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Abstract—This paper presents a survey of the status of five
active THz imaging modalities which we have developed and
investigated during the last few years with the goal to explore
their potential for real-time imaging. We start out by introducing
a novel waveguide-based all-electronic imaging system which
operates at 812 GHz. Its salient feature is a 32-pixel linear detector
array heterodyne-operated at the eighth subharmonic. This array
in combination with a telescope optics for object distances of 2—6 m
reaches a data acquisition speed suited for real-time imaging. The
second system described then is again an all-electronic scanner
(now for around 300 GHz), designed for object distances of
>8 m, which combines mechanical scanning in vertical direction,
synthetic-aperture image generation in horizontal direction, and
frequency-modulated continuous-wave sweeping for the depth
information. The third and fourth systems follow an optoelec-
tronic approach by relying on several- to multi-pixel parallel
electrooptic detection. One imager is based on a pulsed THz-OPO
and homodyne detection with a CCD camera, the other on either
continuous-wave electronic or femtosecond optoelectronic THz
sources and a photonic-mixing device (PMD) camera. The article
concludes with a description of the state of the art of imaging with
focal-plane arrays based on CMOS field-effect transistors.

Index Terms—Demodulating detector array, electrooptic
terahertz detection, femtosecond systems, optical parametric
oscillator, photonic detectors, photonic-mixer device, photonic
systems, submillimeter-wave imaging, submillimeter-wave tech-
nology, synthetic-aperture imaging, synthetic-aperture radar,
terahertz imaging.
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I. INTRODUCTION

MAGING with electromagnetic radiation in the THz fre-

quency regime (whose lower bounds we understand here to
be 300 GHz) has made considerable progress in recent years.
THz imaging and sensing is being investigated and found to be
promising for a plethora of applications, both in science and be-
yond, such as security and safety screening, process monitoring
and non-contact materials testing, biological, medical and phar-
maceutical analysis, etc. [1]-[11].

For many application areas, it is indispensable to generate
images with a high frame-rate. Imaging at video rates or close
to it is certainly necessary for many tasks concerning industrial
on-line process monitoring. Frame-rates on the level of at least
one frame per second are required for security screening or in
the medical field, if living people are scanned.

It appears fair to state that the route to active real-time
imaging is via multi-pixel parallel detection of the radiation.
Much work has been devoted in recent years to develop such
parallel detection schemes. Progress hinges to a considerable
degree on advances in the available power of emitters and the
sensitivity of detectors, but not only on these. Also system in-
tegration, the optimization of the interplay of emitters, sources,
and optics, plays an important role.

Outstanding examples of dedicated work toward high-
frame-rate imaging include the development of all-electronic
scanners for standoff threat detection [12], [13]. But also the
optoelectronic side of THz technology has seen remarkable
progress, such as the realization of integrated line arrays of
photoconductive and electrooptic (EO) detectors suitable for
parallel readout [14], [15]. It is hoped that standoff imaging can
be combined with standoff spectroscopic analysis of remotely
located objects [1], [16]-[18].

This paper describes and summarizes several approaches
towards real-time imaging which we have investigated in
recent years. This includes all-electronic imaging, hybrid
imaging—with a microelectronic emitter and laser-based EO
readout—and all-optical imaging. We should state here, that we
have focused only on actively illuminating imaging systems.
We also have left approaches unconsidered which require
cryogenic cooling of detectors (especially superconducting
ones) and of emitters (such as THz quantum-cascade lasers),
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because we believe that there is only a limited acceptance of
such cooling outside of laboratory environments.

The paper is organized as follows. Section II describes
our work on all-electronic multi-pixel imaging systems, dis-
tinguishing between mechanically scanning systems and the
synthetic-aperture approach. Section IIl then explores two
alternative optoelectronic concepts which employ conversion
of the THz image data to the near-infrared spectral region. This
then allows to use commercial silicon-based cameras—a CCD
camera or a special time-of-flight camera—for detection. In the
last part, Section IV, we address the monolithic integration of
THz detectors to create focal-plane arrays (FPAs). Emphasis
lies on the use of silicon MOSFETs operated as distributed
resistive mixers.

II. ACTIVE ELECTRONIC IMAGING SYSTEMS

A. Mechanically Scanning Imaging Systems

This section focuses on bringing fully electronic THz
imaging with high-performance waveguide-based compo-
nents towards video-rate operation. The first fully electronic
THz-imaging system, which we realized, utilized a single
emitter and single detector, operating at 620 GHz, and z—y
scanning by linear translation stages. The data acquisition
time of several minutes was clearly limited by the mechanical
scanning process. By switching from translational scanning
to two-axes rotational scanning, we reduced the acquisition
time for an image to 9 s [19]-[21]. With a frequency-agile
emitter-detector combination [12], this system was also
extended to range-resolving capabilities employing the fre-
quency-modulated continuous-wave (FMCW) concept [22],
[23]. We come back to it at the end of this section.

Fig. 1 displays a 620-GHz image of a handgun taken with
this rotational-scanning system (without range resolution) [20].
The barrel is not visible, because the specularly reflected beam
returning from it misses the aperture of the optics and hence
does not reach the detector. With minor changes to the soft-
ware, the image generation time could be reduced further to
1.25 s, then being limited by the maximum angular velocity of
the rotational stage (8°/s). Further speed improvements should
be possible by employing a faster rotational stage, but the ap-
proach would reach mechanical limits, before it could get close
to video rates. Apart from the high angular velocities, the inte-
gration time available for each pixel would also become a lim-
iting factor for the system’s performance.

Both the mechanical problems and those concerning signal
averaging can be alleviated by employing multiple detectors
(and/or multiple sources). Since waveguide-based components
are expensive, especially for high frequencies (>0.3 THz), the
costs set a limit for the number of elements, and 2-D arrays with
one detector for each pixel are not an option with this technology
today. A good alternative are line scanners. 2-D images are gen-
erated either by exploiting the motion of the object (e.g., in the
case of production lines or transport belts) or by active scanning.

We realized an explorative imaging system with a single
emitter and 32 detectors for a radiation frequency of 812 GHz.
The detectors are arranged in a line, and images are acquired by

Fig. 1. Photograph and 620-GHz image of a handgun. The latter taken with a
single-pixel scanner from a distance of about 0.5 m. The measuring time was 9 s.
The gray-scale bar shows the IF power level detected by the lock-in-amplifier
in dBm. The length of the weapon from hammer to muzzle is 15 cm. Typically,
50000 data points are acquired in the field of view. They are binned to about
10000 points, which serve as nodes on a triangular mesh to render an image
with regular pixel spacing.
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Fig. 2. Reflective 812-GHz real-time line scanner. Bottom panel: Total view,
with the THz beam focused to a line and moved such that it illuminates a race-
track-shaped section of the object plane. Top right: Frontal part of the system
showing the motor-driven tumbling mirror at the back and the beam-forming
optics of the illumination with the motor-driven wedged plate in the front. The
emitter is placed at the bottom in the middle part of the display (brass-colored
object, color online). Top left: Cross section through beam-forming optics.

means of a single rotating mirror. Fig. 2 displays CAD repre-
sentations of the setup. The panel at the bottom displays a view
of the whole system, the salient features being the telescope
optics and the illumination beam. The system contains two
motor-driven units (see upper right panel of Fig. 2) rotating at
the frame-rate of about 10 Hz: a wedged plate being part of
the beam-forming optics of the illumination, and the secondary
mirror of the telescope. Both motions are synchronized to each
other.
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Fig. 3. Schematic representation of the electronics of the 812-GHz imaging system.

The first generates a linear illumination pattern of the
emitter’s radiation in the object plane, 4 m away from the
primary mirror. The illumination line keeps its horizontal
orientation while each point of the line moves along a circular
path in the object plane. The radius of the circle is 7.5 cm
in a distance of 4 m, which results in a race-track-shaped
illuminated area covering approximately 13 x 26 cm?. The
synchronous motion of the secondary mirror ensures, that the
illuminated section of the object plane is imaged onto the linear
32-channel receiver array which is located in the central bore
of the large primary mirror of the telescope.

