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ABSTRACT

The performance of CMOS transmitters and receivers operating at the submillimeter electromagnetic wave frequencies have sufficiently
improved for use in active transmission and reflection-mode imaging applications that have the potential for broad deployment and utilization.
Imaging integrated circuits have the potential to be large in area to support a high number of pixels along with digital backend processing
circuits. For high volume imaging applications that may eventually be included in automobiles, smartphones, laptops, tablets, and others, a
large manufacturing capacity to support the volume of large area ICs is necessary. For this, the use of CMOS technologies with a much larger
manufacturing capacity is favored. It should be possible to improve the performance of CMOS circuits to increase the range, and operation
margin and frequency. The electronically steerable submillimeter-wave reflector technology holds the promise for improving the performance
and energy efficiency of submillimeter-wave imaging systems by multiple orders of magnitude, and it is a critical research area. Increasing
the operating frequency from 430 to 850 GHz using CMOS integrated circuits to improve the angular resolution by 2X at a given form
factor (~0.15° for a reflector diameter of 15cm) can make the submillimeter-wave imaging competitive to the LIDAR angular-resolution
performance, while providing superior capabilities in visually impaired conditions and making the imaging devices more affordable.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143622

I. INTRODUCTION

Imaging'~ has been one of the most widely studied and fasci-
nating submillimeter electromagnetic or terahertz wave applica-
tions. Absorption, reflection, and transmission of the submillimeter
waves are highly material dependent, and these dependences
provide contrast in images. This modality can be used to image
through walls for locating wires and pipes; through materials to
detect defects such as air voids, cracks, knots, and others; and
through poor visibility weather conditions such as fog, rain, and
dust as well as through smoke and fire. These capabilities, however,
are not broadly utilized. A key barrier for this has been the avail-
ability of low-cost electronics with sufficient performance and
power efficiency that can be used to construct compact and afford-
able imaging systems. The advances of high frequency capabilities
of the mainstream Silicon IC technologies which are utilized to

manufacture the components in almost every affordable electronics
systems have made implementation of integrated circuits for
submillimeter-wave imaging using the technologies, more specifi-
cally, CMOS (Complementary Metal Oxide Semiconductor) and
SiGe HBT (Heterojunction Bipolar Transistor) technologies an
active area of research. Imaging integrated circuits have the poten-
tial to be large in area to support a large number of pixels along
with digital backend processing circuits. For high volume applica-
tions that may eventually be included in automobiles, smartphones,
laptops, tablets, and others, a large manufacturing capacity to
support the volume of large area ICs is necessary, and the use of
CMOS with a much larger manufacturing capacity and associated
lower cost than that of SiGe HBT technologies is favored. This has
also been the reason why the manufacturing of Wi-Fi, smartphone,
and 77-GHz radar ICs shifted to using CMOS technologies from

1pd'Z29erL0°'S L €060G1/68.L7691/229€110°6/£901 01/10p/spd-sjonie/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 150903 (2023); doi: 10.1063/5.0143622
Published under an exclusive license by AIP Publishing

133, 150903-1


https://doi.org/10.1063/5.0143622
https://doi.org/10.1063/5.0143622
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0143622
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0143622&domain=pdf&date_stamp=2023-04-21
http://orcid.org/0000-0003-3624-1204
http://orcid.org/0000-0002-6248-0674
http://orcid.org/0000-0002-6289-7832
mailto:k.k.o@utdallas.edu
https://doi.org/10.1063/5.0143622
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

SiGe HBT technologies. For these, this paper focuses on
submillimeter-wave imaging circuits that can be fabricated in CMOS.

This paper more specifically reviews the state of art for the
submillimeter-wave CMOS circuit performance as well as key
imaging demonstrations using CMOS integrated circuits.
Furthermore, this paper presents perspectives on how these capa-
bilities could be utilized to address submillimeter-wave imaging
applications that have the potential for broad deployment as well as
directions for future efforts. The state of art for the signal power
generation, and noise equivalent power (NEP) as well as noise
figure of imaging pixels that can be realized using CMOS integrated
circuits technologies are reviewed in Sec. II. These determine the
signal-to-noise ratio (SNR) of detected signals, which is a key per-
formance metric for active imaging systems. This is followed in
Sec. I1I by an overview of active transmission-mode imaging, and
discussions of system concepts with potential for wide utilization
that can be supported by the state-of-art performance. The same as
well as future research directions for active reflection-mode
imaging are discussed in Sec. IV. Lastly, the paper is concluded in
Sec. V.

Il. CMOS SUBMILLIMETER-WAVE CIRCUIT
PERFORMANCE

Active imaging systems require a source/transmitter to illumi-
nate targets and a detector/receiver to detect and analyze the
signals reflected by or transmitted through targets. Although
the end-to-end SNR varies dependent on system design such as the
size of the array and external optics, it is fundamentally bounded
by the output power of the signal source/transmitter that illumi-
nates targets, and the minimum detectible signal of the detector or
receiver that detects the signals scattered by the targets which, in
turn, are limited by NEP and noise figure. The first CMOS sources
operating at the submillimeter-wave frequencies more specifically at
320° and 410 GHz’ were simultaneously reported in 2008. The first
report of CMOS submillimeter-wave incoherent (amplitude detec-
tion) detector followed later in 2008 as part of a 600-GHz NMOS
transistor focal plane array (FPA).® Since then, the performance
and functional capabilities of submillimeter-wave or terahertz
CMOS circuits and systems including that for signal generation
and detection have rapidly advanced, and now it is possible to
support practical imaging applications using CMOS circuits. In this
section, the state-of-the-art performances for CMOS sources/trans-
mitters and detectors/receivers are reviewed in the context of active
imaging applications. The majority of these sources and detectors
operating at frequencies near 300 GHz and above utilizes on-chip
antennas, and the losses associated with the antennas are incorpo-
rated as part of the source and detector performance.

