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Abstract—We present an electrooptic (EO) terahertz imaging
technique providing a demodulating detector array for phase-sen-
sitive multipixel terahertz detection. The terahertz radiation from
a quartz-stabilized microelectronic emitter is mixed with the syn-
chronized laser beat signal of a continuous-wave distributed-feed-
back diode laser pair. A fast laser current control loop provides
stable phase locking between the terahertz emitter and the laser
difference frequency, whereby a demodulating near-infrared pho-
tonic-mixer-device camera is used for depth-resolving EO tera-
hertz imaging. Alternatively, a femtosecond laser is used for the
EO read-out.

Index Terms—Demodulating detector array, electrooptic (EO)
terahertz detection, laser synchronization, photonic-mixer device,
terahertz imaging.

I. INTRODUCTION

ECENTLY, we demonstrated continuous-wave (CW) ter-
R ahertz detection with a hybrid system using either a fem-
tosecond laser [1]-[3] or a synchronized CW distributed-feed-
back diode laser pair [4] for electrooptic (EO) read-out. Hereby
the incident terahertz radiation from a quartz-stabilized micro-
electronic emitter is electrooptically mixed [5] with a higher
harmonic of the femtosecond laser’s pulse repetition rate or the
laser beat signal of the diode laser pair, respectively. By suitable
system settings, the mixing generates an IF signal in the mega-
hertz range. Both systems consists of a reference and a mea-
surement branch, enabling phase-sensitive lock-in detection. A
2-D topographic image can be retrieved by raster-scanning of
an object within the focal plane of the terahertz beam, as shown
in Fig. 1, whereby the data acquisition took around 15 min, due
to the stepwise pixel-by-pixel detection. The 3-D image was
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Fig. 1. Topographic raster-scan image of a: (a) 2-Euro coin using a fem-
tosecond laser for EO read-out and (b) 50-Euro cent coin using synchronized
two-color laser radiation for read-out.

obtained by applying a phase-unwrap algorithm on the mea-
sured phase information.

While both systems perform phase-sensitive terahertz mea-
surements with a high signal-to-noise ratio (SNR), the CW
diode lasers are more cost effective, highly compact, and less
maintenance intensive compared to most femtosecond lasers
with the possible exception of fiber lasers. However, in order to
achieve image frame rates close to real time, in both cases, the
number of pixels measured simultaneously has to be increased.
This can be achieved by parallel EO detection [6]—[9], which, in
the case of CW radiation and unamplified femtosecond lasers,
requires long integration times due to the small terahertz-in-
duced birefringence [9], [10]. A lock-in functionality featured
by each pixel has the potential to resolve this insufficiency
while maintaining the capability of phase-sensitive measure-
ments. A device with integrated basic lock-in data processing
per pixel is the demodulating detector array, introduced for
terahertz detection by Spickermann et al. in [11].
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In this study, we apply the same demodulating detector array
as in [11] to the coherent hybrid terahertz imaging system of
[1]-[4] to extend this system from single-pixel to multipixel op-
eration. Such devices have originally been developed for 3-D
imaging with near-infrared radiation in applications such as ob-
stacle identification, distance measurements, and object recog-
nition [12]. In our setup, we use a PMDtec PMD[vision] 3 k-S
camera comprising a PhotonICs PMD 3 k-S sensor with a res-
olution of 64 x 48 pixels and 0.1-mm pixel pitch.! Each pixel
comprises two transparent modulation electrodes between two
read-out channels. By modulating the applied voltage, the pixel
acts like a charge swing, controlling the charge carrier trans-
port to the two output nodes. While incident light with a modu-
lation according to the pixel’s modulation frequency generates
a voltage difference between both read-out channels, unmodu-
lated light creates equal read-out voltages on both nodes. This
leads to very efficient suppression of background radiation. The
suppression is further enhanced electronically because every
pixel contains an integrated circuit designed to cancel out the
background signals. The circuit drains the integration capacitors
of the output nodes from charge carriers accumulated because of
the background radiation, and thus prevents saturation over an
extended range of illumination intensities, whereas the dynamic
range for the measurement of modulated light can be preserved
[13]. In the conventional applications of the PMD camera, the
correlation between the modulated laser radiation and modu-
lated voltage on the electrodes encodes the time-of-flight in-
formation. In our case, though, we employ the PMD camera
in combination with an EO crystal and exploit that the camera
pixels are equipped with independent inherent lock-in capabili-
ties for phase-sensitive EO multipixel terahertz imaging.