The telescope’s quasi-optics consist of two rotationally sym-
metric mirrors designed for diffraction-limited standoff imaging
at an adjustable distance between 2 and 6 m. For a working dis-
tance of 4 m, the numerical aperture of the optics is 0.06. The
aspherical primary mirror has a diameter of 480 mm and a ra-
dius of curvature at the center of 1373 mm, the rotating sec-
ondary mirror is also aspherical, has a diameter of 140 mm, and
a radius of curvature at the center of 393 mm. The secondary
mirror is tilted with an adjustable angle with respect to its rota-
tional axis in order to produce a tumbling motion. Extra weights
mounted on its shaft cancel moments of torque and ensure dy-
namic balancing.

Considering the limited radiation power available from the
source, we refrained from illumination of the whole scene in the
object plane to be imaged, but rather implemented the synchro-
nized line illumination addressed above. The upper left panel of
Fig. 2 illustrates the implementation of the beam-forming op-
tics. The THz beam is shaped by a single-element lens with
a convex spherical surface on one side and a concave cylin-
drical surface on the other. The scanning is realized by a beam-
steering wedge, which rotates in synchronicity with the sec-
ondary mirror of the imaging telescope, both driven by the same
motor. The angle of the wedge is selected corresponding to the
desired working distance. Two different wedges for imaging
distances of 2 and 4 m were realized. The lens and the rotating
wedge are homemade from high-density polyethylene (HDPE)
via CNC-machining.

0

Fig. 4. View into one of the eight-channel 812-GHz receiver blocks. The
spacing of the channels is 4 mm. THz radiation impinging from the top onto
a horn antenna and guided into the block by a L-shaped waveguide is mixed
with the local-oscillator signal arriving in the waveguide at the bottom. The
intermediate-frequency signal is extracted through a coaxial waveguide seen
next to the horn antenna.

The detector array, located in the central bore of the main
mirror, consists of four brass blocks each containing eight de-
tector channels. Fig. 4 shows a view into one of the blocks,
opened to display its inner structure. The detectors are hetero-
dyne receivers operating at the eighth subharmonic.

Fig. 3 presents the layout of the electronics of the system.
The lower part represents the power generation chain. It starts
with a synthesizer controlled by a dielectric resonator oscil-
lator (DRO). The output signal is split, one part being used for
the intermediate-frequency (IF) reference generation chain, the
other for the radiation source. The latter part is fed to a multi-
plier chain, with power splitting, amplification and recombina-
tion in the W-band, followed by frequency doubling and then
quadrupling to finally obtain the 812-GHz radiation used for ac-
tive illumination.

The radiation frequency was chosen as a compromise
between optimal spatial resolution and the limits of radia-
tion-power generation. At 812 GHz, power levels of 1 mW
appear feasible (albeit challenging). Diffraction, on the other
hand, does not yet limit the resolution very severely, the spatial
resolution in 4 m distance being 7.5 mm, which still allows to
obtain fairly detailed images of security-relevant objects. Issues
of penetration through clothing and other materials certainly
have to be considered also [24].

The upper part of Fig. 3 sketches the detector electronics. The
detectors are heterodyne receivers with subharmonic mixers.
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Fig. 5. Captured image from the real-time line scanner with a source power
of less than 40 1+ W. Reflection image of the handgun of Fig. 1, positioned 4 m
in front of the primary mirror. The image is a composition of several measure-
ments, since only a small group of connected detectors with full performance
was available. Their data, taken at different horizontal object positions, were
combined to this image.

The local-oscillator (LO) signal is provided by one W -band
source per each of the four detector modules, the sources being
driven by a common DRO synthesizer. The output power of
each W-band source is amplified in two stages and split three
times in order to provide each detector with sufficient LO power
(about 12 dBm per pixel). The LO signal, at 101.5 GHz, is then
mixed with the incoming THz radiation, generating an IF signal
at the 8th harmonic of the LO signal minus the frequency of
the THz wave. The IF is about 875 MHz, given by the dif-
ference frequency of the two DROs multiplied by the factor
of 48. The DROs are not locked to each other, which results
in slight IF drifts. The IF signal of each channel is amplified
by three low-noise amplifiers, and then I/Q demodulated (I/Q:
in-phase/quadrature). The resulting 64 low-frequency signals
for the in-phase and quadrature components are low-pass-fil-
tered and fed into the data acquisition unit for digitization and
image generation on a PC.

The central part of Fig. 3 shows that the IF reference signal for
the I/Q demodulator is generated by multiplying the difference
frequency of the two synthesizers by the factor of 48. Any IF
drift is hence present also on the reference signal, which cancels
any drift effect.

For each channel, data is recorded at a total of 154 angle po-
sitions per revolution of the scanner optics. The data is further
processed by software to compensate for differences in offset or
gain for each of the 32 detectors. The power is then calculated
from the corrected I/Q components, combined with the position
information from the angular encoder of the driving motor, and
used for the generation and on-screen display of a real-time or
close-to-real-time image.

This is achieved by a triangulation technique which averages
and interpolates the data. The software spans a triangular net
over the field of view consolidating the measured 154 x 32 data
points into approximately 2000 effective pixels. Considering the
diffraction-limited spot size, we oversample the field of view
slightly by a factor of about 2.6 (2000 - 7 - (0.75 cm/2)%/13 x
26 cm?), which is desirable.

Fig. 5 shows a reflection image of the handgun of Fig. 1. At
the present time, the performance of the system is still limited

by three aspects. First, the targeted power level of the source
of >1 mW could not yet be reached, but so far has been lim-
ited to < 105 W. Second, the manual assembly of the detector
blocks led to significant variations in detector sensitivity by up
to 20 dB, which could be compensated only partially by data
processing in the software. And finally, we found that a lower
IF, further away from mobile phone frequencies, strongly re-
duces crosstalk between channels and pick-up of external sig-
nals. After implementation of corrective measures, the system
will be ready for field tests.

To summarize, with this portable and fully electronic system,
real-time standoff imaging at 812 GHz has been successfully
demonstrated for the first time. A maximum frame rate of 12
fps and a spatial resolution of 7.5 mm at 4 m distance has
been achieved. With a sufficiently homogeneous detector per-
formance, the identification of security-relevant objects, e.g.,
a handgun (Fig. 5), is possible. The system described here is
conceptually quite similar to the 620-GHz single-pixel imaging
radar system of [12]. With that second-generation machine, the
authors have demonstrated the principle capability to detect
objects such as pipe bombs concealed under clothes, with 0.5
mW of power for illumination at a distance of 25 m. There
is no reason why our system, after optimization, should not
perform in a similar way, but in real time and not with the 5-s
data acquisition time dictated by the single-pixel operation of
the system of [12].

We now come back to the FMCW imaging approach. Fre-
quency modulation of the THz wave allows time-of-flight
ranging. When the frequency sweeps are performed with a high
repetition rate, FMCW ranging can be readily combined with
scanning imaging as described before. Three-dimensional (3-D)
imaging significantly improves object identification [12],
which otherwise represents a major challenge for THz imaging
modalities.

With the FMCW method, the range of uniqueness for the de-
termination of the distance is much larger than with single-fre-
quency phase measurements, but the depth resolution is lower:
When we denote ¢ as the speed of light, and Ar as the chirp
bandwidth, the fundamental limit for the depth resolution is
given by ¢/(2- Av). Applications like standoff imaging can ben-
efit from FMCW because the ranging resolution and range of
uniqueness fit much better to their demands than the high-reso-
lution, half-wavelength range of uniqueness provided by phase
measurements.

