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Abstract—This paper presents a terahertz source
system-on-a-chip (SoC) specifically designed for computational
imaging with a single pixel camera (SPC). The SoC consists of
an 8x8 array of independent, frequency unlocked THz sources
that together radiate maximum 10.3 dBm power at 0.42 THz.
Each source pixel is composed of a fundamental Colpitts
oscillator, followed by a common-collector doubler, and an
on-chip circular slot antenna. The THz power radiated from the
array can be modulated in space by turning the pixels on or off
individually with 100% modulation depth. The SoC integrates a
dedicated memory space where 64 of such spatial patterns can
be stored and triggered externally at up to 10 MHz modulation
rate. The spatial modulation can be additionally multiplexed
with separate programmable chopping rates for individual
pixels. The combined modulation diversity provides a highly
reconfigurable THz light projection for SPCs. Furthermore,
each pixel also incorporates a built-in power-test (BIST) for an
in-situ radiation power monitoring and calibration. All of the
aforementioned functions are programmable with an integrated
ASIC through a standard SPI interface. This integration level
readily allows low-cost aperture scaling by combining multiple
chips at the board level. The SoC was applied in a compact, 8x8
pixel, silicon-only THz SPC which captures transmission mode
images at 25 frames per second with 40 dB voltage dynamic
range. With an appropriate receiver and baseband processing,
the imaging speed of such SPCs can be extended to thousands
of frames per second.

Index Terms—spatial light modulator, SLM, single pixel
camera, terahertz source, source-array, system-on-a-chip, SoC,
computational terahertz imaging, reciprocal imaging, modulation
diversity, reconfigurable, high power, terahertz radiator,
incoherent source.

I. INTRODUCTION

ERAHERTZ (THz) radiation is a promising candidate

for industrial radiography and many other non-destructive
imaging applications due to its several unique and interesting
properties [1]-[4]. Silicon integration has always been
appealing for THz imaging systems for it offers benefits
including the economies of scale, monolithic system integration,
portability, and low power consumption for full SoC
integration [5]. Detailed reviews of the current state-of-the-art
in silicon integrated THz imaging and sensing systems can
be found in [6], [7]. In [6] a typical radiation power of
0 dBm (1 mW) has been reported for a SiGe HBT THz
illumination source array at around 0.5 THz. Single detector
sensitivities have been reported in the range of -150 dBm/Hz
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and -80 dBm/Hz"> for Si-integrated heterodyne and direct
detectors respectively. Silicon components can therefore now
offer a maximum 150 dB of dynamic range (DR) for THz
imaging. However, such performance can only be achieved
when all the source power is focused at a single point which
is mechanically moved across the object cross-section; and
a heterodyne detector captures each pixel with one second
integration period in succession. The imaging consequently
slows down to an impractical rate of minutes per frame. To
improve the imaging speed, the detection can be parallelized
using multiple sensors, and many THz focal-plane arrays (FPAs)
have been reported in the literature [8]-[10]. Such integration
however is achieved at the cost of sensitivity. Only direct power
detectors can be densely integrated on a chip, as more sensitive
heterodyne detectors require complex EM structures, larger
footprints, and larger dc power [6]. The FPA integration further
includes a signal readout chain which adds more noise. The
full aperture illumination also gets diluted over multiple FPA
pixels resulting in further DR degradation in these imaging
setups. Multiple source elements, both mutually locked [11],
[12] and unlocked [13] in phase, have also been implemented
in silicon technology to increase the radiated THz power. While
the phase-locked or coherent sources can be leveraged to
extract 3-D ranging information [14], they also add interference
speckles to the images [15], [16]. THz phased arrays such
as those presented in [17], [18] can additionally facilitate
electronic beam-steering for a faster object scanning. However,
the implementation of such sources has remained challenging
due to the current silicon technology limitations, and little
research has been carried out on their limited scalability and
directivity (see Table I). All such imaging systems are therefore
constrained to incremental improvements that are bound to the
slow technology progress.

A single-pixel camera (SPC) is a non-conventional imaging
system that approaches the source and detector relationship in a
converse manner. In SPC, the incident incoherent illumination
itself is divided into multiple pixels, and the image is acquired
with a single detector unit. Several sequential measurements
are taken at the receiver by modulating the illumination
pixel amplitudes into spatial patterns, and the image is
reconstructed computationally from the measured data. This is
usually accompanied by a sparse computation technique called
compressive sensing (CS) for reducing the number of sequential
measurements and thus speeding up the imaging process [19].
SPC is appealing for any frequency range where sensitive
detector FPAs are inaccessible, or where a much more sensitive
single detector pixel is instead available. THz radiation also falls
into this category, as the sensitivity of a single heterodyne THz
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receiver is orders of magnitude higher than a direct detector,
and a single pixel direct detector is still more sensitive than an
FPA [6]. Therefore, a THz SPC can relax the implementation
issues associated with the high power sources and the low-noise
FPAs. Many THz SPC systems have been reported in the recent
years. In [20], PCB masks with 32x32 pixels were used with an
external fiber-coupled pulsed THz source. Hundreds of masks
were replaced manually to create spatial patterns for a THz
SPC demonstration at 100 GHz. A THz spatial light modulator
(SLM), constructed as an 8x8 pixel active metamaterial array
with n-doped GaAs switches, was used along with a Mercury
arc lamp THz source in [21]. Here, with a 12 MHz modulation
speed and 10% modulation depth of the SLM, an imaging rate
of 1 frame-per-second (fps) was demonstrated. More recently,
GaAs pHEMT metamaterial switches with 36% modulation
depth and 10 MHz modulation speed [22], and micro-machined
metasurfaces for broadband 0.1-1.5 THz power switching with
70% modulation depth and 20 kHz modulation speed [23]
have also been demonstrated. In another approach, an optical
light pattern is projected onto a semiconductor wafer placed in
the THz beam path to create plasmonic spatial switching. A
0.35 THz SPC system consisting of an off-the-shelf waveguide
based THz source, halogen visible light source, commercial
digital light projector (DLP) with 1024x768 pixels, and a
Germanium wafer as plasmonic THz switch was demonstrated
in [24]. Here, a modulation depth of 45% and a modulation
speed of 333 Hz (3 ms pattern period) were reported. In [25], a
more general SPC system, originally called a reciprocal imaging
system, was proposed. Here, the authors envisioned encoding
the illumination pixels with different chopping frequencies
for identification and decoding at a single receiver for a
fast image acquisition. To the best of our knowledge, such
SPCs have not been demonstrated experimentally in the past.
Together these techniques are the types of computational THz
imaging (CTI) systems that rely on computation intensive or
mathematical techniques to form THz images. All the existing
THz SPC systems use a single THz radiation source with
external spatial modulators. This is beneficial in terms of
the radiation bandwidth as THz generation and modulation
are decoupled. However, the limited modulation depth and
modulation speed of these external modulators adversely impact
the image DR and the frame-rate, respectively. The complex
nature of such SPC systems also contributes to their high cost,
large power dissipation, and poor scalability towards higher
pixel count or larger apertures, thus prohibiting any practical
deployments.

