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Abstract—Development of focal plane arrays (FPAs) for mm
wavelength and THz radiation is presented in this paper. The FPA
is based upon inexpensive neon indicator lamp Glow Discharge
Detectors (GDDs) that serve as pixels in the FPA. It was shown
in previous investigations that inexpensive neon indicator lamp
GDDs are quite sensitive to mm wavelength and THz radiation.
The diameters of GDD lamps are typically 3-6 mm and thus the
FPA can be diffraction limited. Development of an FPA using such
devices as detectors is advantageous since the costs of such a lamp
is around 30-50 cents per lamp, and it is a room temperature
detector sufficiently fast for video frame rates. Recently, a new
8 X 8 GDD FPA VLSI control board was designed, constructed,
and experimentally tested. First, THz images using this GDD FPA
are given in this paper. By moving around the 8 X 8 pixel board
appropriately in the image plane, 32 X 32 pixel images are also
obtained and shown here, with much improved image quality
because of much reduced pixelization distortion.

Index Terms—Detectors, far infrared, plasmas, terahertz (THz)
imaging.

1. INTRODUCTION

MAGING systems in the electromagnetic spectrum be-
I tween 100 GHz and 10 THz are required for applications
in medicine, communications, homeland security, and space
technology. This is because there is no known ionization hazard
for biological tissue, and atmospheric attenuation of terahertz
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(THz) radiation is low compared to that of infrared and optical
rays. The lack of inexpensive room temperature detectors
and focal plane arrays (FPAs) in this spectral region makes it
difficult to develop detection and imaging systems, especially
real-time ones.

The Glow Discharge Detector (GDD) is a room temperature
detector that is used in this study for direct THz radiation de-
tection and imaging. There are several other room temperature
THz detectors that are used for direct detection. The most pop-
ular detectors are Golay cells, pyroelectric, bolometers, and mi-
crobolometers, many of which are too slow for video frame
rates. All are described in detail in [1]. Furthermore, there are
THz cooled detectors which are very expensive [1]. The advan-
tages of GDD are its low cost, its high responsivity, room tem-
perature operation, and its relatively fast response.

A candidate for FPA pixels is miniature neon indicator lamps
such as N523 of international light technology (Peabody, MA),
which was tested experimentally and found to be a very good
THz detector [2]. NEP is on the order of 10~? W/Hz'/? ,and rise
time is on the order of a microsecond. The mechanism of detec-
tion in such a Glow Discharge Detector (GDD) involves both
enhanced ionization [3]-[8] and enhanced diffusion current [3],
[4], [7], [9]-[11] caused by the incident THz wave. The former
increases lamp current, while the latter decreases it. The domi-
nant detection mechanism in such devices was found to be the
enhanced ionization process leading to increase of lamp current.
Detection mechanism effects have been studied in such devices
and, indeed, incident THz electric field polarity has a noticeable
effect on GDD responsivity [11] according to these opposing ef-
fects. In general, best response is obtained when the enhanced
ionization is dominant. The lamp is ignited when internal dc bias
breaks down the gas. As dc bias voltage may be 60—100 V and dc
bias current may be several mA, the bias dc electric field in the
lamps is quite high, especially since electrode separation is only
about a millimeter or less. Light is emitted from the lamp be-
cause the high ionization and excitation collision rates between
high kinetic energy free electrons and neutral gas atoms give
rise to subsequent recombination and de-excitation. The inci-
dent THz electric field serves to increase free electron kinetic
energy incrementally. However, this small increase in electron
energy is sufficient to convert some inelastic collisions into ion-
ization collisions, and some inelastic collisions into excitation
collisions, in the latter case, ionization takes place with subse-
quent collisions with neutral atoms. In both cases, the GDD cur-
rent is increased slightly by the incident THz electric field. The
signal electrons generated in this manner are then accelerated
too by the strong dc field, so that they too ionize neutral gas