A. Output power of CMOS sources/transmitters

The upper limit of output frequency for sources implemented
using active devices is set by the maximum oscillation frequency
(finax)> the frequency at which the maximum available power gain
becomes unity. Scaling down the dimensions of transistors typically
increases their f,,,,. However, for the transistors in CMOS pro-
cesses because of the increase in device parasitic series resistance
resulting from scaling the transistors for low DC power
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consumption and density, as well as the slower scaling of transistor
and interconnect parasitic capacitances, f,,,, plateaued at around
~350 GHz when connected to the top metal level at which connec-
tions to passive components are typically made.” This occurred
somewhere between the 65-nm and 22-nm technology nodes and
makes fundamental signal generation and amplification in CMOS
at frequencies above 300 GHz challenging. Fortunately, the perfor-
mance of transmission-line based matching networks'’ and
on-chip antennas'' fabricated in CMOS improves with operating
frequency up to ~1 THz. This helps to mitigate the performance
degradation of circuits due to that for active devices with operating
frequency.

To overcome this limitation, higher-order harmonic genera-
tion based on self-multiplication using switching actions or device
nonlinearity is being utilized. The signal generation circuits can be
categorized into oscillator-based and multiplier-based ones. The
first one employs oscillators whose waveform is rich in harmonics
or anharmonic oscillators. The harmonic generation can be per-
formed using the inherent nonlinearity of devices in oscillators” or
mixing devices directly integrated into oscillators.”' ' The second
approach relies on the more traditional amplifier-multiplier chain
configuration, where a high-power signal at a fundamental fre-
quency drives a frequency multiplier using active or passive nonlin-
ear devices to generate outputs at higher-order harmonic
frequencies.

The anharmonic oscillator-based approach is advantageous in
overall power efficiency and circuit area because the fundamental
signal generation and harmonic extraction are tightly integrated
without external inputs. A DC-to-total RF power efficiency of
0.23% is achieved at 290 GHz'* using a 65-nm CMOS process, and
0.08% at 587 GHz using a 40-nm CMOS process.13 Also, the small
size of the oscillator-based generation circuits enables large-scale
2D integration. In fact, 36 anharmonic oscillators are coupled to
generate a total-radiated power of 0dBm at 587 GHz."” On the
other hand, the multiplier-based approach allows independent
optimization of the fundamental signal generation and frequency
multiplication, making it easier to achieve a wider output frequency
range and higher-order multiplication. A 1.3-THz signal with an
output power of —23dBm has been generated by cascading a
650-GHz frequency quintupler and a 1.3-THz frequency doubler
using MOS varactors in 65-nm CMOS.'® The measurement
setup-limited operation frequency range is 11% of its output center
frequency, whereas that of anharmonic oscillators is limited to
5.3% at about half the output frequency of 694 GHz."”

Figure 1 depicts the output power of sources/transmitters fab-
ricated using CMOS devices. The present state-of-art output power
of CMOS signal generators using anharmonic oscillators with a fre-
quency multiplication circuit is ~—1 dBm at 300 GHz,'* ~—8 dBm
at 482 GHz,'" and —18 dBm at 694 GHz."” A transistor frequency
multiplier is used to generate 0 dBm at 288 GHz,'” and MOS varac-
tor frequency multipliers are used to generate —3.2dBm at
447 GHz,” —8dBm at 480 GHz,”' and —23dBm at 1.33THz.'
The state of art for output power of CMOS sources in 2008 was
~—20dBm at 190 GHz,”* ~—46 dBm at 320 GHz," and ~—49 dBm
at 410 GHz.” The power generation at the submillimeter-wave fre-
quencies using CMOS has indeed spectacularly advanced over the
past 15 years. The linear fit of the highest power levels for unit
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FIG. 1. Output power of signal sources in CMOS technologies using power
amplifiers, mixers, resistive (transistor and diodes) and varactor frequency multi-
pliers, oscillators, and oscillator arrays. The output power decreases ~35dB
when the operating frequency is increased by a factor of 10. The references for
the points in the figure can be found at https:/www.wchoi.net/thz.

signal generators in Fig. 1 decreases ~35dB per decade with fre-
quency. The fundamental signal amplification using CMOS tech-
nologies is limited to ~300 GHz,”>** while the harmonic-based
transmitters deliver superior output power at frequencies near and
beyond 300 GHz. Frequency multipliers operate at higher frequen-
cies and exhibit higher unit output power compared to that of
anharmonic oscillators. The anharmonic oscillators and frequency
multipliers can be arrayed to generate higher output power using
spatial power combining. The efforts for arraying anharmonic
oscillators are further along and as seen in Fig. 1 have led to the
generation of higher total output power. Multiple high-power
sources using the MOS transistor nonlinearity for frequency multi-
plication"™"”*"” rely on signal swings well above the limits recom-
mended by the CMOS foundries. This is a concern and studies are
needed to better understand the lifetime implications.

B. Noise performance of CMOS receivers

As mentioned, the performance of active imaging systems can
be evaluated by the signal-to-noise ratio (SNR) of signal at a detec-
tor output. The key factor besides the source output power that
determines the SNR is the minimum detectible signal of the detec-
tor or receiver that detects the signals scattered by targets. This
section presents the state-of-art performance of CMOS detectors/
receivers. Detectors/receivers for active imaging can be categorized
into that use incoherent and that use coherent detectors.