This paper presents a novel THz source system-on-a-chip
(SoC) for CTI that combines a high power incoherent THz light
generation with fast amplitude and frequency encoded spatial
modulation, and in-situ power calibration. The SoC consists
of 8x8 array of free-running, unlocked oscillator based source
pixels with individual on-chip antennas. Together, they radiate
a maximum power of 10.8 mW (10.3 dBm) at 0.42 THz. The
SoC can project arbitrary spatial illumination patterns with
100% modulation depth and a modulation speed up to 10 MHz.
The integrated ASIC allows on-chip caching of 64 illumination
patterns for faster pattern reconfiguration. Different source
pixels can also be simultaneously encoded with non-identical
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Fig. 1. (a) Conceptual diagram of a transmission mode THz SPC with a binary
SLM source and a direct power detector. Here m sequential measurements are
done with the switching period Tp between different spatial patterns. (b) FDM
concept. Different pixels can be chopped at different frequencies (color-coded)
for their simultaneous acquisition in the detected signal spectrum.

chopping frequencies multiplexed over the spatial pattern.
Each pixel further incorporates a built-in self-test (BIST) for
radiation power monitoring which can be used to calibrate
any pixel power non-uniformity or mutual pixel coupling. All
of the above mentioned features are programmable through
an integrated standard SPI interface, thus allowing a scalable
system architecture where multiple SoCs can potentially be
assembled on a single board for higher pixel count or to
implement larger aperture CTI systems. Note that the SoC
was initially introduced in [26]. In this work, the on-chip
dc power routing has been further modified for an improved
performance. Detailed analysis of the the SoC design aspects
and characterization are also presented. Finally, a compact
silicon-only 8x8 pixel THz SPC with video-rate imaging at
25 fps (limited by the detector readout) is demonstrated.

The outline of this paper is as follows. Section II reviews
the CTI techniques to understand the design requirements for
an integrated THz source. The SoC architecture thereafter
is detailed in Section III. The circuit design is presented in
Section IV, and a brief discussion on the chip packaging is
presented in Section V. The experimental results from system
characterization and imaging demonstration are presented in
Section VI, and the conclusions are derived in Section VII.

II. COMPUTATIONAL TERAHERTZ IMAGING WITH SINGLE
Pi1XEL CAMERA

This work proposes to combine the generation and spatial
modulation of the THz radiation in a single source module.
The conceptual diagram of a THz SPC system incorporating
such a source is shown in Fig. 1(a). Here, a transmission mode
setup is assumed with a generic nxn pixel source-array SoC
and a single-pixel direct power detector. The radiated output
power from each individual pixel of the source SoC can be
binary modulated with 100% modulation depth. Any arbitrary



arrangement of pixels switched either on or off individually
forms a spatial illumination pattern. This is transmitted through
the object, and integrated over the angular aperture of the
detector. Assuming incoherent integration of pattern power
within the linear operation region of the detector, its output
voltage Y can be expressed as

2

Y =RyPo- Y drou (1)
k=1

where k is the linear equivalent vector index for the 2D pixel
matrix of size nxn. It is assumed that all pixels radiate the
same power P, and the switching status of k" pixel is denoted
by ¢ € {0,1}. The fraction of radiation power transmitted
through an object cross-section in path of the k" pixel is
denoted by «y. Therefore, the detector receives a THz radiation
power P,¢ra; from the pixel which is converted into a signal
proportional to the detector responsivity R,. The net output

signal Y is the superposition of signals detected from all pixels.

However, a single measurement as denoted in Eq. 1 cannot
distinguish between the individual pixels. The SPC applies
illumination restructuring for image formation. In particular,
different spatial patterns are projected in succession (e.g. with
a pattern switching period Tp) and a measurement vector is
gathered. For m number of projected patterns in a total time
(m — 1)Tp, the process can be denoted as,

Y b1 P12 P1n2 X1
Y2 ¢12 ¢22 ¢2n2 X2
. = . . . . (2)
Ym ¢m1 ¢m2 ¢mn2 an
or,
Y, x1 :(I’mxn2 'Xn2><1 (3)

where each row vector in the pattern matrix ® indicates a spatial
pattern. The vector X is the required image signal indicating
the fraction of power transmitted by the object cross-section.
Compared to Eq. 1, the signal notation is simplified as X =
P,R,a. As the pattern matrix ¢ and the measurement vector
Y are known, the image vector X can be calculated after the
measurement as

Ym>< 1° -l

mxn?