1530-437X/$26.00 © 2011 IEEE



ROZBAN et al.: INEXPENSIVE THz FOCAL PLANE ARRAY IMAGING USING MINIATURE NEON INDICATOR LAMPS AS DETECTORS

ZEo
H x°
THz o 1 TH
Radiation Radiation
— — @SS

124/-1.0—~——— 304/-3 _

(a) (b)

l-i €-/+0¢ *-I«O'I-'HZL

Fig. 1. Two configurations of GDD operation. (a) Side radiation. (b) Head-on
radiation. Dimensions of GDD lamp N523 are in mm.

atoms in subsequent collisions, thus amplifying the signal cur-
rent considerably. GDD plasma properties have been studied in
three electrode lamps in which the third electrode is used as a
Langmuir probe, and such internal avalanche amplification has
been calculated to be on the order of six orders of magnitude
[8]. Response by such devices is linear with incident electro-
magnetic wave power [2], [8]. This is important in imaging. In
order to separate the detected THz signal from the large dc bias,
it is desirable to modulate the intensity of the THz radiation, in
which case the GDD acts as an envelope detector. A capacitor
is then used to distinguish between the ac detected THz signal
and the large dc bias.

Recent reports by others indicate GDD sensitivity at 200 GHz
[12] is almost as good as that at 100 GHz [2]. Furthermore,
imaging experiments in which a GDD is used in a scanning
system indicate essentially no difference in image quality from
that obtained using a Schottky diode detector instead [12]. How-
ever, success in developing less expensive real-time millimeter
wave and THz imaging systems depends largely on the ability
to develop inexpensive focal plane arrays. This paper focuses on
the first focal plane array (FPA) using GDD detectors. Although
the concept had been suggested previously [13], this is the first
report of imaging results.

There are two configurations to realize an FPA with such
lamps. The first is where the THz radiation is incident to the
side of the lamp, and the second is where the radiation is inci-
dent head-on. Those two configurations are given in Fig. 1. In
[2], NEP was measured for the side configuration in Fig. 1(a).

For relatively long range (far field) imaging, the effective
pixel size is determined by

A

d=5-f )

where d is the diffraction limited pixel diameter (which may
be larger than the actual GDD diameter), A is the THz radiation
wavelength, f is the focal length of the quasi-optical system and
D is the quasi-optic aperture. Using the head on configuration
[see Fig. 1(b)] determines the diameter of the pixel in the array.
Field-of-view (FOV) of the FPA is given by

N
FOV = — 2)

where N is the number of pixels in the FPA. The resolution
of the FPA can be improved by minimizing FOV and pixel
diameter.
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Fig. 2. A photo of 8 x 8 FPA with PCB board.

II. BOARD

An 8 x 8 FPA based on GDD pixel, operating in head-on
configuration with parabolic reflector for each GDD, was con-
structed in similar manner to the 4 x 4 GDD FPA [13]. A custom
programmable board was designed and fabricated for an 8 x
8 GDD array. The board is used to connect together and syn-
chronize an integrated operation of all elements of the system.
The board is computer operated and permits different regimes
of system operation. A photo of the 8 x 8 GDD FPA and PCB
board is shown in Fig. 2.

The operation of the PCB board includes the following points.

* Interface to the GDD array.

* Amplification both in the pixel and in the column array

levels.

* The signal recovery system.

* Multiplexing of rows and columns in a sequential manner.

» Sampling and digitization of the analog signals.

* Generate all necessary control clocks, voltage, and current

references for the array and image display.

* Custom design software.

Interface to the GDD Array: The interface is a system for
lighting any specific GDD by its address in the matrix, pre-
filtering, and reading out the analog signal. During the cap-
turing, the GDDs are switched line by line in a rolling shutter
mode. This method prevents the overheating of the matrix and
gives the possibility to read out the analog signals from all the
GDDs in one line.

Amplification in Pixel and Column Array Levels: The analog
signal goes from the interface board to the preamplification
stage. The amplified signal is translated through the commu-
tation block to the signal recovery stage, for improving its
signal-to-noise ratio (SNR).