Fig. 6 provides a demonstration, how the range information
provided by FMCW imaging can facilitate the recognition of an
object. The example shown in this figure is a raster scan with a
SynView300 transceiver working around 300 GHz with a chirp
wavelength of 90 GHz (230-320 GHz) and a FMCW sweep
time of 240 us. In the power reflection data of the top panel of
Fig. 6, one can recognize the hand, but only because the contour
of the hand is clearly identified by the signal reflected from the
metallic background on which the hand rests. The hand in free
space would only provide strong signals from those parts of it
which reflect specularly. An object recognition will, in general,
be difficult. This is different with the time-of-flight data. Here
(see bottom panel of Fig. 6), the hand is clearly identified.
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Fig. 6. 300-GHz raster-scan images of Torsten Loffler’s hand. The photograph
shows the experimental situation in the visible range: The hand rests on metal
blocks below the white teflon lens of the THz imaging system (the illumina-
tion and detection beam paths are equal). Second panel: reflected power image;
third panel: time-of-flight data representing the height profile; bottom panel:
3-D reconstruction of the hand employing the THz data. While one can only
recognize certain features in the reflected power image (if the reclection of the
metallic background on which the hand rests is disregarded), the 3-D recon-
struction gives a much clearer impression of the object.

B. Synthetic-Aperture Imaging

We now address the synthetic-aperture approach of imaging.
Here, a number of sources (transmitters, Tx) and detectors
(receivers, Rx) are arranged either in a line or in a two-
dimensional (2-D) configuration. The transmitters illuminate
the scene, while the receivers collect the scattered energy.
The coherent signals from each Rx/Tx combination are ac-
quired and numerically transformed to the image data for the
corresponding line in the object plane [25]. Multi-element
arrays have been demonstrated predominantly at millimi-
eter-wave frequencies [26]-[29] while most higher frequency
synthetic-aperture systems have been using a scanning of a
single element and synthetic-aperture reconstruction.

The advantage of synthetic-aperture over conventional
imaging is the need for fewer or no moving mechanical parts.

This can enhance data acquisition speeds tremendously, but
comes at the price, that more electronic components are needed
and that the numerical effort of image reconstruction is enor-
mous. An additional advantage of synthetic-aperture imaging
is that there does not exist a focal plane as in conventional
systems. The object can principally be imaged with equal
resolution over a considerable range of depth.

Synthetic-aperture techniques with minimum redundancy in
2-D arrangement have been successfully presented in [30], but
only for passive systems. Active imaging system configurations
with low redundancy are only known for line configurations
[31].

The THz camera considered here has been designed for op-
eration at standoff distances of >8 m, with a scene area of
0.7x 2 m? and producing images close to real time. Quasi-optics
is employed for one dimension only (vertical direction, focusing
of the scanned line) and hence consist of cylindrically shaped
mirrors. The other dimension (imaging of the line) is handled
by synthetic reconstruction.

The angular resolution, «, is determined by the overall size
of the linear antenna array Nt - Ngy - Agx, where Agy is the
Rx antenna element spacing:

A

_ 1
NTX : ZVRX ' AR,X ( )

o=
With a wavelength of A = 1 mm, this results in &« = 0.0015625,
for 8 Tx and 16 Rx elements, and an Rx element spacing of
Agrx = 5 mm. At a distance of 10 m, the spatial resolution
is then Ag = 15.6 mm. The angular ambiguity separation is
6 = Nty - Ngx - @ = 0.2, This assumes that no redundancy in
the Tx and Rx elements has been introduced according to algo-
rithms presented in [31]. The realized components have, how-
ever, finite dimensions and cannot be positioned at the exact
locations, which in turn deteriorates the spatial resolution to
Ag =~ 20 mm.

A large time-bandwidth product of the transmitted signal is
necessary in order to obtain good signal-to-noise performance
(requiring long pulses) simultaneously with good range resolu-
tion (requiring large bandwidth). The temporal range window 7
should be chosen shorter than the uncompressed pulse length 7,
in order to simplify the baseband system. The minimum pulse
length, which must be recorded to focus the range window, is
7. = T, + 7¢. For a scene with a range extension of Ar, the
required IF bandwidth By (and ADC bandwidth) after analog
deramp is a fraction of the modulation bandwidth B,

BIF Z ]\TTX N A,fo Z NTX : T_f * Bp' (2)
Tp
The ambiguous range is determined by the transmitter fre-
quency separation A fr between individual channels:

c-Afrs -1y

o 3

Tamb =
The image acquisition and processing of a line is performed with
a refresh rate of 7. < 5 ms, for an operating frequency regime
of 220-320 GHz with a modulation bandwidth B, = 100 GHz.
For an uncompressed pulse length 7, = 1 ms and a Tx fre-
quency separation A fr, = 1 MHz, the ambiguous range is
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Fig.7. CAD representation of the scanning synthetic-aperture imaging system.
The line of emitters and detectors is visible on the top left side of the system
(brass-colored components). The scanner has the dimensions: 1 m X 2m X
1.5 m. The dimensions of both large mirrors are 1 m X 0.7 m. The mirror is
designed to rotate with 0.5 Hz. The radiation from the emitters hit the narrow
cylindrical reflector located under them, which steers the beams to the large
fixed mirror at the top right edge. From here, they impinge onto the rotating
triangular deflector which illuminates the scene at the right side of the system.
Reflected radiation returns along the same path in the opposite direction.

Tamb = 1.5 m. For every pulse and for every pixel in the output
image, an interpolated sample must be computed and accumu-
lated. Fast back-projection algorithms exist [32]-[34], including
near-field scenarios, with improvements in speed by a factor
of 100 compared with direct back-projection in 2-D [33], [34].
These algorithms have the advantage of providing the flexi-
bility and robustness of a time-domain algorithm but exhibiting
a computational performance in parity with fast transformation
algorithms.

The mechanical layout of the imager is illustrated in Fig. 7.
The system combines a linear array of emitter—receiver ele-
ments, used for synthetic imaging in the horizontal direction,
with classical scanning optics for the vertical direction, the latter
employed in order to keep the numerical effort of image recon-
struction limited for the sake of the real-time capability of the
system. Currently, the system employs 16 Rx units and 8 Tx
units with 8-mm receiver and 128-mm transmitter spacing. The
eight transmitters are switched sequentially and each of them
provides an output power of approximately 1 mW. The beam
divergence is determined by the horn antenna of each emitter
unit.

Fig. 8 displays schematically the operational concept of the
system. The distribution network is prepared for 16 Tx units,
but only 8 were employed at the experiments. The FMCW ap-
proach provides the depth resolution, while the emitter-detector
line array generates the data for synthetic image reconstruction.
The data acquisition system, which copes with the high data
stream, is built around SPECTRUM ADC and DAC cards and
a Cyclone Microsystems backbone. The delay line connecting
the transmitter and the receiver is a fixed delay line employing
a 50-§2 semi-rigid coaxial cable.

Real-time reconstruction was demonstrated using a parallel
implementation of the back-projection algorithm on an NVIDIA
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Fig. 8. Block diagram of the electronic imaging system.

Fig. 9. Measured targets employed for the verification of the synthetic aperture
imaging system.

GTX260 graphics processing unit (GPU). A 1 x 1 m? z—y-slice
of 128 x 128 pixels could be focused in less than 2 ms.

Concurrent operation of all Tx and Rx modules could not be
achieved here, due to errors in the I/Q modulators employed in
the current design. This will become available in a redesigned
version of the system. The system has been tested with objects
close to the spatial resolution limit of the system with a fixed
position of the rotational triangular mirror.

Fig. 9 illustrates a few of the test objects at 8 m distance from
the scanner, and measured with 200 averages, leading to a mea-
surement time of about 200 ms. The objects are an aluminum
block with 7.5 x 7.5 cm size (left side of Fig. 9), and a metal
block with a 2.5-cm-wide illuminated front side and a cylin-
drical aluminum post with a radius of 2.5 cm, respectively (right
side of Fig. 9).