= Xn2x1 “4)

which can be rearranged into an nxn matrix to render a 2D
image.

For a deterministic image, X must be a unique solution.
This requires a square pattern matrix ® with a full rank and
non-zero determinant. Therefore, for a minimum deterministic
pattern sequence, the number of patterns m should be equal
to the total number of pixels nxn. For example, ® can
be an identity matrix denoting a time division approach
where the object is pixel-wise scanned. Some other matrices
also exist where more than one pixel can be switched on
in each pattern. Note that signal Y is proportional to the
number of pixels switched on in a pattern. Therefore, the
SNR at the detector increases with increasing number of 1’s
in ®. The required measurement time is proportional to the
number of pixels and the pattern switching period. Furthermore,

most SLMs, including ours, provide a binary modulation.
Many computation techniques show higher sensitivity for the
phase-intensity modulation i.e. ¢ € {—1,0,1}, which can be
approximated by subtracting two binary spatial patterns [21].
CS techniques are further used to approximate the solution to
Eq. 4 for a non-square ®, i.e. for fewer patterns as compared
to the number of pixels, thus increasing the frame-rates [19].
Ideally, a single pattern can also yield a binary decision for
object identification, essentially acting as an optical neural
network [27]. In all these case, the fast pattern switching is
crucial for high-speed imaging. A higher radiation power from
each source pixel still benefits the image DR. In practice,
each of the pixels produces a slightly different power level
which is further deteriorated by the aberrations of the optical
system. A calibration image is therefore required to correct for
such non-uniformity [24]. However, this does not differentiate
between the source pixel non-uniformity and optical aberrations.
The pixels can further show some level of undesired mutual
power coupling. Therefore, BIST for each individual pixel
power therefore becomes crucial to calibrate the resulting
artifacts.

For continuous-wave (CW) radiation, the signal power is
integrated over time at the detector. A longer integration period
reduces the readout noise bandwidth and thus improves the
detector sensitivity, which is contradictory to a shorter pattern
switching period required for faster imaging. Such trade-off can
be mitigated with a chopped readout. Here, radiation from the
source pixels is chopped at frequencies above the flicker noise
corner of the detector, and a digital signal processor (DSP)
samples the image signal to extract its spectrum and filter
out the noise. The chopping frequency-division multiplexing
(FDM) scheme is hereby proposed which can improve the
imaging speed further. This is shown in Fig. 1(b). If different
pixels can be chopped simultaneously at different rates, their
image response can be acquired from the readout spectrum
at the same time. In Fig. 1(b), four mutually exclusive
patterns are multiplexed over four non-overlapping chopping
frequencies which are sampled in the same spectrum. In the case
of square-wave chopping, such non-overlapping frequencies
can be, for example, placed between the first and the third
harmonics of the lowest chopping frequency. This is specially
useful large pixel count SPCs, as the number of measurements
can be directly reduced in proportion to the number of
frequency tones applied for the chopping FDM. However, if
a large number of tones are employed simultaneously, a fine
frequency resolution is required. This, in turn, necessitates
a large number of samples, thus degrading the temporal
resolution. Next, fewer ‘on’ pixels in a chopping tone encoded
spatial pattern translates to a lower integrated signal power at
the detector with inferior SNR. The FDM planning ultimately
depends on the noise level and bandwidth of the detector, as
well as the sampling and readout rates of the DSP. Depending
on the available components, FDM can be adapted to optimize
the SNR and frame-rates in the SPC.

The proposed SPC approach has an inherent advantage as
compared to the traditional imaging approach (i.e. single source
element combined with a detector FPA such as [8]). A source
array which combines spatial modulation permits increasing



the number of pixels for the SPC imaging aperture without
degrading the SNR. In the traditional approach, the power
incident on the FPA is fixed and thus divided evenly among
the FPA pixels. Therefore, if the FPA pixel count is increased

by a factor of 10, the imaging SNR drops by a factor of 10 dB.

This is not the case for the SPC approach as the power per
pixel ideally remains constant when the number of pixels is
increased at the source array.

All the techniques from above work equally well with a
heterodyne receiver. Since the source pixels are frequency
unlocked, their radiation frequencies are at mutual offsets
with incoherent phases. A heterodyne detector recognizes
the net impinging power as an frequency envelope with an
IF bandwidth centered around the mean source frequency.
Integration over a sufficient IF bandwidth accommodating the
complete envelope baseband-equivalent spectrum results in an
output signal Y as given by Eq. 1. With FDM, the LO frequency
at the detector can be modulated at different rates for the
lock-in acquisition of different chopping components. Since a
single heterodyne receiver pixel is sufficient, a III-V technology
integrated receiver can be preferred over silicon-integrated
receiver for even better sensitivity [28]. Detailed investigation
into these different CTI modalities is however beyond the scope
of this manuscript. This paper focuses on the design of a THz
source SoC enabling all such diverse imaging techniques in a
silicon integrated circuit for the first time.

III. SOC ARCHITECTURE

The primary considerations influencing the source SoC
design are already outlined in the previous section. Such
source should provide a high radiation power with fast pattern
reconfiguration rate, pixel-wise BIST power monitoring, and
chopping FDM functionality. Additionally, a 2D imaging
system benefits from a large number of pixels for dense spatial
sampling. Integrating hundreds of source pixels in a large
SoC quickly becomes prohibitive due to the cost, variability,
and thermal bottlenecks. The dc power consumed by multiple
source pixels quickly leads to a thermal throttling of the RF
power. Due to a larger bias current, the IR voltage drop along
the shared bias lines also becomes prohibitive to a uniform
biasing along the array. Additionally, the chip fabrication cost
increases rapidly due to an increase in the chip area. A larger
chip also requires a larger silicon lens which further adds to
the cost. Therefore, integrating large number of source pixels
on a single chip follows the law of diminishing returns in terms

of the cost economics and the net radiated THz power output.

