po-
tential system cost, and integration level of THz components—
the frontiers that constitute the bottleneck for adoption and
commercialization of THz technology. In particular, this pa-
per demonstrates that the research in THz ICs has enabled
the cost-effective realization of THz applications, such as to-
mographic imaging, multicolor imaging, high-resolution radar
imaging, near-field imaging, and CS.

This paper identifies two major driving forces behind THz IC
advances. First, the power generation capability of THz ICs is
tightly coupled to the progress in silicon technology. Present
foundry-level SiGe HBT technology is just on the verge of en-
abling fundamental circuit operation in the lower part of the THz
band, and it continues to show a great development potential re-
garding device speed with predicted fmax beyond 1 THz [6].
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Therefore, SiGe BiCMOS technology may transpire as the pre-
dominant technology platform for low-cost THz components.
Second, advances in THz IC technology are driven by the in-
vention of novel circuit and system architectures that exploit
the massive scalability and design space of silicon technology.
THz IC designers are confronted with an interdisciplinary set
of challenges on the device, electromagnetic design, and pack-
aging levels that cannot be overcome by the transfer of classic
millimeter-wave design techniques to the THz band.

This paper furthermore highlights that a new generation of
THz on-chip systems (SoCs) promises to extend the functional
scope of THz imaging systems [29], [30]. For example, the
mixed-signal reconfigurability of THz SoCs may enable rapid
spatial illumination control [36], [53], [62] for compressed sens-
ing, communication, and light-field applications [28], or built-in
calibration of large-scale detector arrays [81], [29]. Therefore,
THz ICs should not only be seen as a compact, low-cost, and
inferior alternative to traditional THz equipment, but as an en-
abler for new imaging modalities, opening up new applications
and markets.
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