Results of measurements are shown in Fig. 10(a)—(d) for the
objects of Fig. 9. The distance reading (around 7 m) is refer-
enced to the mounting rack and not to the emitter/detector units
(total distance with respect to these: about 10 m). The top panel
shows the signature of the large aluminum block. A close-up
look at the result at 0-dB level reveals a sharp line at 7.01 m
with 7.5-cm width. This is in very good agreement with the ob-
ject. However, there is a significant spill-over towards negative
cross-range values. The source of this spill-over has not been
identified unambiguously yet, possible causes being i) a slight
misalignment of the optics, to which the reconstruction algo-
rithm is quite sensitive, or ii) thermal fluctuations in one of the
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Fig. 10. Synthetically reconstructed images of objects presented in Fig. 9: a)
a 7.5-cm-wide metal block, b) two 2.5-cm-wide metal blocks separated by 7.5
cm, c) a cylindrical metal post with a radius of 2.5 cm, and d) the cylindrical
metal post together with a 2.5-cm-wide metal block. Numbers on the axes are
in units of meters.

eight Rx blocks of the array. In addition, one can observe side-
lobes in the figure. The sidelobes in all results are below 3 dB but
cannot easily be explained with parasitic reflections. We have
therefore performed point target simulations with different re-
ceiver numbers and separations of the Rx and Tx elements. The
simulations suggest that a part of the receiving elements were
not fully operational, and that the Rx spacing differs from the
envisaged 8 mm. The predicted sidelobe levels for the nominal
spacing should be below -20 dB.

Fig. 10(b) shows the results for two aluminum blocks whose
width of 2.5 cm is close to the resolution limit. The objects
should then act essentially as point-like scatterers. The object
separation is clearly resolved and the objects indeed have sig-
natures close to those of point-like targets. Fig. 10(c) shows the
reconstructed image of the cylindrical pillar. The dimensions
of the pillar and its range position are well reconstructed, with
values around 2.5 cm and 7 m, respectively. The pillar should
appear as a point-like target, which is nicely the case in the re-
construction.

We have finally positioned the cylindrical pillar in direct con-
tact with the narrow block, as indicated in Fig. 9. The corre-
sponding data in Fig. 10(d) reveal that the pillar provides the
strongest signal and the block contributes to the signal on the
right-hand side of the pillar.

In summary, a first proof-of-principle demonstration for syn-
thetic-aperture imaging in the 300-GHz frequency regime has
now been provided. The system does not yet operate in real-
time, but should be capable to do so in the future; the system is
being improved further for more detailed studies.

C. Summary and Potential of Active Electronic THz
Imaging Systems

All-electronic real-time imaging has progressed rapidly due
to advancement in semiconductor technology and improve-
ments in system architecture and image reconstruction algo-

rithms. As promising as it is, there are still major constraints to
be overcome. The available output power from a single source
is very limited beyond microwave frequencies, which limits
the overall dynamic range. Low-noise amplification has seen
tremendous progress, while output power improvement has
advanced on a much slower pace. Comparing with the power
level of kilowatts readily available in the microwave regime, it
is amazing what has been achieved with the mWs of power and
less, available to us at acceptable costs in the THz regime. This
situation limits the current dynamic range of multi-element
imaging radar systems to 40-70 dB, in contrast to > 100-dB
dynamic range at lower frequencies. Multi-static concurrently
measuring imaging radars are important for real-time operation,
but their architecture is still a subject of intensive research,
especially with regards to calibration issues.

Dramatic improvements have been observed in the area of
image reconstruction algorithms. These have profited from the
introduction of novel SAR (synthetic-aperture radar) systems
at lower frequencies and from the work performed on 77-GHz
systems for automotive industries. Several real-time algorithms
have been proposed and implemented on GPU computer work-
stations. The bottleneck here is the data acquisition hardware,
which has to sustain the very high data flow of gigabytes per
second. With appropriate data reduction algorithms it is be-
lieved to be possible to reduce the data stream and to implement
the algorithms on more convenient machines.

III. OPTOELECTRONIC TERAHERTZ IMAGING SYSTEMS

Here, we describe the development of THz imaging systems
employing multi-pixel EO detection, where the THz image
information is transferred to the visible/near-infrared spectral
range via EO mixing and subsequently measured using a
commercial optical camera (e.g., CCD/CMOS). This allows
one to project the complexity of multi-pixel detection onto a
highly developed technology, albeit at the price of a limited
EO conversion efficiency and hence a reduction in the dynamic
range. EO detection provides a measure of the field amplitude
and phase (similar to heterodyne electronic detection) but can
also be extended to THz frequencies well above 1 THz.

In this context, the emphasis of our work has been placed
on the realization of both a homodyne and a heterodyne THz
imaging system. The homodyne approach takes advantage of a
nanosecond pulsed quasi-CW THz OPO in combination with a
CCD camera for homodyne EO readout, while the heterodyne
approach is based on a hybrid system with a quartz-stabilized
CW microelectronic THz emitter in conjunction with an EO de-
modulating camera detector.

Here we describe each system in turn, including THz beam
image measurements, a comparison of their relative current
performance, and directions for further improvement of each
system.

A. The Homodyne Concept

The homodyne approach has been guided by the elegant way
of multi-pixel THz imaging introduced by the group of Zhang in
conjunction with THz pulses generated by a femtosecond ampli-
fier laser system [35]. Recently, this approach has allowed real-
time imaging using a 1-kHz repetition rate laser and a state-of-
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the-art CMOS camera [36]. However, for practical applications,
amplifier laser systems are typically too expensive and are dif-
ficult to deploy and maintain outside a laboratory environment.
Multi-pixel EO THz imaging was also pursued with an opto-
electronic CW source [37], although it was found that the THz
power was too low for effective imaging; averaging over 40 min
was required to measure the spatial profile of the focused THz
beam.

Hence as a compromise between femtosecond- and CW-sys-
tems, we decided to explore the use of a THz OPO pumped
by a 10-kHz ?-switched Nd:YVO, laser at 1.06 um. Such
THz-OPOs emit quasi-CW THz radiation, with the emission in
bursts with typical pulse duration of ~10 ns, at a repetition rate
from anywhere between 10 Hz—10 kHz [38], [39]. For instance,
at a low repetition rate of 15 Hz, very high peak powers of
>1 W can be generated [39], which translates into a peak field
of >150 V/cm (assuming moderate focusing to a -mm beam
radius). For the higher repetition rate of 10 kHz, such as the
THz-OPO used here, peak powers of several 10 mW can still
be readily achieved, corresponding to peak fields of several
10 V/cm (again assuming a beam radius of 1 mm).

Such THz-OPOs can reach considerably higher THz field am-
plitudes than typical truly-CW emitters, such as a multiplier-
chain-based electronic source—with our 0.65-THz emitter, we
obtain a power of ~1 mW, which translates into a field ampli-
tude of 5 V/cm. To put this value further into perspective, we
note that a high-repetition-rate fs Ti:sapphire laser can generate
THz pulses with an average power of 40 uW [40], [41] cor-
responding to a peak power of about 400 mW which, when fo-
cused, provides a field amplitude of the order of 100 V/cm. This
is much less, though, than what can be achieved with ampli-
fier-based Ti:sapphire sources, which achieve tens to one hun-
dred kV/cm with semiconductor-based THz emitters [42], and
even reach higher with laser-induced plasmas [43], [44].

If one estimates with the peak fields of our THz-OPO and the
known parameters of EO detection, over how large an area of an
object one may be able to take diffraction-limited images with
a camera, one finds that 100-pixel parallel detection should be
possible in real-time mode for reflective imaging! [45]. While
a limited parallelism alone will not yield detailed pictures per
se, one can imagine a parallel imaging modality involving an
additional scanning of the object, e.g., via a line scanner.