The Signal Recovery System: The signal recovery system is
based on a lock-in amplifier. The simplified model of a single
GDD is shown in Fig. 3. As one can see, the noise is represented
by two bulk noise sources: i,, is a bulk current noise, and e,,
is a bulk voltage noise. Vjs_;p1 is ripple of the power supply,
normally of low frequency, and can easily be filtered out by a
high-pass filter. The dominant source of noise is shot noise of the
bias current (i, ), although it can also be thermal noise according
to electron heating temperature 7., depending on bias current.

For this model, the SNR expression is

SNR = AIR 3)

VBW /e + 2 R?
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Fig. 3. The simplified equivalent circuit of the GDD with bias circuit and
sources of noise. V,s_,p1 is ripple of the power supply, e,, is a bulk voltage
noise source, ¢, is bulk current noise source, Zeq is equivalent impedance of a
GDD, and A is response of the GDD to THz radiation (detected signal).
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Fig. 4. The addressing circuitry for biasing, turning on the GDDs, and reading
out the analog signal.

where AT is signal current, R is a bias resistor, and BW is elec-
tronic bandwidth. The experimental measurements that we per-
formed have also brought us to conclude that shot noise is dom-
inant at higher bias currents appropriate to THz wave detection.
Thus, for BW of 1| MHz, 1,5 is 7.5 mA, i,, = 48 nA /sqrt(Hz),
and R||Zeq = 2.2 k. A typical detected signal of Al = 90 pA
produces an SNR of —40 dB. Since we prefer a good image at
this stage, we aim for an SNR of 20 dB. Thus, SNR needs to be
improved. A smart solution for the signal chain was designed
and implemented. The designed system provides up to 100 dB
signal recovery, while preserving a good tradeoff between the
SNR and the frame rate.

Multiplexing in Rows and Columns in a Sequential Manner:
The computer controlled system provides a very flexible
read-out process. The preheating time, integration time, can
be varied in dependence on the THz radiation power, distance
of the source, noise level, etc. The scheme of the addressing
circuit is depicted in Fig. 4.

Sampling and Digitization of the Analog Signals: The pre-
filtered and preamplified analog signal is converted into a digital
one. From this point, all further signal processing can be done
in a conventional way, using standard hardware/software.
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Fig. 5. The architecture of the system.
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Fig. 6. The block diagram of the THz readout system.

The presented common column/row architecture has an in-
trinsic limit of channel isolation, consequently resulting in ad-
ditional crosstalk among the elements. Careful circuit and board
design was employed and led to a less than 10% crosstalk.

All Necessary Control Clocks, Voltage, and Current Refer-
ences for the Array and Image Display: Both power and signal
multiplexers are controlled by a dedicated digital control cir-
cuitry, which is responsible for the overall system synchroniza-
tion. The architecture of the system is depicted as a block dia-
gram in Fig. 5.

Sequential readout of the pixels was utilized due to avail-
ability of only one lock-in amplifier. However, this approach has
direct implication on the frame rate and limits further resolution
increase. Consequently, in future systems, a parallel readout will
be employed.

Custom Design Software: The software is intended to con-
centrate all the control in one computer. A user can control all
parameters of the system. The user-friendly interface helps to
get visualization of a picture from the sensor, to save the re-
sults in different ways, to run a capturing pixel-by-pixel, full
image capturing, or sequence of frames as well. The software
is lab-view compatible. The block diagram of the system is de-
picted in Fig. 6, and the sketch of the matrix is shown in Fig. 7.

The board is fully functional and working. Since GDD de-
vices have never been applied to imaging previously, there is
much to learn regarding possible non uniformity, fixed pattern
noise, effects on detector linearity, noise, dynamic range, sen-
sitivity to operating conditions, etc. All this is necessary before
considering a larger array such as 32 x 32 one. Thus, our present
step in imaging is an 8§ X 8 focal plane array imaging using the
current board. We will show implementation image processing
on the 8 x 8 focal plane array images, and use the 8 x 8 pixel
array to obtain images with 32 x 32 pixels.