Incoherent detectors use electronic devices to capture time
varying amplitude of incoming signals. The detection process typi-
cally involves second-order nonlinearity to self-mix the incoming
signal. Incoherent detectors can be as simple as one antenna
coupled to a nonlinear device that can easily be integrated to form
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large-scale arrays. NMOS transistors,””® p-n diodes,”’ and

Schottky barrier diodes (SBDs)*** in CMOS have been used for
detection of submillimeter-wave signals. Detection with a voltage
responsivity (Ry [V/W]) of greater than 1V/W up to ~4THz
using an NMOS cold-FET detector’’ and detection with Ry of
25V/W at 9.74 THz using a Schottky barrier diode in CMOS’"*
have been demonstrated. Like CMOS pixels for visible light
imagers, antenna-coupled incoherent detectors can be arranged to
construct two-dimensional arrays, since they require one RF input
connected to an antenna and one baseband output. Incoherent
detector arrays with the necessary circuitry for amplification and
pixel selection for imaging are demonstrated using cold-FET,”>**
Schottky barrier diodes (SBDs),” and diode-connected FETs*® in
CMOS. However, the sensitivity of incoherent detectors is limited
since the output level is proportional to the square of the input
signal level that is small.

Coherent detectors, on the other hand, mix an input signal at
RF with a local oscillator (LO) signal to perform frequency down-
conversion or frequency translation to a lower frequency while
retaining the phase information of input signal. The output signal
amplitude of coherent detectors is linearly proportional to that of
the input signal. Because the local oscillator signal is much larger
than the input signal, coherent detection provides multiple orders
of magnitude improved sensitivity compared to that of incoherent
detectors. The minimum detectible signal (MDS) for mixer-based
coherent detectors is MDS = kT x B x F x SNR,,,;,,, where kT is the
thermal noise floor, B is the noise bandwidth, F is the noise factor,
and SNR,,;, is the minimum required SNR at the output. The
equivalent for incoherent detectors is MDS = NEP x \/ B X SNR,,.ip.»
where NEP is the noise equivalent power. Therefore, if the same
signal bandwidth is assumed, NEPs of incoherent detectors and NF
of coherent detectors can be compared using these MDS expres-
sions. An NEP can also be converted to an effective noise figure
[Iolog(NEP/(kT\/BW)]). Figure 2 shows the double side band
(DSB) noise figure [10log(F)] of coherent receivers and the effective
DSB noise figure of incoherent detectors as well as the effective
NEP of coherent detectors and NEP of incoherent detectors fabri-
cated in CMOS. A noise bandwidth of 1kHz is assumed for the
effective noise figure and effective NEP conversions.

The effective noise figures of incoherent receivers vary from
70 to 100 dB which as expected are significantly higher than that of
coherent receivers, especially at frequencies below 1 THz. Coherent
detection up to 1.2 THz has been demonstrated in CMOS.” The
lowest measured DSB noise figures for CMOS receivers are 11 dB at
260 GHz’” and 14 dB at 420 GHz.”® Noise figures increase with a
slope of ~15dB per decade as the output frequency is increased.
This is significantly slower than the degradation for the output
power of transmitters. At frequencies above 420 GHz, noise figures
of CMOS circuits increase with a slope of ~70 dB/decade due to
the use of higher order subharmonic mixing.”****’ The amplitude
of LO (local oscillator) signal generated by frequency multiplication
within coherent detectors/mixers is not sufficiently high to properly
switch devices due to the increased loss of high-order frequency
multiplication and operating frequency. This limitation can be miti-
gated using a separate frequency multiplier that is more efficient
and can generate higher power, and by lowering the order of sub-
harmonic mixing.
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FIG. 2. Double sideband (DSB) noise figure of coherent receivers (LNA/RX:
Low Noise Amplifier/Receiver, Mixer/RX: Mixer first receiver) and equivalent
noise figure of incoherent detectors, as well as equivalent noise equivalent
power (NEP) of coherent receivers and NEP of incoherent detectors when the
noise bandwidth is 1 kHz. The noise performance of coherent receivers is signif-
icantly better than that of incoherent receivers up to ~1 THz. The references for
the data included in the figure can be found at https:/www.wchoi.net/thz.

Clearly, coherent detectors can achieve orders of magnitude
better MDS for the same required SNR,,;,. Incoherent detector cir-
cuits can be made to act as a coherent detector by optically provid-
ing an LO signal. This can improve the equivalent sensitivity by
more than 10dB."" However, optically providing an LO signal
greatly increases the system complexity. To overcome this, the LO
circuits should be integrated into detector arrays. An LO distribu-
tion network is integrated to drive an eight-element array at
320 GHz, achieving 10-dB improved sensitivity compared to inco-
herent detectors.”” An LO generation circuit is directly integrated
with mixing devices to achieve a smaller footprint while supporting
two-dimensional scalability.**** Figure 2 also highlights the perfor-
mance of 2D scalable coherent pixels. The 1 x 3 imaging pixel array
fabricated in 65-nm CMOS™ reported a DSB noise figure of 39 dB
at 430 GHz and effective noise equivalent power of 1 fW/v/Hz. The
noise figure is 30-dB better than the effective noise figure of inco-
herent detectors operating at the same frequency range.

The first reported submillimeter-wave incoherent detector in
CMOS operating at 600 GHz achieved the minimum NEP of
~400 pW/\/E.8 Since then, as can be inferred from Fig. 2, the
noise performance of CMOS submillimeter-wave imaging pixels
using incoherent detectors like the output power capabilities has
dramatically improved. The lowest NEP approaching ~10 pW/v/Hz
has been demonstrated using an 820-GHz NMOS pixel.”* The
effective NEP is reduced by multiple orders of magnitudes beyond
that for incoherent detectors employing pixels with coherent detec-
tors that utilize a mixer.">"” Coherent detectors can achieve an
effective NEP below 1 fW/+/Hz."”

