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We present an inexpensive technique to obtain a three-dimensional (3D) millimeter wave (MMW) and terahertz
(THz) image using upconversion. In this work we describe and demonstrate a method for upconversion of MMW/
THz radiation to the visual band using a very inexpensive miniature glow discharge detector (GDD) and a silicon
photodetector. We present MMW/THz upconversion images based onmeasuring the visual light emitting from the
GDD rather than its electrical current. The results show better response time and better sensitivity compared to the
electronic detection performed previously. Furthermore, in this work we perform frequency modulation continu-
ous wave (FMCW) radar detection based on this method using a GDD lamp, with a photodetector to measure GDD
light emission. By using FMCW detection, the range in addition to the intensity at each pixel can be obtained,
thus yielding the 3D image. The GDD acts as a heterodyne mixer not only electronically but also optically. The
suggested 3D upconversion technique using the GDD is simple and inexpensive and has better performance
compared to other MMW/THz imaging systems suggested in the literature. This method provides minimum de-
tectable signal power that is about 6 orders of magnitude better than similar plasma systems due to the very large
internal signal gain deriving from the much smaller electrode separation and resulting in much higher plasma
electric field. © 2016 Chinese Laser Press

OCIS codes: (110.0110) Imaging systems; (110.6795) Terahertz imaging; (110.6880) Three-dimensional
image acquisition; (040.0040) Detectors; (190.7220) Upconversion; (040.5160) Photodetectors.
http://dx.doi.org/10.1364/PRJ.4.000306

1. INTRODUCTION
The use of millimeter wave (MMW) and terahertz (THz)
radiation has increased in recent years, especially in the fields
of spectroscopy [1] and imaging [2,3]. More and more appli-
cations in medicine, communications, homeland security,
material science, and space technology are based on MMW
and THz radiation bands [2–4]. The motivation to use these
bands is that there is no known ionization hazard for biologi-
cal tissue, the atmospheric scattering of MMW and THz
radiation is relatively low, and the penetration through dielec-
tric materials is quite good [2–4]. Furthermore, the lack of
inexpensive room temperature detectors and focal plane
arrays (FPAs) in these spectral regions makes it difficult to
develop some of the above applications, especially those that
require the use of real-time three-dimensional (3D) imaging.
Currently, one of the main goals of MMW and THz technology
is the development of low-cost, fast, highly sensitive, compact,
and room-temperature detectors. Miniature neon indicator
lamps were found to be very good detectors in the MMW
and THz regions. They are also known as glow discharge de-
tectors (GDDs). The GDD is a room temperature detector that
was previously proven to be a very sensitive and inexpensive
MMW/THz radiation detector [5–7], capable of direct and
heterodyne radiation detection [8–10]. FPAs based on GDD
pixels were constructed and experimentally demonstrated
[8]. In those demonstrations, a measurement of GDD electri-
cal current as a function of incident MMW/THz radiation was

carried out. In this work, we demonstrate and experimentally
test an upconversion of MMW/THz radiation to visual light us-
ing a GDD, with a silicon detector to measure the intensity of
GDD output light.

There are already several existing room-temperature MMW
and THz detectors [2,3]. The most popular detectors are Golay
cells, pyroelectric detectors, bolometers, andmicrobolometers,
many of which are too slow for video frame rates. Among those
detectors, the vanadium oxide (VOx) microbolometer was
found to be suitable for the design of high-resolution FPA im-
aging [2,3]. The disadvantages of using a VOx microbolometer
are low sensitivity and slow response time, as described in de-
tail in Refs. [2,3]. Very fast existing-room-temperature MMW/
THz detectors are based on Schottky diodes. The disadvantage
of these detectors is that they are much less sensitive at the
higher frequencies of the THz band [11]. Furthermore,
Schottky diode performance was compared to GDD perfor-
mance in a THz interferometer [11]. It was found that the
GDD has a higher signal-to-noise ratio, a linear response,
and a faster response time than the Schottky diode [11]. All
the detectors described above are expensive detectors. In this
work we use the GDD, which is a room-temperature detector
with high dynamic range, is very broadband, exhibits fast re-
sponse time, and is rigid, easy to operate, commercially avail-
able, and very inexpensive (costing about $0.20–$0.50 each).