Considering these limitations, we have restricted our source
array integration to 8x8 pixels. For scaling the source further
towards large aperture, high pixel count systems, we expect
that assembling multiple SoCs on a single printed circuit board
would be a more feasible approach. In this anticipation, the
SoC is also equipped with a standard, sharable programming
interface and common dc bias lines.

The SoC block diagram is shown in Fig. 2. The RF
front-end of each individual source pixel is composed of a
free-running fundamental oscillator followed by a frequency
doubler, feeding an on-chip antenna. This RF architecture
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allows a robust and high power THz signal generation [29].
The antennas are designed to radiate from the chip backside
into a hyper-hemispherical silicon lens, which serves many
purposes. First, it allows high directivity, non-overlapping
source beams, and second, it suppresses the propagation of
RF substrate modes to minimize the RF cross-coupling and
frequency pulling between different pixels [30]. Also, the
antenna area is reduced by about an order of magnitude, since
the lens allows backside radiation through a higher permittivity
medium (silicon, €g; = 11.7) instead of air. The mitigation of



substrate modes allows a high efficiency, well-defined, and
non-overlapping Gaussian radiation pattern for each pixel.
Therefore, the lens permits a dense integration of the 64
source pixels [31]. Note that the saving in chip area more than
compensates for any additional cost of the lens. For example, a
CMOS integrated 32x32 0.9 THz FPA with front-side radiating
patch antennas in [9] consumes 100 mm? chip area, while a
similar pixel count FPA with ring antennas radiating from the
backside into the silicon lens in [8] consumes 10 mm? of chip
area.

Four dc biases, two for the oscillator (Vgo, Vco) and two
for the doubler (Vpx, Vcx) are required for each pixel. These
biases, supplied globally, are shared among the pixels with low
resistance (0.3€)/mm) dc lines. Note that the chip sinks up to
1.6 A current from V. In the absence of a low resistance
routing, different spatial patterns may sink different currents,
resulting into different IR drops which may generate a large
mutual dc coupling between the pixels. This was also the case
with the chip presented in [26] where a bus routing scheme
was used for the supply lines. In this paper, a modified chip
is presented with an improved mesh type dc routing which

distributes the current more evenly for a minimal voltage drop.

Each pixel also integrates an NMOS square-law detector near
the antenna feed for an in-situ BIST monitoring of the radiated
power. The detector bias for all pixels is shared with a global
pin Vgr. All BIST outputs are multiplexed to a common
readout composed of a programmable gain amplifier (PGA),
with an output switchable to either an external monitor signal
Aour, or an integrated 6-bit flash ADC readout. The decoder
logic is used to select the pixel for BIST monitoring. The
common mode bias for the PGA (Vcum) as well as the ADC
range voltages (Vr+, VRr.) are supplied externally.

A separate ‘enable’ flag (EN) available at each pixel is used
for power switching. This flag, as well as the the PGA, and
the BIST output selection, are all controlled by an integrated
digital ASIC backend. The programming model for this ASIC
is further elaborated in Fig. 3. Note that sending the 64-bit
EN flag data from an external computer to the SoC can suffer
from a large programming latency. To facilitate a faster pattern
switching, the ASIC comprises a pattern cache memory with
64 different 64-bit pattern registers (PRO-PR63) that can be
pre-loaded and projected sequentially. This size of pattern
cache is selected to allow a minimum deterministic pattern
sequence as discussed in Section II. Also, the pattern registers
are arranged in a circular FIFO so that they can be iterated over
cyclically once a pattern sequence is pre-loaded. An external
trigger signal (Trig) is used to load a pattern from the cache to
the selected pattern (SP) register. External triggering is useful
for synchronization between the detector signal measurement
and the source pattern reconfiguration for systems that may
need this functionality.

For chopping FDM, the SP register output is bitwise-ANDed
to the outputs of a 64-element modulo frequency-divider (MFD)
array to produce 64 EN flags for all the pixels. The MFD is
a digital fractional frequency-divider which works on modulo
arithmetic. Its frequency-division ratio K is controlled by two
8-bit programmable registers M and N as K = 2(2% — M)/N
with 2 < K < 512. For an even division ratio, the MFD

365pum
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Fig. 4. Die micrograph for the source SoC with a zoom-in view of the oscillator
pixel. The chip was implemented in the commercial SG13G2 BiCMOS process
available from IHP microelectronics.

output has 50% duty cycle, while for an odd division ratio
the duty cycle is close to 50%. All MFDs share a common
global chopper clock (CCIk) at their inputs, and based on their
individually programmed division ratios, they can produce
different chopping frequencies for individual pixels. The MFD
array can also be globally disabled via a flag ED.

The chip micrograph is shown in Fig. 4. It was implemented
in a commercial SG13G2 SiGe BiCMOS process available
from IHP microelectronics with 350GHz/450GHz fr/fyax SiGe
HBT transistors, 130nm CMOS backend with 1.2 V logic, and
7-layer BEOL stack including five thin (M1-MS5), two thick
(TM1-TM2) metal layers, and MIM capacitors. The chip area
is 12.6mm? out of which 9mm? and 2.1mm? are occupied by
the pixel array and ASIC, respectively. The chip thickness is
150 um. The circuit designs of the source pixel and the BIST
are discussed further in the next section.