In order to operate the GDD as THz detector, we have to pro-
vide about 100 V DC to break the gas down. Required dc bias
is about 5 mA, thus yielding power consumption for a single
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Fig. 7. The sketch of the matrix of GDDs, together with the interface board.
The second board includes prefilters, preamps, MUXes, control circuitry, input/
output connectors.

Fig. 8. THz image of 100 GHz focused beam imaged by the 8 x 8 FPA.

GDD about 0.5 watts. However, these devices can be used in a
switching mode, whereby the GDD lamp can be switched on,
detect a signal, read out, and switched off, all in less than a mil-
lisecond, thus reducing average power consumption by orders
of magnitude.

III. EXPERIMENTAL SETUP AND IMAGING RESULTS

A 100 GHz source was used to illuminate the object in this
experimental setup. The 100 GHz source is based on GaAs
multipliers of Virginia Diodes, Inc. (Charlottesville, VA, USA)
that multiply a low-frequency source of 12.5 GHz 8§ times to
100 GHz [14]-[16]. The 12.5 GHz signal was generated by an
RF synthesizer and it was modulated by a 100 kHz reference
signal from the PCB board of the FPA. The 100 GHz radiation
was coupled out to free space by waveguide horn antenna. As
preliminary testing of the 8 x 8 FPA and its PCB board we fo-
cused the 100 GHz beam with Polyethylene lens and placed the
FPA in the focal plane. The image of the focused beam detected
with the inexpensive 8 X 8 GDD FPA is shown in Fig. 8. It
looks very similar to the image of a focused optical beam, but
with a larger spatial scale according to larger wavelength and a
“squarish” base according to the shape of the transmitter horn
antenna.

In order to realize a THz imaging system proper quasi-optic
components have to be developed. The quasi-optic design has
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Fig. 9. Experimental setup of the imaging system.

Fig. 10. Simulations of obtained “F” shape image in the quasi-optic system
given in Fig. 9. Left: “F” shape object; middle: Geometrical aberrations; right:
Diffraction effects.

to decrease the diffraction effects which are very dominant in
the THz regime. This requires large aperture optical compo-
nents. The design of the quasi optical setup was based on a
500 mm diameter spherical mirror with 1000 mm focal length as
imaging mirror. The illumination of the object with collimated
THz beam was performed by collimating Off-Axis Parabolic
Mirror (OPM). The experimental setup of the imaging system
is shown in Fig. 9.

The design of the quasi optic system was based on geomet-
rical optics principles which states

L_1.1 @

f S1 52

where f is the focal length of the imaging objective, s; is the
distance from the object to the imaging objective, and s is the
distance from imaging objective to the FPA. In order to enable
imaging on the FPA we had to tilt the off-axis imaging mirror
5° as can be seen in Fig. 9. We used ZEMAX optical devel-
opment software to optimize the system for minimum geomet-
rical aberrations. In order to investigate the diffraction affects
in the quasi-optical system of Fig. 9, a simulation of an “F”
shape object was employed using ZEMAX software. The ge-
ometrical aberrations and diffraction effects in the obtained “F”
shape image are given in Fig. 10.

A metal “F” shape object was placed in the object plane 2 m in
front of the imaging mirror of the quasi-optical system shown in
Fig. 9. This object was illuminated with a transmitted 150 mW+
collimated 100 GHz beam using the OPM. The 8§ x 8§ GDD
FPA was placed 1.6 m from the imaging mirror to produce 1:0.7
imaging magnification (the size of the FPA is about 70x 70 mm,
while the “F” object is 10 x 10 cm and the “F” height is about
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Fig. 11. THz image of a metal “F” shape object as was captured by the 8 x 8
GDD FPA (left); and the metal “F” shape object (right).

-

Fig. 12. THzimages of “F” shape object: before using the correction algorithm
(left) and after using the correction algorithm (right).

7 cm). Fig. 11 shows the “F” shape object and the image ob-
tained in this case.