These improvements of source/transmitter output power and
detector/receiver NEP/noise figure greatly increased flexibility to
construct capable transmission-mode and reflection-mode imaging
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systems that can support a wide variety of applications. More
importantly, the emergence of 77-GHz automotive radar applica-
tions**"” including imaging”’ using CMOS integrated circuits and
commercial interests for 140-GHz radar imaging systems’' provide
the basis for extrapolation toward broad deployment of
submillimeter-wave radar imaging devices that can support an
angular-resolution capability of less than 0.3° (Ref. 45) which over-
laps with that of LIDARs while satisfying the form factor require-
ments of automotive applications. Such imaging systems compared
to LIDARs also hold promise for superior performance in visually
impaired conditions, such as fog, dust, smoke, fire and others,
lower power consumption, and ~10X lower cost.

lll. ACTIVE TRANSMISSION-MODE IMAGING

The active transmission-mode imaging, in which a
submillimeter-wave source and a detector are placed on the two
sides of an object [Fig. 3(a)], can be employed to image over a
short distance for parcel security screening, packing verification,
monitoring drying processes, defects in ceramics and wood prod-
ucts, and many others. A 280-GHz transmission-mode imaging
system using an 1D array of 256 plasmonic detectors fabricated on
GaAs substrates with an NEP of 1nW/v/Hz and a 140-GHz
IMPATT source coupled to a frequency doubler with an output
power at 280 GHz of ~40mW is commercially available.””
Typically, optical lenses/reflectors are used for beam collimation
and focus so that most of the transmitted power can be directed to
the object and detectors. The corresponding relaxed source power
requirement makes silicon-based implementations practical.
Thanks to the large aperture size of the optics, the lateral resolution
of such transmission-mode imaging can be ~2 mm.

The first transmission-mode image formed using a detector
array incorporating an on-chip folded dipole antenna fabricated in
CMOS was reported in 2008. The detector array used to form
images at 650 GHz employed a MOS transistor as the rectifying
element.”>”" The sub-100-pW/v/Hz NEP provided by square-law
detectors fabricated in CMOS is significantly better than the 1-nW/
VHz NEP of the plasmonic detectors used in the commercially
available terahertz image sensors.”* The CMOS source operating at
frequencies near 280 GHz with the highest power generates around
9dBm.”” Though this power is lower than the 16-dBm of the
IMPATT 280-GHz source,”” a full CMOS implementation should
support a higher SNR due to more than 10X lower NEP of CMOS
detectors. Furthermore, CMOS implementation allows integration

of amplifier banks and pixel control circuits along with a pixel <

33-35 . .
array”>”"™° to make the imager operation more robust as well as

making the detector arrays more affordable and easier to use.
Figure 4 shows such an array composed of 8 x 8 820-GHz diode-
connected NMOS transistor detectors that can be individually
addressed.”® The detectors incorporate an on-chip patch antenna
with a simulated efficiency of 74%. The outputs are amplified by an
on-chip low noise amplifier with input referred noise of 2 nV/v/Hz.
The array exhibits the mean NEP of 36pW/y/Hz. The 2
x 1.75 mm? array can be easily scaled up to 10 x 10 mm? to include
more than 40 x40 elements. The arrays can also be designed so
that they can be tiled to create a much larger detector array. As a
matter of fact, a 32x32 1-THz focal plane array fabricated in
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FIG. 3. (a) Transmission-mode imaging laboratory setup for an 8 x 8 array of 820-GHz diode-connected NMOS transistor detectors using an on-chip patch antenna with
an on-chip bank of low noise amplifiers. From Kim et al., [EEE Trans. Terahertz Sci. Technol. 6(2), 306-317 (2016). Copyright 2016 Author(s), licensed under a Creative
Commons Attribution (CC BY) license. (b) Lensless active transmission-mode imaging systems. From Han et al., IEEE J. Solid-State Circuits 48(10), 2296-2308 (2013).

Copyright 2013 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

CMOS has already been reported.” Additionally, the demonstra-
tion of a CMOS source with an output power of ~—3 dBm at
700 GHz'” along with the availability of 820-GHz CMOS detectors
with a mean NEP of 36 pW/v/Hz also indicates that a full CMOS
active transmission-mode imaging system is possible at 700 GHz
and higher.

Lastly, the lensless operation'" illustrated in Fig. 3(b) is also
possible to simplify short-range imaging systems and to make them
more compact and affordable.
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IV. ACTIVE REFLECTION-MODE IMAGING

The more challenging and also one of the most compelling
imaging modes for the submillimeter-wave community has been
active reflection-mode imaging. The applications span imaging of
targets at ~1cm or less for handheld uses to potentially targets
many km’s away for uses in airplanes and other fast-traveling
systems. For example, imaging of cracks and voids in materials,
imaging through a wall of wires and pipes, imaging through a
package would require systems that can support a range of
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FIG. 4. 8 x 8 array of 820-GHz diode-connected NMOS transistor detectors incorporating an on-chip patch antenna with an on-chip bank of low noise amplifiers. The
detectors can be individually accessed. From Kim et al., IEEE Trans. Terahertz Sci. Technol. 6(2), 306-317 (2016). Copyright 2016, Author(s), licensed under a Creative

Commons Attribution (CC BY) license.
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~1-30 cm. The maximum range of systems for the detection of
hidden objects carried by people should be ~10 m, while that of
systems for imaging through smoke and fire by emergency
responders should be ~30-50 m. For use as a high angular resolu-
tion forward-looking radar imaging system in an automobile that
can work in visually impaired situations, the range should be
~200m, while use in an airplane would require the range to be
many km’s. Because of a wide bandwidth that can be used, this
mode of imaging can also support a fine depth resolution.”*’

Despite the potential for a wide range of applications, the pro-
gress toward development and demonstration of affordable systems
that have the potential for broad deployment has been slow. A
675-GHz imaging radar using a dual-folded reflector
(I-m-diameter) with an angular resolution of 0.03° was demon-
strated using a single transceiver fabricated in a III-V technology in
combination with a mechanically rotating sub-reflector for increas-
ing the field of view.”’ It was also demonstrated that the frame rate
of such imaging systems can be increased by using an 1 x 8 focal
plane array (FPA) of transceivers fabricated once again in III-V
technologies with horn antennas®’ spaced by 12mm. These
systems are costly and consume high DC power, which limit their
broad deployment. However, the recent demonstrations of 270 and
430-GHz CMOS concurrent transceiver pixels*”**>** that occupy
an area of ~(1/2)*> and can be used to form large arrays are
opening a path to overcome these limitations. This section dis-
cusses reflection-mode imaging using concurrent transceiver pixels
for ranges between ~1 and ~200 m as well as for short ranges (~10
to ~200 mm without using an external lens or reflector). This
section also presents the state of art for high depth resolution
imaging using CMOS circuits.