IV. CIRCUIT DESIGN

The circuit schematic of the source pixel is shown in Fig. 5(a).
It is similar to the THz source presented in [29] with a modified
layout to fit a compact, square pixel area. The pixel consists
of a fundamental differential Colpitts oscillator with an output
isolating cascode stage feeding a balanced common-collector
doubler. The differential design ensures a minimal fundamental
leakage at the doubler output. Also, the doubler is designed to
provide a reactive feedback of the second harmonic generated
at the transistor’s emitter to its base-emitter junction, which
allows to boost the second harmonic current. In addition,
the doubler provides a high isolation between the antenna
and the oscillator core preventing any mutual RF coupling
between the pixels. The optimum impedances for the doubler
devices were determined from load- and source-pull simulations.
Based on this, an interstage matching network comprising
TLs, TLc, TLy 2, Cc, and T'L3 was designed. An output
matching network comprises a circular slot antenna whose
capacitive input impedance is transformed through T'Ly, T'Lg
to present the optimum 2nd harmonic termination to the doubler
emitter port. The radiating slot aperture of the antenna with
152 um diameter is created in the common ground plane, with
a TM1 circular center patch of 106 um diameter supporting a
linear polarization [29]. To increase the angular coverage of
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the source module, the physical design of the source pixels
is aimed at minimizing the area consumption of the source
elements. All inductors and RF chokes are implemented using
microstrip transmission lines. The capacitors are designed in the

MIM stack, and a resistive biasing scheme is used throughout.

The total area of a single source element is 365%250 um?
where 60% of this area is occupied by the antenna. Simulated
maximum generated signal power of -1.66 dBm at 439 GHz are
observed for Vgo of 1 V and Vg of 4.4 V at 27°C ambient
temperature. The power and frequency drops to -7.5 dBm
and 432 GHz respectively when the ambient temperature is
increased to 70°C in simulations. This thermal throttling of
radiation power becomes significant when multiple pixels are
turned on simultaneously in the array as explained later.

For the pixel switching, the base bias of the oscillator is
controlled by an analog switch composed of transistors Mp
and My. Here, the diode-connected transistor () helps in
absorbing any instantaneous switching current at the base to
maintain a low ripple Vg bias shared across the array. This
minimizes the ac switching related cross-talk between the
pixels. The logic level applied at the ‘EN’ flag pulls the base
voltages of 1, Q2 to either () or ground to turn on or turn off
the oscillator respectively. The chopping frequency is limited
by the time constant of the bias network. In simulations, the
oscillation voltage signal at the base reaches 99% of its final
amplitude in 6 ns after setting the ‘EN’ flag.

The 1um /0.13um NMOS transistor Mo in a common-gate
configuration [8] is used as a power detector for BIST. The
detector requires a gate-source bias in the range of 0.25-0.3 V
for the optimum responsivity. Here, the 1.3 fF coupling
capacitor Cg is composed of a 32 um?> MOM stack formed
between the antenna feed line on TM1 and MS5. A -15.1 dB
power coupling is simulated between the antenna and the
power detector at around 400 GHz. The source terminal of
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Fig. 6. (a) Packaged source module with a 15-mm Si-lens of elliptic extension
and a passive Cu heat sink. A 1-euro coin is shown for scale. (b) Block
diagram for the control scheme used to operate the module from a PC.

My is biased with voltage Veum in the common-mode range
of the readout PGA. The shared readout scheme is shown in
Fig. 5(b). The PGA features a common-mode voltage range
of 0.3-0.9 V with a simulated voltage gain of 3-29 dB (GBW
~ 1.25 MHz), that is programmable via the resistor bank Rp
controlled from a 6-bit gain register GR. Different BIST pixels
can be selected with the transmission gate switches SEL for
input to the PGA. The output of the PGA can be switched
either to the pin Agyr which can be monitored externally, or it
can be sampled with an integrated 6-bit flash ADC (measured
ENOB ~ 5.85, maximum sampling rate ~ 7.3 MHz) with an
externally adjustable voltage range (300 mV-1.2 V). The ADC
output is read out with the SPI. The entire digital logic was
synthesized using a standard digital design flow.

V. CHIP PACKAGING AND MODULE INTEGRATION

The packaged source module is shown in Fig. 6. The SoC
is centered at the pixel array and assembled to the backside of
a 15-mm diameter hyper-hemispherical Si-lens with a thermal
epoxy. The Si-lens has an elliptic extension which results in
the calculated field-of-view (FoV) of 68° for the 64 source
beams, with a central beam directivity of 36.4 dBi (half power
beamwidth, HPBW ~ 2.72°), and a mutual beam separation
angle of 7.5°. These calculations follow a similar geometrical
model as suggested in [32]. Since the pixels can generate large
amount of heat when they are turned on simultaneously, a
passive circular copper heatsink of 27 cm? area is also attached
to help with the heat dissipation. The block diagram for control
board is shown in Fig. 6(b). It consists of an FTDI FT232R
based USB-to-serial UART interface to control the SoC from
an external PC. The UART transmitter and receiver blocks, as
well as the SPI master controller are implemented on a Xilinx
spartan-6 FPGA. A clock divider block is also provided at the
FPGA for generating the ‘CCIk’ signal from the 100 MHz
XTAL FPGA clock. The control board is also equipped with the
solder jumpers J1 and J2 which can be configured to supply
the ‘Trig’ and ‘CCIk’ signals, respectively, from either the
FPGA or an external generator. The PCB boards are attached
together with board-to-board connectors. Note that the SoC



doesn’t require any external RF component, and a low cost
FR-4 board is used for the packaging. The overall dimensions
of the packaged module are 5.8x5.8x5 cm?’.

VI. EXPERIMENTAL RESULTS

Different measurement setups were employed for
comprehensive characterization of both the individual source
pixel and the array. The measurements setups are shown
in Fig. 7. The radiation power was characterized with a
waveguide horn antenna coupled PM4 Erikson calorimeter
available from Virgina Diodes (Fig. 7(a)) as well as a
photo-acoustic absolute THz power meter available from TK
instruments (Fig. 7(b)). The former shows a sensitivity of
-30 dBm. Here the waveguide horn antenna is also capable of
rejecting any fundamental harmonic leakage from the source
pixels due to the waveguide cut-off frequency. However, the
PM4 power meter is also prone to the background infrared
radiation and must be calibrated periodically. The TK power
meter has a slightly worse sensitivity of -23 dBm for all RF
frequencies up to 3 THz, but it provides a superior power
collection aperture with 3x5 cm? area. Here, the impact of any
background infrared radiation is also removed by chopping the

source power at 35 Hz and reading it with a lock-in method.