In the following, we experimentally explore multi-pixel de-
tection with our THz-OPO and a Si CCD camera. The experi-
mental setup is displayed in Fig. 11 [46]. Quasi-CW THz radia-
tion bursts are generated at a repetition rate of 10 kHz directly in
a periodically poled LiNbOj crystal in the OPO cavity together
with the signal wave [47]. Seeding at the signal wavelength en-
hances the conversion efficiency. The difference frequency of

ITo reach such a result, we consider a system with an input average THz
power of P = 4 uW, corresponding to a peak power of I, = 40 mW. As-
suming a power collection efficiency of 10* from the scattering object, we have
a THz peak power of I = 4 uW at the EO detector, which translates to an
electric field amplitude of E = 6 Vm~* in the EO detection (assuming 100 ef-
fective pixels, each an area of (3A)? at 1 THz). Based on the typical sensitivity
of crossed-polarizer EO detection [35] (modulation depth coefficient kro =
2.3 x 10=%(Vm~1)~"), the achievable modulation depth is 1.5 x 10~>. This
is equal to the relative shot noise of a CCD/CMOS camera system (such as
the CCD employed here, described below) after binning from 105 CCD pixels
down to a hundred THz-image pixels with a 50-ms integration time.
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Fig. 11. Schematic of the THz imaging system based on a ns quasi-CW
THz-OPO with multi-pixel cross-polarizer EO detection.

the pump and signal waves is equal to the frequency of the THz
radiation. A key advantage of this OPO is that the two near-in-
frared beams, whose superposition is required for the EO detec-
tion, exit the OPO collinearly. After cleaning of the beam modes
in an optical fiber, the dual-color beam is available for EO detec-
tion of the THz radiation, which is coupled out from the LiNbO3
crystal via a set of silicon prisms, and overlaid with the readout
beam with the help of an indium-tin-oxide dichroic beam com-
biner [48]. The frequency of the THz radiation of 1.5 THz is
fixed by the poling of the crystal. We have chosen a 1-mm-thick
CdTe (110) crystal as a suitable EO detection crystal for this
optical wavelength and THz frequency [49]. The peak power of
the THz radiation was found to be 13 mW directly behind the
Si prism coupler [46]. For a focal spot with a radius of 1 mm,
the corresponding field strength is ~18 V/cm.

We first performed single-pixel raster-scan imaging with EO
detection in a crossed-polarizer geometry and Ge photodetec-
tors. The THz beam profile was measured without a sample in
the beam. The near-infrared dual-color readout beam was tightly
focused and raster-scanned across the EO crystal.

These measurements yielded a dynamic range of 28.3 dB/Hz
and a NEP of 1.87 nW/Hz at the peak of the focal spot. Note
that the values in [46] are revised here to correctly account
for the effective detection bandwidth B.g = 1/(67) (filter
slope of 12 dB/oct) where 7 = 50 ms is the lock-in time con-
stant, and we now use the correct units for coherent detection,
i.e., dB/Hz instead of dB/ v/Hz). The dynamic range is calcu-
lated from the ratio of the maximum EO lock-in signal (S) to
the rms noise level in the absence of the THz beam (o) via
DR = 201log;(v/BesS/o), while the NEP is obtained from
NEP = Beg(c/S)*P (where P = 1.3 uW is the average
THz power). While these single-pixel measurements employed
differential detection with a reference Ge detector, the limiting
noise source is still due to residual laser fluctuations (i.e., not
shot-noise limited) due to a small loss in the common mode fluc-
tuations induced by the optics in the EO detection arm.
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Fig. 12. CCD-recorded EO field image of the focused THz beam from a THz-
OPO. The z—y scaling represents binned camera pixels resulting in an effective
pixel size in the focus of 192 x 192 pm?.

The diameter of a diffraction-limited Airy disk on the EO de-
tector is about 0.7 mm under the given experimental conditions.
With a diameter of the THz beam of 2 mm, the number of ef-
fective optical pixels covered is about 10. Hence, for a pixel
number of 100 (i.e., with a ~3 times larger spot diameter) the
achievable dynamic range would then be reduced to 18.3 dB/Hz.

We now come to parallel camera-based imaging. The Ge
detector was replaced by a Si CCD camera (Dalsa 1M60CL)
having 1024 x 1024 pixels, a large full-well capacity (FWC,
1.5 x 10° electrons), and a 12-bit low-noise readout. The
optical beam was expanded to cover an area of about 1 cm?.
The camera acquires 50 frames/s (with fast CPU processing of
the 150-MB/s frame data), and the THz beam is mechanically
chopped at 25 Hz, allowing one to extract a differential THz
field image by subtracting bright and dark frames.

Fig. 12 shows a measured field-amplitude profile of the THz
beam for a fixed position of the delay stage (fixed relative phase
between THz wave and amplitude modulation of optical beam),
using an integration time of 120 s (i.e., 3000 light/dark frames),
where we apply 16 x 16 digital binning to yield a 64 x 64-pixel
image. The relative modulation depth of the peak signal was
3.5 x 10~%, which is close to that expected from the field
strength in the EO crystal predicted from the power measure-
ments, taking into account THz losses, the crossed-polarizer
geometry and the imperfect temporal overlap of the dual-color
pulses [46]. Based on the noise floor (from a reference mea-
surement without the THz beam) the dynamic range relative
to the peak signal is 17 dB. Taking into account the effective
measurement time of 120 s, the integration-time-corrected
value is then —3.8 dB/Hz. However, very recent measurements
with a higher THz field have achieved a relative modulation
depth of 1.2 x 10~2 and a dynamic range of +9 dB/Hz [45].

Nevertheless, this performance is considerably lower than
that of single-pixel measurements. This is attributed to signal
fluctuations both from the laser (which in this case, are not nor-
malized at all by a reference detector) and the asynchronous

frame acquisition/chopping, both of which lead to a relative
noise of > 10~ * for a 1-s integration time.

Hence, two clear directions for improvement of the current
system would be to add a reference detector to normalize each
acquired frame (although here care must be taken to correctly
account for the detection of the two wavelength components of
the dual-color optical beam, which are not correlated due to the
fact that the signal beam depletes the pump beam in the OPO),
and to trigger the camera synchronously to a subharmonic of the
pulse train.

If these noise sources can be sufficiently well suppressed, one
can approach the significantly lower detection limit due to shot
noise (which exceeds the readout noise here). Given the current
pixel FWC and assuming binning to a 64 x 64-pixel image, this
sets a relative noise level of 4.6 x 102 for the differential THz
image with a 1-s integration time (i.e., over an order of magni-
tude smaller than the modulation depth) which would result in
a dynamic range of ~28 dB/Hz.

In principle, it is possible to improve the performance of this
ns-THz-OPO system even further. Firstly, the EO modulation
depth could be improved by either increasing the THz power,
or by improving the EO mixing by using a crystal with a
larger nonlinear coefficient or coherence length. Moreover, as
the THz radiation here is quasi-CW, narrowband quasi-phase
matching schemes are also applicable (in contrast to broad-
band pulsed THz systems). Secondly, the use of emerging
state-of-the-art CCD/CMOS with a larger photo-electron
throughput (FWC x pixel number x frame rate) would allow
the shot noise level to be further reduced. Without such im-
provements in the throughput, it is also not possible to exploit
the far higher detection quantum efficiency of InGaAs-based
cameras at this ~ 1-um wavelength, as one simply reaches the
pixel saturation at a lower incident optical power.

B. The Heterodyne Concept

Our novel heterodyne EO imaging concept is based on a hy-
brid setup, in which the incident radiation of a quartz-stabi-
lized CW THz source is electrooptically mixed [50] with ei-
ther a femtosecond-laser [8], [51], [52] or a synchronized CW
diode-laser pair [53], whose EO modulation is captured with
a photonic-mixing device camera (PMDtec PMD[vision] 3k-S
[54]) [55], [56]. Such PMD cameras were originally developed
for 3-D time-of-flight imaging with near-infrared radiation [57],
[58], and allow phase sensitive detection of a modulated optical
signal. As the repetition rate of the optical pulses/intensity mod-
ulation is incommensurate with the CW THz frequency, the EO
signal is modulated at an intermediate frequency (in our case,
10 MHz), with a modulation phase dependent on the phase of
the THz wave. This EO signal is then demodulated by the PMD
camera, allowing one to recover both the THz amplitude and
phase. The camera used here has a 64 x 48-pixel sensor with
0.1-mm pitch.