The GDD’s detection mechanism is based on a slight
change of current between the two electrodes of the lamp;
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these current changes occur due to the electric field of the
electromagnetic radiation being incident on the GDD. The
expression for the change in bias current of the GDD
due to MMW/THz radiation is given by Ref. [12]:

ΔI�t� � G · q2 · V · n
Vi ·m

·
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�
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(1)

where G ≈ exp�2·νi ·td�
2·νi ·td

represents the internal signal amplifica-
tion (calculations indicate that it can be on the order of a
million [12]), q is the electron charge, V is the average electron
velocity, n is the electron density, Vi is the gas ionization po-
tential,m is the electron mass, τ is the time response to create
current changes, τi is the time between ionization collisions of
electrons with gas atoms, η0 is the free space impedance, PD is
the incident MMW/THz radiation power density on the detec-
tor, ν is the electron-neutral atom elastic collision frequency,
ω is the electromagnetic radiation frequency, td is the average
electron drift time to the anode, and νi is the ionization colli-
sion frequency. The dominant mechanism was found to be en-
hanced cascade ionization rather than diffusion current
[13,14]; the enhanced cascade ionization mechanism in-
creases the current while the diffusion current mechanism de-
creases it. Equation (1) is maximum when ω and ν are equal.
Furthermore, it was found that the GDD is sensitive to the
polarization of the incident MMW/THz radiation [7,15].
Some applications of MMW/THz require fast envelope detec-
tion. Examples of such applications include measuring the
time of flight, radar detection, direct detection of short pulses,
and real-time imaging. The response time of the plasma inside
the GDD is on the order of picoseconds; however, the
response time is limited by the electronic circuit to about
1 μs [16].

A new (to our knowledge) principle of detection and imag-
ing using the miniature GDD is presented here in which we
detect the change in the light emission from the GDD due
to incident MMW/THz radiation rather than the change in
its electrical current. By using the GDD for the conversion
of MMW/THz radiation to the visual band, it is shown that
the response time of the detection can be improved, since
it is now mainly dependent on the visual detector response
time rather than the GDD circuit. An advantage of this method
is the elimination of the internal shot noise of the GDD com-
ponents [12], which limits its sensitivity when measuring the
change in its electrical current. Thus, the sensitivity and mini-
mum detectable signal power using the upconverting (optical)
method will improve the GDD sensitivity and simplify the
detection signal compared to electronic detection. A method
for microwave power distribution detection was published
this year [17], using a one-dimensional array of arc discharge
lamps that serves as an energy converter from microwave to
visible light. The high-power microwave radiation can pro-
duce visible light in the lamps. The range of illumination in
the lamps over the lamp array depends on the microwave in-
tensity. Thus, the microwave distribution can be monitored by
optical observation. Our work is in the MMW/THz band and
shows the ability of our method to use GDDs as pixels in
an imaging system. Another MMW imaging technique based
on visible light emitted from the positive column of a
Cs–Xe DC discharge was shown in Ref. [18]. In that technique,

MMW radiation is incident toward a large, uniform positive
column window and causes changes in the positive column
light intensity. A charge-coupled device (CCD) camera is used
to obtain the MMW pattern. The minimum detectable MMW
power density of this system was found to be on the order
of 1 W∕cm2 for 35 GHz radiation, the response time of this
technique was about 0.8 μs, and the spatial resolution for a
time slot of 10 μm was 3 mm. For longer time slots the reso-
lution is worse due to heat transfer of the plasma [18]. Our
system is several orders of magnitude more sensitive than
those two techniques that use high-power sources, as
discussed later, and exhibits a better response time.

This paper presents the ability of our MMW/THz imaging
system to obtain 3D images using upconversion. This ability
was experimentally tested by performing detection, imaging,
and frequency modulation continuous wave (FMCW) radar
detection using a GDD and a photodetector.

2. EXPERIMENTAL SETUP AND RESULTS
A. Detection and Proof of Concept
In order to investigate the upconversion of MMW/THz radia-
tion to visual light using GDD phenomena, we used a MMW/
THz source based on multipliers from Virginia Diodes, Inc.,
that multiply a low-frequency source to 100 GHz. The
100 GHz source radiates to free space and, using a polyethyl-
ene (PE) lens, the MMW/THz radiation was focused on the
GDD cross section between the electrodes. The experimental
setup is given in Fig. 1. The 100 GHz signal was modulated
with a 1 kHz square wave. This MMW/THz modulated signal
was coupled to free space by a conical horn antenna, which
produced an approximately fundamental mode Gaussian
beam. An off-axis parabolic mirror (OPM) was used to colli-
mate the MMW/THz Gaussian beam; that MMW/THz beamwas
focused by a PE lens on the GDD. A commercial green neon
indicator lamp (N523, from International Light Technologies)
was used in these experiments as a GDD. Changes in the GDD
light are caused by the modulated MMW/THz signal incident

Fig. 1. Experimental setup of the upconversion detection: (a)
schematic, (b) picture.
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on the GDD lamp. In order to detect the changes in the GDD’s
illumination, we used a large-area balanced photodetector
(model PDB210A/M, from Thorlabs) that was conveniently
available. Note that a single silicon photodetector can be used
as well for this experimental setup. The GDD’s light is directed
toward the photodetector via optical lenses. In order to mea-
sure and record the detected signal, the output signal of the
photodetector was connected directly to an oscilloscope with-
out an external amplifier. The oscilloscope that was used was
model DSO1012A from Agilent Technologies, with bandwidth
of 100 MHz and max sample rate of 2 gigasamples (GSa)/s.