The power measurements were performed in the near-field
with approx. 1 cm distance between the source and the meter
heads. This was done to avoid the dynamic range degradation
of the source power associated with the free-space path loss in
the far-field (Fraunhofer distance for 1.5 cm Si-lens aperture
at 0.42 THz is 63 cm). Radiation frequency was characterized
using a x18 harmonic mixer available from Radiometer
Physics as shown in Fig. 7(c). For far-field measurements, the
setup shown in Fig. 7(d) was used. Here, a SiGe HBT direct
power detector with 700 V/W responsivity and 8pW/Hz?
noise-equivalent power (NEP) at around 0.43 THz was used
for relative power measurements [33].

A. Single pixel characterization

For single pixel characterization, only one of the center pixels
from the array was turned on and measured. The radiation
power and frequency characterization results are presented in
Fig. 8. For some bias points, the PM4 and TK measurements
do not coincide. At Vg of 4.2 V, the PM4 shows about
38% larger power than TK. The reason for such deviations is
suspected to be some standing waves or reflections that might
form in the near-field between the metallic horn antenna at
PM4 and the Si-lens at the source, despite using THz wave
absorbers. Nevertheless, the peak powers observed from both
the measurement setups are identical. At Vg of 4.4 V, the peak
power is measured as 476.2 uW for the PM4 and 472uW for
the TK. This also indicates that there is negligible fundamental
leakage from the source pixel, which is expected from the
balanced doubler circuit. The peak DC-to-RF efficiency for
a single pixel was measured as 0.05% for a 0.9 W power
consumption at the source. This includes a 0.8 W static power
consumption at the biasing resistors. In the RF frequency
characterization, peak radiation frequency of 418-421 GHz was
observed for the pixel. The BIST power detector responsivity
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Fig. 7. Different free-space characterization setups used in this work. (a)
Power measurements in the near-field with an Erickson calorimeter (PM4);
(b) Power measurements in the near-field with a photo-acoustic absolute THz
power meter (TK); (c) Frequency measurements with a x18 harmonic mixer
(HM500); (d) Antenna pattern characterization in far-field with a SiGe power
detector.
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was also characterized at the measured peak power. The results
are shown in Fig. 9. A peak BIST responsivity of 115 V/W
relative to the radiated power was observed for gate-source
bias of 0.25 V at the power detector.

The radiation pattern of the pixel was characterized with the
far-field setup shown in Fig. 7(d). Here the source pixel was
chopped at 1 MHz and the detector response signal was readout
from a spectrum analyzer. As shown in Fig. 10, the radiation
pattern forms a Gaussian radiation beam with a measured
directivity of 34.75 dBi and -14 dB sidelobes. Same setup was
used to characterize the maximum chopping frequency of the
pixel. A high bandwidth transimpedance amplifier was used
at the detector readout, and the pixel was chopped using a
function generator. The characterization was limited by the
30 MHz bandwidth of the function generator, which translates
into a maximum pixel chopping rate of 15 MHz for a minimum
frequency division ratio of 2. The relative power levels for
different chopping frequencies thus measured are presented in
Fig. 11. The source power shows a 3 dB relative roll-off at a
chopping frequency of 10 MHz. The gradual roll-off however
is also impacted by the function generator bandwidth limits at
higher frequencies. Since larger chopping frequencies could
not be verified, a 10 MHz chopping related to the 3 dB power
roll-off is considered as the conservative maximum limit for
the source SoC.

B. Pixel array characterization

For pixel array characterization, first the PVT related output
power variation from different source pixels was measured.
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Fig. 8. Measured radiation power and frequency for a single source pixel.

The corresponding measurement setups are shown in Fig. 7.
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Fig. 9. Responsivity versus bias for the BIST power detector measured with
a PGA voltage gain of 3 dB (GR = 1).
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The BIST power monitoring functionality was used for this
purpose. Fig. 12 shows the BIST signal detected from each
of the 64 pixels turned on separately. This indicates that the
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Fig. 12. BIST response measured individually for each of the 64 pixels with
PGA voltage gain of 7.2 dB (GR = 2).

pixel power variation is within 3 dB across the array. Note that
this also includes the PVT variations that may arise among
different detectors. However, the detector responsivity variation,
even in large pixel count CMOS integrated FPAs, has been
found to be much smaller (e.g. within 1 dB in [34] for 1k-pixel
65nm CMOS detector array when the lens off-axis related
roll-off is disregarded. A 3 dB power variation is also within
the empirically expected range for such on-chip THz oscillators.
More importantly, this result suggests that the shared dc bias is
distributed evenly across all the pixels since the power variation
is uncorrelated with the pixel position.