II. EXPERIMENTAL APPROACH

Here, we report PMD camera integration into the hybrid
terahertz imaging system. Our system setup employs a CW
quartz-stabilized microelectronic terahertz emitter from Ra-
diometer Physics GmbH? providing the same amount of
terahertz radiation for both a reference and an imaging branch.
Each branch contains a fiber-coupled EO read-out unit, which
is driven by the fiber-combined radiation of two tunable dis-
tributed-feedback diode lasers (Fig. 2). The diode lasers provide
a power of 100 mW each and operate at a center wavelength
of 852 and 855 nm, respectively. A 2 x 2 fiber array is used
to combine the laser radiation of the diodes, which provides
50 mW of power at each fiber output. Besides a (110)-oriented
ZnTe EO crystal, both read-out units contain a dichroic in-
dium—tin—oxide reflector [14] to couple the incident terahertz
radiation onto the free-space optical beam path of the two-color
laser radiation. The reference branch is required to provide a
stable phase correlation between the difference frequency of
the diode laser pair and the frequency of the terahertz source.

Within the reference branch, the incident terahertz radiation,
as well as the optical beam, are focused into the EO crystal.
While the laser diode pair provides a mode-hop-free tunability

IPMDtec, Siegen, Germany. [Online]. Available: http://www.pmdtec.com

2Radiometer Phys. GmbH , Meckenheim, Germany. [Online]. Available:
http://www.radiometer-physics.de

2023

Optical phase-locked loop

[%a |
RF-Generator 1 x4 I
 Modified FALC 110 _y.oeeeeeees
[ Controller <)Mixer
L ——— y .
Amplifier EO WemD
conv.
Ref.
det.
- s
THz- —
Source = ‘ / /
Lens BS Mirror

Fig. 2. Hybrid system setup with synchronized CW diode lasers and PMD
camera.

of the difference frequency from zero up to nearly 2 THz,
the employed terahertz emitter operates at a fixed frequency
of 0.62 THz. The lasers’ difference frequency is detuned by
several tens of megahertz relative to the terahertz frequency.
This detuning frequency results in an IF signal by EO sampling
of the incident terahertz radiation. The IF signal is detected by
a photodiode pair providing balanced detection. The IF signal
has to be stabilized. For this purpose, it is fed into a modified
version of TOPTICA’s FALC 110 linewidth controller,> which
receives its reference frequency from an RF generator operating
at 10 MHz. The controller adjusts the electrical current of one
of the lasers, whereas the other one remains free running.
Hereby we achieve a phase lock between the reference EO
signal and the signal of the RF generator, enabling phase-sen-
sitive measurements. The frequency control loop is described
in detail in [4].

The performance of multipixel EO detection is fundamentally
limited by the laser shot noise. In order to increase the SNR,
we use a fiber-coupled tapered amplifier (up to 300-mW output
power) for the two-color laser radiation of the imaging branch
to provide a reasonable dynamic range for parallel read-out. The
out-coupled beam is expanded and illuminates the large-area
ZnTe crystal, before being imaged onto the PMD camera’s de-
modulating detector array. The camera is fed with the fourth
harmonic of the signal from the RF generator for the internal
generation of four 90°-shifted reference signals, which are re-
quired for the retrieval of the phase information [11].

Alternatively, we use a femtosecond laser for EO read-out
instead of the synchronized diode laser pair. Hereby the fourth
harmonic of the IF signal detected in the reference branch is fed
into the camera, while the inherent stability of the pulsed system
eliminates the need of an active synchronization scheme [1].