A. Radar imaging using concurrent transceiver pixels

A concurrent pixel integrates a transmitter, a receiver, modu-
lation circuits, and an on-chip antenna.”**>**%* Figure 5(a) shows
a circuit schematic of a 430-GHz concurrent transceiver radar
pixels and a die photograph. A Colpitts oscillator operates at
~143.3 GHz and its third harmonic signal at 430 GHz is radiated
through a differential patch antenna. The third harmonic signal is
also used as a local oscillator signal to down convert the signal
picked up by the antenna using an anti-parallel diode-connected
NMOS transistor (DCNMOST) pair mixer to an intermediate fre-
quency near 360 MHz. The pixel area is 374 x 380 um® or ~A/
2 x A/2. The pixel array shown in Fig. 5(b) is fabricated in 65-nm
CMOS, and FSK modulated. The peak EIRP (Effective Isotropic
Radiated Power) of array at 431.6 GHz is —4 dBm. The minimum
DSB NF of a pixel is 38.5dB at 431 GHz. Each pixel consumes
around 29 mW of DC power. Using an 1 x 3 array of 430-GHz con-
current transceiver radar pixels and an external 6-cm diameter
Cassegrain reflector in combination [Fig. 5(b)], images of a
6 x 6-cm” target 3-m away are formed through fog with an angular
resolution of ~0.7° (Refs. 45 and 64) (Fig. 6). The sub-reflector
diameter is 2.4 cm and the focal length of the main reflector is
3cm. With a 15-cm diameter reflector, it should be possible to
achieve an angular resolution less than 0.3°. Both images with and
without fog in Fig. 6 clearly show the target (printed circuit board).
The dynamic range of images in both cases is essentially the same
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and over 30 dB when the measurement resolution bandwidth is
100 Hz. These SNRs indicate that the module can be used to image
objects at larger stand-off distances.

Table I shows the link analysis for the 430-GHz concurrent
transceiver’” with a 15-cm diameter Cassegrain reflector at a range
of 100m. It includes 10-dB atmospheric loss.”” The expected
angular resolution is ~0.3° and scan step is 0.1°. For a Field of
View (FoV) of 120°x 50°, the system generates radar images with
~600 000 pixels. To support a frame rate of 32/s, each pixel can
have an integration time (1/32/600000) of 52ns. In order to
increase the integration time to 1us or to reduce the noise band-
width to ~1 MHz, 20 pixels can be activated simultaneously. This
increases the power consumption of the focal plane array from ~30
to ~600 mW. Even with this, the SNR using the existing 430-GHz
pixel is —16.5dB, which is unacceptably low. The output power
and noise figure of pixels must be improved.

The lowest double sideband noise figure reported for a CMOS
down converter operating at 420 GHz™® is ~14dB. The highest
output power from an anharmonic oscillator with an output
around 400 GHz is ~—5 dBm.”® Of course, these circuits occupy a
larger area than A/2 x A/2. However, if such performance can be
incorporated into A/2 xA/2 pixels, then the SNR can be greatly
improved and may even allow increasing the range to 200 m. Such
performance if realized, then will provide an alternative to LIDARs
with an overlapping angular-resolution capability for automotive
forward-looking imaging and ranging applications, which is lower
cost and power consumption, and more importantly, can operate
in visually impaired situations. Table I also suggests that if the
receiver noise figure is reduced to 20 dB and the transmitter power
is increased to —13 dBm, the SNR for imaging a target 100-m away
can be increased to ~8.5 dB (in parentheses). Lastly, the 20 simulta-
neously activated transmit and receive pixels can be chosen to form
subarrays such as 4 x 5 to further improve the SNR.*’

The current commercial CMOS millimeter-wave radars and
imaging systems employ phased arrays'**’ and MIMO (Multiple
Input Multiple Output) imaging.””"” To provide the two-way
(transmission and reception) 106-dB passive gain of reflector in
Table T using a phased array formed with the same concurrent
pixels, the number of pixels, N in the array must be more than
3400 (N°=10'"°) instead of a single transmitter and a single
receiver collocated in pixels. The power consumption of such an
array is prohibitive and clearly illustrates the benefit of using reflec-
tors with a high passive gain. To fully populate an area with a
15-cm diameter to support the 0.3° angular resolution,
~ 110400400 x 400 um pixels are needed. Such a phased array
will provide a two-way gain of 10log((110 400)*) ~150dB. The
transmitted power and sensitivity of the pixels in the array can be
relaxed utilizing the extra 44 dB (150-106) gain. Despite this, the
power consumption and complexity of implementing such a large
array make this approach not practical for applications in which
cost and form factor are limited.