Fig. 13 shows the power measured from the array when the
pixels are turned on cumulatively. Due to a large FoV of the
source, such measurement can only be performed with the TK
power meter in Fig. 7(b) as it provides a large power collection
aperture. The trend shown in Fig. 13 indicates that radiation
power initially scales linearly with the number of ‘on’ pixels.
A linear fit over initial ten pixels yields an average power of
472uW (-3.54 dBm) per pixel which matches to the single
pixel power measurements in Fig. 8. However, the measured
power drops by 1 dB as compared to the expected linear
behavior after 24 pixels are turned on, and a saturation trend
is observed thereafter. Identical saturation is also observed in a
proxy power indicator composed of the BIST response signal
sum over the whole array. This ensures that the saturation
is not an artifact from the power meter itself. The saturation
arises due to the thermal throttling of radiation power, which
can be verified with the thermal imaging of the source module
as shown in Fig. 14. Even when 32 pixels are turned on, and
the source module is chopped globally at 1 MHz with 50%
duty cycle, consuming 2.8 W of average dc power, the lens
temperature reaches 55°C. When all the pixels are turned on
with 1 MHz global chopping and 4.5 W average dc power, the
lens temperature exceeds 67°C. As explained in Section IV,
the circuit simulations predict that the peak power from a
pixel drops by more than 8 dB at such ambient temperatures.
The actual un-chopped dc power and DC-to-RF conversion
efficiency for cumulative pixel switching is shown in Fig. 15.
The SoC consumes a maximum 6.85 W of dc power when
all the pixels are turned on. Here, a peak radiation power of
10.8 mW (10.3 dBm) and the corresponding efficiency of 0.17%
are observed. The peak efficiency of 0.24% is reached near
the 1 dB compression point (24 pixels), with corresponding
dc and RF power of 3.4 W and 8 mW respectively.

Please note that the power saturation should not be
considered as an argument against the pixel integration. The
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Fig. 14. Thermal images of the source module with 1 MHz global chopping
for three different operation states: (a) no pixel turned on (Ppc=0.8 W); (b) 32
alternate pixels turned on (Ppc=2.8 W); (c) all pixels turned on (Ppc=4.5 W).
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Fig. 15. Overall dc power consumption and DC-to-RF conversion efficiency
for the cumulative power measurement shown in Fig. 13.

primary goal of integrating more source pixels on a chip is
to increase the spatial extents and resolution of the imaging
aperture. The linear power region can still be maintained when
the array is operated at less than 50% pixel sparsity with global
chopping. However, if more pixels are integrated in the SoC,
even fewer fraction of pixels can be turned on simultaneously
before running into thermal saturation. Multi-chip scaling can
be beneficial here, as the heat can be dissipated from each chip
separately. Active cooling solutions can also be used to further
maintain the chip temperature.

The measured far-field antenna pattern for the full SoC when

all 64 pixels are turned on simultaneously is shown in Fig. 16.

It was also measured with the setup shown in Fig. 7(d). All the
pixels were chopped globally at 1 MHz. To avoid any thermal
issues, the chip was allowed to cool down for 20s before
taking a measurement at each point. The antenna pattern shows
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Fig. 16. (a) Measured far-field antenna pattern for the whole array, and (b)
Normalized radiation power along the cuts marked in (a).

all 64 source pixels with non-overlapping gaussian profiles
and uniform angular spacing. The isolation between individual
far-field beams is more than 20 dB. The pixels away from the
center also show a lower directivity due to the off-axis behavior
of the silicon lens [35]. As shown in Fig. 16(b), the pattern
shows an FoV of around 50° from the first pixel peak to the
last pixel peak along the orthogonal axes, which translates into
an FoV of v/2 - 50° = 70.7° along the array diagonal. This
matches closely to our theoretically calculated FoV of 68°.
The central mutual beam separation angle is also close to the
theoretical beam separation of around 7.5° [32].

C. SPC imaging

The source SoC was applied for a transmission mode SPC
system to demonstrate its imaging capabilities. The optical
setup diagram is shown in Fig. 17(a). A SiGe HBT based
broadband THz power detector operating in the saturation
region with a responsivity of 700 V/W and the noise-equivalent
power (NEP) of 8 pW/Hz"? at around 0.43 THz was used as the
single pixel receiver [33]. Note that the detector was empirically
observed to be linear for the methods presented here, and is
therefore assumed as such. Discussions on any computational
complexity associated with the detector response saturation that
may arise for different spatial patterns are beyond the scope
of the current work. The detector response was read out with
a 40 dB voltage amplifier followed by a spectrum analyzer to
capture the baseband spectrum Y (f). F-number matched PTFE
lenses with 5 cm aperture were used in a collimated beam
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Fig. 17. (a) Optical setup diagram for the SPC. (b) Actual picture of the SPC
including the source module, single pixel detector, and PTFE lenses. Inset
shows the imaging target which was an aluminum stencil concealed between
two cardboard sheets.

setup to cover 68° FoV at the source and 22.2 dBi directivity
associated 15° FoV at the detector. The overall power loss
through the lens system is approximately 9 dB at the optical
axis. The spatial resolution of the SPC is approximated as
6.25 mm from the 5 cm aperture size and the pixel count. As
an imaging target, an aluminum stencil hidden between two
cardboard sheets was placed in the object plane. A picture of
the SPC setup is shown in Fig. 17(b).

The modulation diversity available from the source SoC can
be adopted for THz SPCs in a number of ways. Two different
imaging methods are demonstrated here. In the first method,
single pixel switching was used. A set of 64 illumination
patterns representing an identity matrix were pre-loaded to
the cache. Such sequence performs a raster scanning of the
target one pixel at a time. The SoC was globally chopped at a
frequency of 1 MHz to avoid 1/f noise from the detector.
The 3-dB readout bandwidth of the detector output was
2 MHz. Thereafter, patterns were triggered using the FPGA
and for each pattern, the fundamental 1 MHz signal tone

received at the spectrum analyzer was filtered and recorded.

As noted previously in Section III, this process can be repeated
indefinitely over the circular FIFO cache without requiring
another time-consuming memory load operation. A 100 ms
acquisition time was observed for one 64-pixel image with a
60 dB voltage DR, resulting in a 10-fps imaging rate. An image
sample is shown in Fig. 18(a). Here, the image acquisition
time was primarily limited by the spectrum analyzer readout
period.

For the second method, a full FDM scheme was used.