III. FIRST RESULTS

We recorded a terahertz focal spot on the EO crystal, in the
read-out unit of the imaging branch. Fig. 3 shows the ampli-
tude and the phase image of the terahertz focal spot using ei-
ther the femtosecond laser [see Fig. 3(a)] or the diode laser pair
[see Fig. 3(b)]. The provided laser power was roughly 200 mW

3TOPTICA Photon. AG, Munich, Germany. [Online]. Available: http://www.
toptica.com
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Fig. 3. Measurements of a terahertz focal spot using a: (a) femtosecond laser
with a magnification factor of one and (b) a synchronized laser diode pair with
a magnification factor of two for EO read-out. The detector array has a size of
6.4 mm X 4.8 mm.

in both cases. The image taken by the pulsed laser setup was
effectively recorded within 2.5 s and shows a dynamic range
of 24 dB/ \/E of the measured signal. The terahertz source
was operating at 1.1 mW. The total integration time using the
two-color laser system was 5.5 s, but at a power level of the
terahertz emitter of 0.5 mW. The dynamic range amounted to
12 dB/\/Hz. The value is considerably lower than that of the
setup with the femtosecond laser system. This is explained in
part by the reduced terahertz power. In addition, the terahertz
focus was imaged with a magnification factor of two onto the
PMD sensor, whereas in the case of the pulsed laser, the magni-
fication factor was one. Finally, mixing of CW terahertz radia-
tion with a CW laser beat signal leads to a 6-dB lower EO signal
than mixing with femtosecond laser pulses. The measurements
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were taken close to the camera’s saturation limit to achieve the
best possible SNR.

However, the measurements suffer from slight inhomo-
geneities of the pixels, obstructing the detection of the weak
EO signal by a considerable background signal, which varies
from pixel to pixel. This enforces dark measurements, subse-
quent to terahertz image recording, for spatial-noise subtraction.
Thereby the measurement is repeated with the incoming ter-
ahertz signal blocked. In Fig. 3(a), the images are composed
of 5000 frames (2500-THz image frames followed by 2500
dark-image frames), and in Fig. 3(b) of 11000 frames, each
recorded within an integration time of 0.5 ms. Due to the re-
stricted size of the pixel capacitances, longer integration times
were not possible. The limited speed of the camera’s embedded
computer for data pre-processing and IEEE-1394-Firewire
communication extends the total data acquisition time of the
image to several minutes.

Despite these insufficiencies, one has to take into account
that the camera is a commercial device for time-of-flight mea-
surements of directly modulated near-infrared radiation and
thereby not optimized for highly demanding coherent terahertz
measurements. In order to increase the SNR, one could take
advantage of pixel binning. However, the application of a cor-
rection algorithm would be necessary because of the variation
of the sensitivity from pixel to pixel. In our applications, we
would avoid the complications that arise from the fact that the
pixel sensitivity depends on the illumination intensity [15].
While this property is an important issue for the conventional
use of the camera due to strongly varying light conditions en-
countered in many situations, we profit from the nearly constant
read-out illumination. Finally, larger pixel capacitances and
identical read-out channels of the detector array would increase
the camera’s usefulness for terahertz applications.

Compared to imaging with photoconductively generated
terahertz pulses—as investigated in [11]—the dynamic range
achieved by us with CW radiation and heterodyne EO detec-
tion is considerably smaller due to the lower terahertz field
amplitude. However, in order to improve the sensitivity of EO
detection, one could change to organic nonlinear crystals with
a higher nonlinearity such as DAST [16] or related materials
such as OH1 [17]. This measure would probably necessitate
a change of the laser sources in order to operate at the wave-
lengths optimal for the nonlinear mixing process.

IV. CONCLUSIONS AND OUTLOOK

In conclusion, the presented system has the capability to
record terahertz images with 3072 pixels including phase in-
formation within seconds. The hybrid system concept provides
high compactness and enables coherent terahertz measure-
ments, while the demodulating detector array of the PMD
camera offers inherent lock-in capabilities for parallel EO
detection. Furthermore, the system can be easily adapted to
other terahertz frequencies, due to the EO read-out. The system
is ready for multipixel terahertz detection, but at present falls
short of achieving image frame rates close to real time. In order
to enhance the dynamic range and lower the effective recording
time of the image, a digital correction of the pixel inhomo-
geneities for proper pixel binning should be applied. Faster data
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communications and large camera-integrated read-out buffers
would allow to omit extensive data post-processing on external
hardware and thereby reduce the total image acquisition time
drastically.

At present, the camera’s demodulating detector array is not
optimized for the needs of terahertz measurements. We ex-
pect this technique to offer phase-sensitive real-time terahertz
imaging under the premise that the pixel sensitivity becomes
shot-noise limited by operation close to saturation.
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