The “F” shape of the object is clearly seen in the image of
Fig. 11 (with an outline of an ideal “F” shape superimposed
over it). The intensity of the “F” image is not uniform due to the
nonuniform illumination by the Gaussian beam illuminating the
“F,” as well as nonuniform GDD pixel response and electrical
circuits. This is not unexpected since such devices are manu-
factured as inexpensive indicator lamps rather than as THz ra-
diation detectors. For lower THz beam intensities, the obtained
image degradation increases. Since the number of gray levels in
THz images is limited, thresholding can be used to limit nonuni-
formity. Limiting nonuniformity was done using the following
DSP algorithm: the readouts of the GDD pixels were divided
into three levels; each level represents a different region of pixel
readout, the three levels image is presented using MATLAB sur-
face plot. Fig. 12 demonstrates this correction algorithm when a
lower intensity THz beam illuminates the “F” shape object. For
lower intensity illumination, the incident nonuniform Gaussian
beam illumination is more apparent.

From Fig. 12, we can see that after employing the above DSP
algorithm the “F” shape image can be observed easily. The blur-
ring of the edges can be explained by diffraction effects and the
low resolution of the current GDD array setup. The corrected
image of Fig. 12 right is in good agreement with the simulation
of Fig. 10. It is clear from Fig. 12 that reduced illumination in-
tensity causes pixelization distortion to become more apparent.

Resolution Improvement: In order to improve resolution, we
demonstrate operation of 32 x 32 GDD array by taking 16 dif-
ferent images with the 8 x 8 array, each at a different location
in the image plane as can be seen in Fig. 13.

Using the same quasi-optic setup with imaging ratio of 2:1
magnification, 32 x 32 GDD pixel image of the “F” shape object
were reconstructed from the sets of 16 images recorded with the
8 x 8 GDD FPA. Fig. 14 presents the reconstructed image of
32 x 32 pixels.
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Fig. 14. 32 x 32 reconstructed THz images of “F” shape object: before em-
ploying the correction algorithm (left); and after employing the correction algo-
rithm (right).

Fig. 15. 32 X 32 reconstructed image of a rotated “F” shape object: before
employing the correction algorithm (left); and after employing the correction
algorithm (right).

A 32 x 32 pixel image of a rotated “F” shape object was also
obtained and is presented in Fig. 15. Clearly, the pixelization
distortions in the 8 x 8 pixel images, as well as diffraction blur,
are much reduced in the 32 x 32 pixel images of Figs. 14 and 15.

Dithering can help reduce speckle nonuniformity [17]. A
32 x 32 pixel board is presently being constructed.

IV. CONCLUSION

THz imaging using the 8 x 8 GDD FPA is presented here,
which suggests that use of very inexpensive miniature gas dis-
charge indicator lamps as detectors can greatly reduce the cost
of millimeter wave and THz imaging systems, while still ob-
taining good image quality. The experimental results of the “F”’
shape images are in excellent agreement with simulation re-
sults of Fig. 10. The quasi-optical design and components prove
themselves and minimize the diffraction effects in the images
but with their limitations, as can be viewed in Figs. 11, 14, and
Fig. 15. Reduction in illumination intensity makes pixelization
and nonuniformities more apparent. The former can be dealt
with by increasing the number of pixels, as shown in Figs. 14
and 15. The nonuniformities can be dealt with computationally.
The quality of the 32 x 32 pixel images obtained using the 8x 8
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pixel board encourages the development of higher resolution
boards such as the 32 x 32 pixel system presently under con-
struction. Dithering is planned for future systems.

Although it has been shown recently that plasmas can be
used for mm wave imaging by recording the spatial and tem-
poral variations in glow intensity as in the positive column for
example [18], the electronic technique shown here seems to
be much more sensitive while still retaining similar speed of
response.

Future plans include investigating imaging via heterodyne de-
tection [19]. The sensitivity improvement should obviate the
need for a lock-in-amplifier in many applications.
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