As shown in Fig. 13, each pixel consists of two transparent
photo-gates between two readout diodes, which are connected to
the readout circuitry. A push-pull modulation of the photo-gates
controls the charge carrier transport to the readout diodes and
hence acts like a charge swing. As the small EO signal mod-
ulation is synchronized with the pixel modulation frequency,
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Fig. 14. Scheme of the heterodyne hybrid EO THz imaging system, employing
an electronic THz source, fs optical pulse train for detection, and a PMD camera
for demodulation of the EO signal.

one measures a charge difference between the two output chan-
nels proportional to the EO signal (and hence, THz field ampli-
tude) depending sinusoidally on the phase shift between these
two modulations (whereas the constant background light creates
equal output signal components which cancel). Consequently,
the phase information of the detected signal can be retrieved by
several suitable measurements with equidistant phase shifts of
the pixel modulation. To extend the dynamic range of accept-
able unmodulated background, a circuit for the suppression of
background illumination (SBI) is integrated in every pixel. This
circuit drains integration capacitors equally from charge carriers
resulting from uncorrelated background [57].

The scheme in Fig. 14 illustrates the implementation of the
PMD-camera into the hybrid setup using a femtosecond-laser
system for the EO imaging of a THz focal spot. Both a refer-
ence and an imaging branch are provided with an equal por-
tion of the radiation from a quartz-stabilized microelectronic
0.65-THz emitter (Radiometer Physics GmbH) with 1.1-mW
output power. Each branch contains an EO detection unit, which
uses the pulses from a high-repetition-rate femtosecond Ti:Sap-
phire laser system (Spectra Physics, Tsunami) as the optical
probe light. Indium—tin—oxide dichroic beamsplitters [48] are
used to combine the THz and optical beams, which then propa-
gate collinearly to the EO crystal ({110)-oriented ZnTe).

The THz field is electrooptically mixed with the optical pulse
train, which acts as the LO signal in this heterodyne setup, pro-
ducing an optical modulation whose lowest frequency compo-
nent lies at an intermediate frequency of ~10 MHz (due to
mixing of the 0.65-THz wave with the ~8100th harmonic of the
repetition rate of the optical pulse train). This IF can be tuned
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Fig. 15. EO image of the THz field amplitude and phase for a focused beam
with the heterodyne hybrid system of Fig. 14, using an image reduction factor
of 2 (data taken from [56]). The size of the image is 6.4 mm x 4.8 mm. The
radius of the spot of well-defined phase is 0.8 mm; the corresponding radius on
the crystal is 1.6 mm.

by adjusting the length of the laser cavity, and hence the pulse
repetition rate. Due to the inherent stability of the femtosecond
laser, no active synchronization scheme is required.

The reference branch is based on a (single-pixel) balanced
EO scheme with a focused optical beam [59], and is used to
provide a strong reference signal at the IF, which is required for
the external pixel modulation input of the PMD camera. Due to
the design of the PMD hardware, we must generate the fourth
harmonic of the reference signal for this input, as this is used
internally to generate four 90°-shifted reference signals at the
IF, as is needed to retrieve the EO signal amplitude and phase.

The readout unit of the imaging branch comprises a large-area
I-mm-thick ZnTe crystal in a crossed-polarizer setup [60] with
an expanded optical beam (average intensity 200 mW/cm?). For
these measurements, the incident THz radiation is focused into
the EO crystal, where we estimate a field amplitude of ~1.5
V/cm based on the measured focal beam radius of ~1.4 mm.
The EO crystal is imaged with a reduction factor of 2 onto the
sensor of the PMD camera.

The image of the THz focal spot in Fig. 15 was effectively
recorded within 2.5 s and shows a dynamic range of 23 dB/Hz.
The measurements were taken close to the saturation limit of
the PMD camera, which resulted in the best possible SNR.
However, the measurements suffer from slight inhomogeneities
of the pixels, obstructing the detection of the weak EO signal
by a considerable background signal, which varies from pixel
to pixel. This necessitated the additional measurement of dark
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Fig. 16. Scheme of the THz-pulse EO imaging system comprising a modulated
photoconductive THz-pulse emitter and a PMD camera for the demodulation
of the EO signal. The NIR-converter of Fig. 14 is utilized; it is depicted here
in more detail. In this system, the laser beam is split, one portion driving the
photoconductive emitter, the other serving for EO sampling. The relative timing
of the THz pulses and the optical pulses can be adjusted via the delay line. This
allows imaging with high temporal resolution for the monitoring of the THz-
pulse evolution, e.g., for the extraction of spectral information (not exploited
here).

frames (i.e., with the THz beam blocked), subsequent to THz
image recording, to allow subtraction of this spatially noisy
background. Hence, the 2.5-s effective integration time of
the THz images comprises both 2500 bright and 2500 dark
frames, each with a frame integration time of 0.5 ms. Due to
the restricted pixel capacitance, longer integration times were
not possible. The limited speed of the camera’s embedded
computer for data preprocessing and IEEE-1394-Firewire
communication extends the total data acquisition time of the
image to several minutes.

Although the present system possesses these drawbacks, it is
important to note that the current commercial PMD cameras are
designed for time-of-flight measurements of directly modulated
near-infrared radiation, and thereby are not optimized for the
small EO modulation depth. The development of PMD cameras
with larger pixel capacitance and more homogeneous readout
channels in the detector array could significantly improve
the performance of the heterodyne EO THz imaging system
presented here.

In order to take advantage of the higher electric fields of
THz pulses, we also implemented a THz-pulse-based imaging
system in which the EO signal is demodulated by means of a
PMD camera [55]. The setup, which is displayed in Fig. 16, is
again a THz-illumination/optical-probing arrangement, but now
the optical pulses are used for both the generation of the (pulsed)
THz radiation and for the EO readout.

Femtosecond laser pulses from a high-repetition-rate Ti:sap-
phire laser (Coherent Mira 900) generate THz pulses in a photo-
conductive antenna whose bias voltage—and with it the ampli-
tude of the THz pulse train—is modulated. The average power
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Fig. 17. THzimages recorded with the THz-pulse imager comprising the PMD
camera: a) Beam profile; b) edge of a steel sheet; ¢) 4-mm-diameter aperture;
and d) part of element —2.2 of an USAF resolution target. Images b)—d) have
been normalized to beam profile to enhance weakly illuminated regions.

of the THz radiation was determined to be ~ 2 ¢W. With the
THz beam, we perform transmission measurements. The THz
signal is then read out in an EO crystal, where the information
of the image and the modulation of the THz beam are transferred
onto the optical readout beam. There is no need for a reference
detector, because the modulation signal of the emitter is fed into
the PMD camera synchronously with the reference signal which
allows to use the full available THz power for the imaging path.

In contrast to the heterodyne setup using the hybrid system
described above, here, the THz beam is collimated and not fo-
cused, allowing imaging of small objects. Fig. 17 shows exam-
ples of THz images. Frame a) depicts the beam profile whose
amplitude distribution was then used to normalize the other
THz images in order to enhance weakly illuminated areas at
the boundary regions of the field of view. The following frames
show b) an edge of a steel sheet, ¢) an aperture with a diameter of
4 mm, and d) element —2.2 of an USAF resolution target. The
images altogether indicate that the lateral resolution is in the
order of 2—3 mm. The image data were recorded with an effec-
tive integration time of 8, 2.5, 0.6, and 2.0, respectively. Owing
to the comparatively high peak field of the femtosecond pulses
from the Ti:sapphire, this imaging setup yields a dynamic range
of 44 dB/Hz. These results demonstrate that the PMD-based
EO-imaging system performance improves rapidly with higher
THz fields (i.e., EO modulation depths), and is already an attrac-
tive option for a range of fs-optoelectronic-based THz imaging
applications.