The wuse of multiple input multiple output (MIMO)
imaging”®"” can reduce the combined number of transmitters and
receivers to 2 x (110 400)°* ~660. However, because this number is
substantially lower than 3400 needed for the two-way 106-dB gain,
the SNR for a given integration time at the MIMO imaging system
output will be (3400/330)> = 1093x lower than that of the system
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FIG. 5. (a) Circuit schematic and photograph of concurrent transceiver pixel integrating a transmitter, receiver, on-chip patch antenna, and injection locking circuit for stabi-
lization of operating frequency.** (b) An 1 x 3 pixel array integrated with a 6-cm diameter Cassegrain reflector to form a reflection mode imager.*** The sub-reflector diam-

eter is 2.4 cm and the focal length of the main reflector is 3 cm.

using a 15-cm diameter Cassegrain reflector. Since MIMO imaging
systems acquire return signals from the entire field of view in one
shot, the integration time can potentially be increased by 1000X to
1 ms from 1us without affecting the frame rate of ~32/s to match
the SNR of the system using a 15-cm diameter reflector. As men-
tioned, to provide a FoV of 120° x 50°, the system needs ~600 000
pixels. This means the MIMO system needs to have the total com-
bined number of transmitters and receivers of ~6 x 2 x (110 400)°*

~ 4000, though only 660 of them are activated at a given moment.
Once again, the power consumption of such systems including that
for the ~330 transmitters and ~330 receivers, and the backend
computational resources to process the MIMO signals from ~330
receivers that pickup the signals from the 330 transmitters will be
prohibitive for cost and size limited applications. Because of these,
for the 100-200-m applications that need to be compact and
affordable, the use of external optics for passive gain is compelling.
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FIG. 6. Images formed of a 6 x 6 cm? PCB 3-m away with and without fog
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using the 430-GHz imaging module shown in Fig. 5. There is no significant difference

between the images. Both images clearly show the PCB and the dynamic ranges in both cases are over 30 dB (resolution bandwidth = 100 Hz).

A problem with using optics such as a lens or a reflector is a
limited field of view. A focal plane array that can cover a field of
view of ~10° can be used with a reflector without significantly
degrading the reflector performance. This, however, is still too

small compared to the FoV target of 120° x 50°. Mechanical scan-
ning is a straightforward approach to overcome this limitation.
However, it increases system volume, cost, and power consumption
as well as reliability challenges. A way to bypass these is using
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TABLE I. Link margin analysis for reflection mode imaging at 100-m range using a 430-GHz concurrent transceiver pixel*® and an external reflector with a diameter of 15 cm.

(): Improvement opportunities based on the published data.

Imaging at 100 m (1 TX and 1 RX with 15-cm diameter reflector)

Frequency 400 GHz R™* @ 100 m -80 dB/m*
Piransmitted —18 (—13) dBm Atmos. loss 10dB
Antenna gain (G?) 3.5+3.5dB P,eceived —90.5 (—85.5) dBm
Reflector diameter 15cm kT —174 dBm/Hz
Aperture efficiency —-3dB, -3dB Noise figure 40 (20) dB
Reflector gain 56 + 56 dB B (bandwidth) 60 dB-Hz
Radar cross section (o) 0dB-m? Noise floor —74 (—94) dBm
22/(4m)* @400 GHz —95.5 dB-m?> SNR —16.5 (8.5) dB
Field of view 120° x 50° Number of pixels 600 000
Scan step 0.1° Frame rate 32/s
tintegration @ 20 pixels on 1.04 us Angular resolution 0.3°

electronically steerable reflect arrays’”’' to form external optics.

Besides increasing the output power and improving the sensitivity
of pixels, realizing affordable and power efficient steerable reflect
arrays is a key technical challenge to enable broad utilization of
submillimeter-wave imaging.

B. Short-range external opticless reflection-mode
imaging with concurrent pixels

A submillimeter-wave/terahertz imaging system that captured
the imagination of the public is the implementation which can be
placed in the back of a smartphone that allows imaging through pack-
ages and envelops for identification of contents, and imaging of wires,
wooden beams and pipes behind walls, markers that cannot be seen
by eyes for authentication, sub-surface cracks, and others. Such
systems cannot employ external optics/reflectors because of the thick-
ness requirement of smartphones or other portable devices. The most
troubling concern for making such capabilities widely available is

'\

)

@)

protecting privacy. These are essentially the same technology as that is
used to detect hidden objects in the security lines at airports. For
inclusion in portable devices that are widely used, the capability must
be limited to ensure privacy. More specifically, the range should be
limited to less than ~20 cm.

Figure 7(a) shows a conceptual illustration of such reflection
mode imaging systems which was first discussed in the presentation
of a 2012 paper’’ that reported an incoherent 280-GHz Schottky
diode detector focal plane array fabricated in CMOS. The imaging
elements can be manually scanned over targets to create images.
Recently, a reflection mode imager using a 60-GHz 8 x 8 cm? radar
module including 20 transmitters, 20 receivers, and 20 TX and 20
RX antennas distributed over a length of ~16 cm along the two
edges of the module”” has become commercially available. This
module is integrated into a device that can be attached onto the
backside of a smartphone. The device footprint is approximately
the same as that of a smartphone while its height is ~1.5X of that
of a smartphone, which is bulky. Its angular resolution limit is 6.7°.

®)

FIG. 7. (a) Conceptual diagram for reflection mode imager on the back of a smartphone. (b) Operation principle of reflection-mode 275-GHz imager without using external

optics.”
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FIG. 8. (a) Target with washer, blade, and pills. (b) Side views of imaging setup with and without a cardboard cover, (c) 275-GHz image of the target in (a) without and
(d) with a cardboard cover. From Byreddy et al., [EEE Sensor Lett. 7(2), 3500204 (2023). Copyright 2023 Author(s), licensed under a Creative Commons Attribution (CC

BY) license.