Here, all the pixels were turned on simultaneously, and FDM

hardware was used to chop each pixel at a different frequency.
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Fig. 18. (a) Image created with single pixel switching (acq. time ~ 100ms);
(b) Image created with full FDM modulation (acq. time ~ 40ms); (c) Baseband
spectrum for full FDM modulation used to create the image in (b). Dots indicate
the received power from different pixels at different chopping frequencies. The
signal levels in dBm are the real values observed at the spectrum analyzer.

A 25 MHz CClk signal was supplied from the FPGA, and
MFDs were programmed for frequency-division factors K in
the range of 17 to 34. These were selected to place all chopping
frequencies between the fundamental and second harmonics
of the lowest component (0.73 MHz). Thereafter, a baseband
spectrum covering all chopping frequencies was acquired at
the spectrum analyzer. Individual pixels were located by means
of a look-up table to render an image from a single spectrum.
One such image and the corresponding baseband spectrum are
shown in Fig. 18(b) and Fig. 18(c), respectively. With this
technique, each image was captured in 40 ms, and a 25-fps
video-rate imaging was demonstrated. Note that the readout of
a wide baseband spectrum in a short period required a higher
video bandwidth at the spectrum analyzer, which resulted in a
reduced voltage DR of 40 dB as compared to the first method.
These two examples denote the speed and SNR trade-off that
can be present in a THz SPC. Depending on the baseband
characteristics, the modulation diversity at the source SoC can
be reconfigured to provide an optimal imaging performance.
Due to the high SNR and high-speed pixel switching available
from the SoC, the imaging rate can be extended to thousands
of frames per second with an optimized baseband readout.

VII. CONCLUSION

In this paper, an 8x8 pixel, 0.42 THz source SoC has
been presented that is specifically designed for versatile CTI
applications. The key features of the SoC include fast and
incoherent spatial light modulation that can be electronically
multiplexed over different chopping rates, and in-situ power
monitoring from each pixel through an integrated BIST. The
chip architecture also allows potential board level integration
of multiple SoCs for large size, high pixel count CTI apertures.
While earlier THz SPC efforts have been focused on external



TABLE I
STATE-OF-THE-ART IN SILICON INTEGRATED THZ SOURCES

This work [13] [12] [17] [36] [11] [37] [38] [18]
Technology 130nm SiGe  130nm SiGe  130nm SiGe 65nm bulk 45nm SOI 130nm SiGe 40nm bulk 40nm 65nm
BiCMOS CMOS CMOS CMOS CMOS CMOS
Freq. (GHz) 420 530 317 338 420 1010 586.7 660.8-676.6 416
Prag (dBm) 10.3 0 52 -0.9 -10 -10.9 0.1 -16.1 -3
Coherent No No Yes Yes Yes Yes Yes Yes Yes
EIRP (dBm) 31.21f 25t 22.5 17.1 3 13.1 24.1 74 14
Radiators 64 16 16 16 8 91 36 8 16
Power/radiator ~ -3.54 -11.3+ -6.84% -12.9% -19.03# -30.05%# -15.5+ -25.13%# -15.04%
(dBm)
Tuning (%) 0.7 32 0.06 2.1 10 - 0.7 2368 1.7
Efficiency 0.24%/0.17%* 0.04 0.54 0.053 0.014 0.0073 0.08 0.02 0.034
(%)
Area (mm?) 12.6 4.2 2.1 3.9 10.26 1 0.68 0.862 4.1
Mod. rate* 10 MHz? -
FDMY Yes No
BISTY Yes No
SoC¥ Yes No
TSingle pixel; LIncoherent; #Net coherent output power normalized to number of radiators; SEstimated ;
9 Applicable only to incoherent arrays; *Peak efficiency; **At peak power; ¥3-dB power roll-off.
THz SLMs, this SoC presents a practical, all-electronic, ACKNOWLEDGMENT

compact, silicon-integrated THz SLM radiation source for
the first time, that also provides dedicated FDM and BIST
calibration for further CTI enhancements. A silicon only, 8x8
pixel THz SPC system is also demonstrated that is able to
produce images at 25 fps with a DR of around 40 dB. With the
use of appropriate baseband processing, a 10 MHz modulation
rate available at the SoC can be used for ultra-fast THz imaging
with thousands of frames per second.

A comparison of this work with other state-of-the-art (SoA)
THz sources is presented in Table I. As noted, most of
the existing research has focused on design of Si-integrated
THz sources with coherent power combining [11], [12], [36],
[38]. Coherent beam-steering arrays have also been reported
in [17], [18], [37]. The limited EIRP of these sources can be
problematic for design of sensitive imaging systems. Their
scalability towards a higher radiation power is also limited
because of the complexities associated with RF locking either
mutually or with an external LO. Particularly, the coherent
radiation can prove detrimental to the image fidelity in many
situations due to the formation of interference speckles [15].
In contrast, this work shows that an incoherent THz source
array can be advantageous in terms of scalability, output power,
and illumination reconfigurability. This work extends the SoA
incoherent THz power radiation from Si-integrated sources by
a factor of 10.7 as compared to [13]. For 0.3 THz and above
silicon integrated sources, the net incoherent power reported
here is also more than 3 times higher than the best coherent
power reported in [12]. The highest pixel EIRP of 31.21 dBm
is also reported, that is achieved due to the combination of
-3.54 dBm average power generated at each pixel with a 15 mm
diameter lens. Another incoherent THz source array has been
reported in [13] with 4x4 pixels. Compressive imaging using
this source is also presented briefly in Section III-B of [6].
Compared to [13], this work extends the pixel resolution by a
factor of 4 and integrates dedicated ASIC for high-speed, high
SNR, and scalable THz imaging.

The authors would like to thank Dr. Bernd Heinemann from
IHP Microelectronics, Frankfurt (oder), Germany; and R. Zatta,
M. Andree, and W. Forster from the University of Wuppertal,
Germany for their help.
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