C. Summary and Potential of Optoelectronic THz
Imaging Systems

In comparing the two (quasi)-CW EO THz imaging systems
presented in the previous sections (Sections III-A and III-B),
despite certain issues for each system, the current performance
of the heterodyne system (dynamic range 23 dB/Hz) is signif-
icantly higher than that of the homodyne system (9 dB/Hz).
Indeed, this could be expected to be the case, as the CW-hy-
brid heterodyne system with a PMD camera can exploit the far
better noise rejection at the 10 MHz detection frequency (which
is above the noise bandwidth of many laser systems).
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We note, however, that for both systems the multi-pixel per-
formance is degraded significantly compared to that of the cor-
responding single-pixel detection—i.e., with single PIN pho-
todiodes and a lock-in amplifier (with the same detection fre-
quency)—even though our imaging measurements here were
made with focused THz beams. As described above for each
system, this indicates that the key direction for improvement at
present is on the implementation of the optical camera detec-
tion (CCD, PMD), in order to approach the shot-noise detection
limit where a far higher dynamic range can be expected. For ap-
plications where a reduced pixel number would be acceptable,
an interesting alternative is to use PIN photodiode arrays (e.g., a
line array with ~50 detectors) [14], although for the heterodyne
system this would require large-scale multi-channel lock-in am-
plifier electronics, which are already integrated elegantly and
inexpensively in the PMD camera design.

Based on our existing results, the dynamic range of the PMD-
based EO-imaging system is significantly improved when using
a fs-laser-pumped THz emitter, due to the high peak fields of the
THz pulses. Moreover, the all-optoelectronic system allows one
to gain broadband spectral information by measuring the time-
domain THz waveform at each pixel by scanning the detec-
tion-pulse delay. However, for such imaging applications where
spectral information is not desired, the fs-approach comes at the
price of having to scan the delay to find the peak field signal
for each pixel. Hence, for many applications, e.g., long-range
standoff imaging of objects with depth variation on the scale of
millimeters to centimeters, this can significantly reduce the ac-
quisition rate.

IV. THz FOCAL PLANE ARRAYS

Coming back to electronic techniques of THz detection, we
now address monolithically integrated receiver arrays suitable
for room temperature operation.

It was often expected and hoped that high-sensitivity detector
arrays would be developed on the basis of Schottky diodes, es-
pecially considering that they cannot only be used as power de-
tectors but are also suitable for heterodyne detection. Until now,
however, fabrication of such arrays suffers from an insufficient
yield and significant performance fluctuations, although this sit-
uation may be changing gradually [61].

In 2005 and 2006, two unrelated developments gave the
search for cost-effective and high-performance arrays a push
into new and somewhat unexpected directions. The first devel-
opment relates to detectors of infrared radiation. The group of
Q. Hu at the Massachusetts Institute of Technology found out
that microbolometer arrays, made for the detection of infrared
radiation, are surprisingly good detectors of radiation with
a frequency of several THz, emitted from quantum-cascade
lasers and molecular gas lasers [62], [63]. These findings have
initiated numerous activities, e.g., at LETI, Grenoble, aimed
at the optimization of microbolometers for the THz frequency
regime [64]. Also other types of IR sensor, such as pyroelectric
detectors, are now explored more vigorously [65].

The second development, which has triggered our work out-
lined below, relates to Si CMOS field-effect transistors (FETS).
The group of W. Knap, Montpellier, investigated unoptimized
commercial MOSFETs as THz detectors. They had performed

similar studies with III/V-based transistors before, but the in-
vestigation of the MOSFETs was the first where the responsivity
and the NEP were determined tentatively [66]. The numbers ob-
tained indicated much promise for further development.

A. SI FET-Based THz FPAs

The physical mechanism underlying this novel path towards
real-time-capable FPAs is rectification of the THz signal in the
FET. To our knowledge, it was the work of Diakonov and Shur
[67], which, for the first time, drew attention to rectification
of high-frequency signals whose frequency exceeds the FET’s
transit-time-limited cutoff frequency. They considered the
possibility of plasma resonances in the gated two-dimensional
electron gas of the submicrometer-long transistor channels.
Although the excitation of collective plasma oscillations had
been an object of intensive studies for quite a long time [68], a
novelty of the Diakonov-Shur approach was the prediction that
the existence of plasmonic resonances should also manifest
itself in the device’s DC properties. This prediction ignited
considerable interest to search for plasmon-based rectification
phenomena in various implementations of FETs by simply
measuring a THz-field-induced potential difference between
the source and drain terminals.

In the meantime, the theory of detection had been refined for
various modalities of electron transport with one of them being
the so-called case of strongly damped plasmon excitation, also
termed the nonresonant limit of plasmonic mixing [69]. This op-
eration regime was then found by Knap’s group to be relevant
for St MOSFETs with a gate longer than 100 nm and operated at
room temperature. For this regime, a good sensitivity to THz ra-
diation was reported. NEP values of the order of 100 pW/v/Hz
[66] were estimated, which are quite comparable to those of
many other practical power detectors operating in the THz fre-
quency range [70].

References [70] and [71] later pointed out that plasma-wave-
based rectification in the nonresonant limit can be understood to
be an extension of classical resistive mixing, well-known in mi-
croelectronics. Resistive mixing is based on the quasi-stationary
behavior of FETs; if extended to the non-quasi-stationary case,
plasma-wave excitation has to be included. The relationship to
resistive mixing is reflected now in the newly coined term of
distributed resistive (self-)mixing.

The experimental results led to the first demonstration of
imaging with transistors above their cutoff frequency, in this
case employing GaAs HEMTs [72]. It followed the first ded-
icated attempt to fabricate monolithically integrated FPAs,
where each detector pixel contained an on-chip integrated
antenna, a differential pair of FETs and an amplifier, with a
commercial foundry process [70], [71], [73], [74]. Fig. 18
shows a photograph and some layout information of the best
detectors of these first designs which were fabricated with a
250-nm (Bi)CMOS process. For these detectors of 0.65-THz ra-
diation, a responsivity of 80 kV/W and a NEP of 300 pW/v/Hz
were obtained.

In the meantime, various commercial Si process technolo-
gies and different circuit designs have been explored. Two
papers report significantly improved performance. First, an
implementation of this detection principle in a high-end 65-nm
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Fig. 18. Left side: 3 x 5-pixel FPA for the detection of 0.65-THz radiation.
Top right side: one of the patches of the array. The transmission lines (TLa
and TLb) guiding the THz signals to the FETs are visible. Bottom right: Cross
section through a patch antenna. Image data from [71].

CMOS-on-SOI technology allowed to reach NEP values as
low as 50 pW/+/Hz [75]. The applied design has room for im-
provement. A second paper reports slightly better NEP values
of 43 pW/\/Hz; in this case, a more relaxed and significantly
less costly 150-nm CMOS technology was used [76]. It is
worth remarking that, in the lowest-order approximation of the
transport models, the detector’s responsivity does not depend
on channel length, which partially explains why a very similar
NEP of about 50 pW/v/Hz can be achieved using different
channel lengths.

It is important to note, that the detection principle is entirely
based on the field effect, and not on real carrier transport, thus
the high-frequency limit is determined by dielectric relaxation
time which typically lies in the range of several THz and
strongly exceeds the transistor’s cutoff frequency. The latter
represents an ultimate limiting factor for signal modulation
frequencies [77] or the response time. Therefore, in contrast to
thermal-time-limited detectors with similar NEP, FET-based
detectors allow modulation speeds reaching up to 1 MHz
and above (limited by capacitive loading because of the high
impedance of the transistor’s channel [70], [78]). In their high
speed, they are similar to Schottky diode detectors.