Additionally, a 60-GHz radar module (Soli’*) for gesture recogni-
tion has also been incorporated in smartphones. Its footprint is
~10 x 10 mm*.”*

For systems operating at 300 GHz, an aperture with a diameter
of 10 mm or ~10\ which can be easily incorporated into a smart-
phone should be able to support an angular resolution of ~7°. To
demonstrate such 300-GHz imaging systems fabricated in CMOS,
the noise floor of detector/receiver had to be improved using a
coherent detector by multiple orders of magnitude over that of the
Schottky diode detectors,”” and transmitters with a sufficient
output power level had to be realized. Furthermore, the area of
coherent receivers had to be reduced to A/2xA/2 or
~500 x 500 um* for operation near 300 GHz,">’>"* so that a group
of the receivers/pixels can be used to form a focal plane array

(FPA). The improvement of transmitter output power''' and

realization of coherent receivers/pixels with improved sensitivities
that occupy an area of nearly A/2 x 1/2*7*>92%>7>7* gver the past
10 years have led to the demonstration of 275-GHz reflection mode
imaging without using an external optics. This demonstration also
suggests the feasibility of incorporating such capabilities on the
backside of a smartphone. Figure 7(b) shows a printed circuit
board and configuration of pixels used for the reflection-mode
imaging demonstration without using external optics.””

The demonstration utilized two integrated circuits incorporating
a 275-GHz concurrent transceiver pixel utilizing an on-chip patch
antenna and injection locking circuit to stabilize the oscillation fre-
quency of the pixel. The first IC operates as a receiver while the other
functions as a transmitter. The concurrent pixel delivers an effective
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TABLE II. Link margin analyses for reflection mode imaging without external optics of targets 200-mm away. (): Improvement opportunities based on the published data.

Short-range imaging at a range of 200 mm (20 TX pixels and 1 RX pixel)

Frequency 300 GHz
Ptransmitted —21 (_13) +13 dBm
Antenna gain (G 15+2dB

Rad. cross section (o) 5 dB-mm?>
22/(4n)* @300 GHz —33 dB-mm’®

kT —174 dBm/Hz

Noise figure 51 (20) dB
B (bandwidth) 35dB-Hz
Noise floor —88 (—119) dBm
R™ @ 200 mm -92 dB/mm*
Preceived —111 (_103) dBm
SNR —23 (16) dB

isotropic radiated power of —18.9 dBm,”” exhibits a double sideband
(DSB) noise figure of ~51dB, and occupies an area of
0.45 x 0.49 mm” which is less than A/2 x /2 at 300 GHz. This printed
circuit board is utilized to demonstrate reflection-mode imaging of
objects ~10-mm away without employing external optics.

A target shown in Fig. 8(a) includes a washer, a blade, and a
pill with and without a wrapper. Figure 8(b) shows the setup
including the target with and without an ~1-mm thick cardboard
cover. The target is located 10-mm away from the PCB and is
scanned over an area of 40 x 40 mm* with a step of 0.5 mm. The
integration time was ~1 ms. Figures 8(c) and 8(d) show the reflec-
tion mode images without and with the cardboard cover, respec-
tively. The dynamic range of the images is ~30 dB. Covering the
target with the cardboard lowers the received power by ~4 dB. The
hole in the blade has a diameter of 4 mm and is clearly seen in the
images, indicating that the resolution limit is less than this.”” As a
matter of fact, an imaging experiment with a resolution target indi-
cates that the resolution limit is ~2 mm.

Figure 7(a) more specifically shows a conceptual illustration of
a 300-GHz imager incorporated on the backside of a smartphone

20mm

using a transmitter and a receiver array occupying an area of
~50 x 10 mm?, respectively. These arrays can be used to manually
scan and form SAR (Synthetic Aperture Radar)’” images that have
much better resolution than that limited by the transmitter and
receiver array area. In an area of 50 x 10 mm?, ~ 2000 A/2 x A/2
pixels can be placed. To support a frame rate of 32/s, the integra-
tion time for each pixel must be less than 15.6 us (1/32/2000). If 20
pixels are activated simultaneously, then the integration time can
be increased to ~300 us and the noise bandwidth can be reduced to
~3 kHz.

Table II shows the link analysis at a range of 200 mm for cor-
poral subarrays of 20 transmitters and 20 receivers on a A/2 grid
over an area of ~2 x 2.5mm? (4 X 5 pixels). These subarrays can be
formed using the pixels in the 50x 10 mm?® transmitter and
receiver arrays. The radar cross section is assumed to be 3 mm?,
which is small for a target 200-mm away. Utilizing 20 transmitters
increases the power incident to a receiver by 26 dB. The outputs of
20 receivers are not combined with that of other receivers in order
to support the frame rate target while increasing the integration
time. The SNR is —23 dB, which is too low. Once again, the pixel

1CH
g .10 _:g:
|
P
40
» N 2 8

Range (cm)

FIG. 9. Die photograph of 220-320 GHz FMWC radar IC fabricated in 65-nm CMOS and the measurement setup including two corner reflectors with a depth difference of
2.0mm. The two objects are well resolved after stitching the output data of five radar channels. From Yi et al., IEEE J. Solid-State Circuits 56(2), 327-339 (2021).
Copyright 2021 Author(s), licensed under a Creative Commons Attribution (CC BY) license.

1pd'Z29erL0°'S L €060G1/68.L7691/229€110°6/£901 01/10p/spd-sjonie/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 150903 (2023); doi: 10.1063/5.0143622
Published under an exclusive license by AIP Publishing

133, 150903-11


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

TABLE |Il. Capabilities that can be supported by the present-day CMOS imaging circuits
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as well as those requiring further research efforts (Trans.: transmission mode, Refl.:

Frequency Aperture Resolution (angular) Resolution Depth
Imaging mode (GHz) Range diameter (deg) (distance) resolution
Capabilities that can be supported by the existing CMOS imaging circuits
Trans. exter. optics 280 200 mm 200 mm 2.5mm
Trans. lensless 280 20 mm 0.5 mm 60 2 mm
Trans. lensless 430 20 mm 0.4 mm 60 ~1.4 mm
Refl. exter. reflector 430 30m 150 mm 0.3 0.15m 150 mm
Refl. lensless 274 10 mm 0.5 mm 60 ~2mm
Refl. lensless 430 10 mm 0.4 mm 60 ~1.4 mm
Refl. 3D 220-320 200 mm 25.4 mm 1.5 mm
Capabilities that require further CMOS imaging circuits and other research
Refl. exter. reflector 400 200 m 150 mm 0.3 1.0m 15 mm
Refl. exter. reflector 850 100 m 150 mm 0.15 0.25m 15 mm
Refl. lensless 300 200 mm 10 mm ~2 mm 15 mm
Refl. lensless 400 200 mm 8§ mm ~1.4 mm 15 mm

performance must be improved. Table II also suggests that if the
receiver noise figure is reduced to 20 dB and the transmitter power
is increased to —13 dBm, the SNR for imaging a target 200-mm
away without the aid of external optics can be increased to 16 dB
(in parentheses) and the imaging in this situation can be made
feasible.