This property allows to increase the sensitivity of the FETs by
application of the heterodyne detection principle. We demon-
strated heterodyne imaging with a 0.65-THz emitter [79], [80].
As LO, we employed a second radiation source which was
phase-locked to the first one. The radiation of the first source
was focused to illuminate the object which was raster scanned
through the focus. The transmitted radiation was then overlaid
with that from the LO at a beam combiner, guided to the
detectors, and distributed over the entire FPA. We estimate that
each FET detector received only 2 pW of LO power, far less
than needed for optimal performance [80]. This was sufficient,
however, to improve the dynamic range by 29 dB [79]. The
NEP was estimated to be 8 fW/Hz (—112 dBm/Hz).

The improvement of the contrast can be seen from the
imaging data shown in Fig. 19. It presents data of transmission
measurements through a paper envelope containing a dextrose
tablet. In power-detection mode (radiation from LO source
blocked), the received signal is weak, and details such as the
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Fig. 19. THz image taken through a dextrose tablet (see photograph on the
right side) hidden in a letter envelope. Left side: Detection of transmitted power
alone; middle: heterodyne measurement. The measurements were taken with
two FET detectors in parallel, the object was raster-scanned.
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Fig. 20. Transmission image of a freshly cut leaf of a ficus benjamina, at
592 GHz. Left panel: photograph of the leaf; middle panel: transmitted-power
image; right panel: pseudo-3D image obtained after unwrapping of the phase
information. Image data from [81]. The measurements were taken with a single
FET detector, the object was propagated in 2:—y-direction for raster scanning.

central notch of the tablet are nearly invisible. In heterodyne
mode, the considerably higher contrast permits to clearly
identify the notch. The writing on the tablet can be noticed,
although the image shown here does not allow to discern indi-
vidual characters. In addition to the improvement in sensitivity,
a heterodyne approach gives access to the information on
the THz phase which can be used for reconstruction of depth
information, hence offers some 3-D imaging capabilities. An
illustration of this aspect is given in Fig. 20, which presents
the power and the phase information obtained by a heterodyne
scan (single scan, 10-ms integration time per pixel) of a leaf
of a ficus tree. The processed phase information renders a
pseudo-3D representation of the leaf.

B. Summary and Potential of Si FET-Based THz FPAs

We point out that, until now, all images have been taken in
raster scan mode, albeit with fairly short integration time in the
ms to 10-ms range. Currently, we and others are working to-
wards real-time implementations of MOSFET-based imaging.
This requires both a large number of pixel, distributed over an
area of the FPA of several to many cm?, and implementation of
a proper readout electronics.

Based on the data given above, we can estimate the expected
performance of an FPA for 600 GHz in heterodyne mode. As-
suming a power of 0.5 mW of each the LO and the THz imaging
beam directly in front of the FPA, and further assuming equal
distribution of this power across it (containing 256 X 256 de-
tectors over an area of 50 x 50 mm?), then a dynamic range of
30 dB would be achieved at 30-Hz frame rate.
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In many real applications, the power of the THz imaging
beam at the FPA is likely to be lower, as 1 mW is about the
maximum available source power at 600 GHz today (consid-
ering oscillator-multiplier sources; backward-wave oscillators
may provide somewhat more). Coupling and imaging losses
have to be taken into account. Furthermore, one of the chal-
lenges for the success of an imaging technology with monolith-
ically integrated FPAs is the large wavelength of THz radiation
(1 THz corresponding to Ayae = 300 pm). Diffraction aspects
suggest that a FPA with a large number of monolithically in-
tegrated pixels is more practical at high frequencies (0.5 THz
and above) and in conjunction with large numerical-aperture
optics, while its usefulness is questionable at frequencies ap-
proaching 100 GHz. FPAs based on CMOS FETs will be used
at first for short-distance, high-resolution imaging, rather than
compete with all-electronic imaging approaches of standoft se-
curity scanners.

The FET FPAs investigated until now have been designed
for narrowband operation. The underlying detection principle
is not of resonant nature, though. The bandwidth limitation re-
sults from the choice of the integrated antenna. The future will
certainly see the development of broadband FET detectors, e.g.,
for FMCW purposes or spectroscopic applications.

Finally, we mention that rectification cannot only be achieved
with FETs, but also with heterobipolar transistors (HBTs) [82].
This was tested with n—p—n SiGe HBTs which were fabricated
with a f,,,x = 220-GHz SiGe:C process. Each pixel contained
a monolithically integrated folded-dipole antenna for 645 GHz,
but no integrated amplifier. While the measured responsivity
(850 V/W) at 645 GHz was comparable to that of FETs, the NEP
was, with minimum values in the range of 30 nW/ \/E, infe-
rior by nearly three orders of magnitude. The main reason being
that—unlike the case of FETs—detector operation of HBTs re-
quires an emitter-collector current, which introduces significant
noise. From this point of view, HBTs do not appear to be an
attractive alternative to FETs and HEMTs. However, an inter-
esting subharmonic mixing approach, detecting 650-GHz radi-
ation by mixing with the fourth subharmonic at about 162 GHz,
has recently been demonstrated with them [83]. Subharmonic
mixing may help to render heterodyne detection of THz radia-
tion more practical and less cost-intensive because it alleviates
the need for additional power sources as LOs at the fundamental
frequency.

V. CONCLUSION AND OUTLOOK

This paper has introduced respectively reviewed five novel
THz imaging modalities. The main thrust of the work has been
to identify viable approaches of parallel multi-pixel detection
with the goal to achieve real-time imaging capabilities.

Of the THz imaging systems described in this paper, the
all-electronic 812-GHz imager with mechanical scanning
has already demonstrated operation close to real-time mode,
albeit with limited dynamic range. The second all-electronic
system—combining synthetic-aperture techniques and mechan-
ical scanning with range determination by FMCW sweeping
in the range of 220-320 GHz—is designed to achieve several
frames per second, but this could not yet be reached because
of the limited output power and sensitivity of the components

at 220-320 GHz. Therefore, a similar system will be realized
at 75-110 GHz within the new LiveDetect3D project. We
have verified already that components show sufficient dynamic
range so that real-time operation should be possible even with
a 10-m working distance.

The two laser-based approaches, which employ EO THz-NIR
conversion to permit multi-pixel detection with NIR cameras
(i.e., either homodyne detection with a CCD or heterodyne de-
tection with a PMD), still have a way to go before they reach
a frame-rate of 1 fps and more. They are attractive because
they can principally cover a significant portion of the THz fre-
quency regime (hundreds of GHz to at least several THz) and
thus may well be able to combine imaging with spectroscopic
distinction of objects. However, camera-based multi-pixel de-
tection for the (quasi-)CW systems still requires improvement.
THz-OPO-based imaging would benefit enormously from an
OPO with higher peak power than was available here, while
the approach using a time-of-flight camera needs a camera with
faster readout. For both systems, noise suppression leaves room
for optimization.

The fifth system, again an electronic one, employs a mono-
lithically integrated Si MOSFET FPA for detection around
600 GHz (but the approach is also principally capable of
broadband operation). The focus of the work has been on
optimization of the performance of these novel detectors. The
results are favorable and strongly suggest, that the near future
will see implementation of larger FPAs with suitable camera
readout for imaging at high frame-rates.

In summary, the capability to capture THz images of actively
illuminated scenes in or close to real time has progressed signif-
icantly. We have identified promising approaches which exploit
various ways of multi-pixel parallel detection. With the excep-
tion of the silicon CMOS FPA, which also allows direct power
detection, all approaches employ coherent detection for better
noise suppression, either in homodyne mode, or via heterodyne
mixing for additional enhancement of the sensitivity. It has be-
come clear that the limited available THz power for scene illu-
mination necessitates to push sensitivity enhancement and noise
suppression in the detectors to their limits in order to achieve
real-time operation of imaging with good dynamic range. We
have identified ways for specific improvements for each of the
various approaches which now have to be implemented.
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