The lowest double sideband noise figure reported for a CMOS
down converter operating near 300 GHz'"’° is ~11-14dB. The
highest output power from a single chain 300-GHz CMOS trans-
mitter is ~—6 dBm.”” Of course, these circuits once again occupy a
larger area than A/2 x A/2. If such performance can be incorporated
into A/2 x A/2 pixels, then an SNR greater than 30 dB can be pro-
vided at a range to target of 200 mm. Given these, the —13-dBm
transmitted power and 20-dB noise figure targets for a A/2 x A/2
pixel in Table II certainly do not appear to be unrealistic. These
suggest that there should be paths to realize a lensless system using
300-GHz CMOS pixels that can support a range of 200 mm.

Lastly, isolation of the signal from a transmitter that directly
couples to the receiver pixels without reflection from targets is
another challenge for imaging at ranges of 100-200 mm. The
reflected signals from targets picked up by the receiver pixels must
be greater than the sum of required SNR (dB) and the directly
coupled signal (dBm). Optimization of the separation between
transmitter and receiver pixels, inclusion of a conductive wall, and
cancellation of direct coupling can be utilized to reduce their
impact. Realizing pixels with the adequate performance at a range
of 200 mm and systems with sufficient suppression of direct cou-
pling are the present challenges for making inclusion of reflection-
mode submillimeter-wave imaging in a smartphone possible.

C. Broadband imaging with a fine depth resolution

Another exciting opportunity within the submillimeter-wave
frequency range is 3D imaging with a high depth resolution taking
advantage of the availability of wide frequency bands. In the

FMCW (Frequency Modulated Continuous Wave) radar mode, the
ranging resolution is inversely proportional to the spectral scanning
bandwidth. This in combination with an inverse synthetic aperture
radar (ISAR) technique™® would make rapid and mm-depth resolu-
tion 3D imaging possible. Prior single-transceiver works have
achieved a bandwidth up to ~60 GHz.®*” However, there is a
tradeoff in these circuits between the bandwidth and output power
(TX) and between the bandwidth and sensitivity (RX). The broad-
band radar transceivers, therefore, all exhibit large performance
degradation at the two edges of the band. A multi-transceiver archi-
tecture that leverages the high integration capability of CMOS tech-
nologies allows for a seamless band coverage from 220 to
320 GHz™® using five 20-GHz bandwidth transceivers and substrate
integrated waveguide (SIW) antennas tuned at five different center
frequencies. Figure 9 shows a die photograph of the IC* fabricated
in 65-nm CMOS and the measurement setup including two corner
reflectors with a depth difference of 2.0 mm that were used to dem-
onstrate the ~1.5-mm depth resolution. A 2-cm diameter Teflon
lens was mounted on a radar IC to increase the range. The depth
resolution is defined as the minimum distance between two resolv-
able objects placed in the longitudinal direction. In many high-
lateral resolution imaging scenarios where the beam is well focused,
it can be assumed that an echo is created by a single object/surface.
Under this assumption, much higher depth resolution can be
achieved by examining the phase of the echo. Exploiting this, a
depth resolution of 54um is demonstrated using a 250-GHz
FMCW radar.”

V. CONCLUSIONS

The performance of CMOS sources/transmitters and detec-
tors/receivers operating at the submillimeter electromagnetic wave
frequencies have sufficiently improved for use in active transmis-
sion and reflection-mode imaging applications that have the poten-
tial for broad deployment and utilization. Table III summarizes the
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capabilities that can be supported by the present-day CMOS
imaging circuits as well as those requiring further research efforts.
The CMOS circuit and system performances are suitable for use in
commercially available systems that have a wide range of transmis-
sion-mode imaging applications. For centimeters reflection-mode
imaging, applications with a range of a few cms without using
external optics and with a range of less than ~30 m using external
optics can be supported using the state-of-the-art CMOS circuits.
Improving the performance of CMOS circuits to increase the range
to 200 mm and to higher than 200 m for applications without and
with external optics, respectively, is the current research challenge.

The electronically steerable reflector technology is a key that
can drastically improve the performance and power efficiency of
medium to short-range submillimeter-wave imaging systems. There
are propagation windows at 650 and 850 GHz. Increasing the oper-
ating frequency from 430 to 850 GHz to improve the angular reso-
lution by 2X at a given form factor (~0.15° for a reflector diameter
of 15cm) will increase the two-way reflector gain by 12 dB (~f*),
while decreasing the transmitter output power by ~10dB (—10 dB/
octave) and increasing the receiver noise figure by ~5dB (15dB/
decade). The net degradation to the SNR is 3 dB, which can be tol-
erated. However, at 850 GHz and a range of 200 m, the atmospheric
loss in 20-mm/h rain is 40 dB instead of 20 dB at 400 GHz.” In
addition, the reflector loss is expected to increase due to the
increase in loss of the phase-tuning elements used in steerable
reflectors with frequency. An angular resolution of 0.15° will make
the submillimeter-wave imaging competitive to the LIDAR perfor-
mance. Improvements to the circuit techniques and devices are
needed. The use of the BiCMOS technologies that provide SiGe
HBTs with a f;,,, of 600-700 GHz'® will enable earlier demonstra-
tion of such systems.
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