The detected optical intensity signal from the photodetec-
tor output for the upconversion detection using the N523 GDD
is shown in Fig. 2. This signal was obtained under the follow-
ing conditions: GDD bias current of 10 mA, square-wave
modulation at 1 kHz, and MMW/THz frequency of 100 GHz.
The detected signal from the photodetector output was
measured to be 76 mV, as we can see in this figure. The GDD
side configuration was used here instead of the head-on con-
figuration for convenience. The sensitivity in the head-on con-
figuration is about an order of magnitude better, because the
plasma interaction depth is then about 1 cm, corresponding to
the electrode length, rather than 1 mm, corresponding to the
electrode thickness [7,8].

In order to find the best GDD lamp for the upconversion
method, we tested many GDD lamps from different vendors.
Several of them contained a phosphorous coating on the inner
surface of the glass envelope, and several of them were with-
out the phosphorous coating. The N523 was found to be the
best one. This lamp has a phosphorous coating. Note that
similar results were found for electronic detection [5].

Figure 3 shows a comparison between optical detection us-
ing the upconversion method and electronic detection without
an amplifier. In this figure we can see that the responsivity of
both detection methods varies with the DC bias current; also,
it was found that the higher the DC current of the GDD, the
better the responsivity of the system. This is attributed to an
increase of the electron-neutral atom collision frequency with
the bias current [12,19], thus increasing the MMW/THz radia-
tion absorption via energy transfer to neutral atoms, where
the MMW/THz energy adds to the electron kinetic energy
and thereby excites or ionizes neutral atoms. This changes
the de-excitation and recombination rates and therefore the
illumination intensity of the GDD. Consequently, amplitude
modulation of the MMW/THz radiation is required in order
to distinguish between the signal light and bias light of the
GDD. The signal light is modulated, while the bias light is

not. AC coupling is used to separate this AC signal from
the much stronger DC bias. The DC voltage was created as
a result of the GDD light without MMW/THz radiation.

The responsivity of the systemwas calculated by measuring
the input MMW/THz power on the GDD cross section, as well
as the output signal voltage from the photodetector. In order
to measure and calculate the input MMW/THz power, we used
an MMW/THz pyroelectric array camera from Spiricon to mea-
sure the beam diameter. The beam power was measured using
an MMW/THz absolute power meter from Thomas Keating.
The total MMW/THz radiation power incident on this cross
section was calculated to be 800 μW. The detected signal from
the photodetector output was measured to be 76 mV, which
results in a responsivity of 95 V/W for the detection system at
100 GHz with a GDD bias current of 10 mA; for comparison,
the detected signal from the electronic circuit (without an am-
plifier) was measured to be 25 mV, which results in a respon-
sivity of 31 V/W for the electronic detection system at 100 GHz
with the same GDD bias current. The optical upconversion
was thus more responsive than the electronic detection.

The optical polarization sensitivity of the GDD using the up-
conversion method was investigated in side configuration [7].
The maximum detection value was obtained when the DC
electric field was in the direction of the MMW/THz electric
field. The minimum detection value was obtained when the
fields were orthogonal to each other. The minimum detection
value was 30% of the maximum detection value. This optical
polarization sensitivity is similar to the electronic polarization
sensitivity, as shown in previous works [7,15,20,21], and is in
good agreement with Malus’s law. When MMW/THz frequen-
cies are such that wavelength is on the order of electrode
geometry dimensions, absorption by the plasma and notice-
able responsivity increases can occur [21].

A calculation of the system noise-equivalent power (NEP)
was carried out using

NEP � Vn

R ·
����
B

p � Ps_min����
B

p ; (2)

where Vn is the noise voltage, Ps_min is the minimum detected
signal power in direct detection, B is the bandwidth, and R
represents the responsivity of the detection system as
described.

The noise levels of the detection system were measured
with a spectrum analyzer from Agilent Technologies. The
noise voltage was measured to be about 130 nV∕

p
Hz and

Fig. 2. Detected signal from the photodetector (signal A, 76 mV peak
to peak) and modulation signal of the MMW/THz radiation (signal B)
on the same time axis.

Fig. 3. Detected signal from the photodetector (solid line) and the
detected signal from the electronic circuit without amplifier (dashed
line) as a function of the GDD DC bias current.
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is limited by the photodetector, which is much quieter than the
plasma noise. The NEP of the system was calculated to be
about 1.3 nW∕

p
Hz. The NEP using this method was almost

an order of magnitude lower than the NEP in the electronic
detection [16], which was measured to be about 10 nW∕

p
Hz

when the incident EM wave illuminated the entire side of the
GDD instead of the narrow “head.” Theminimum detected sig-
nal power of our upconversion system was found to be about
1.3 μW (when multiplying the NEP with the square root of the
photodetector bandwidth) according to Eq. (2). The minimum
detectable MMW/THz power density of our upconversion sys-
tem was found to be on the order of 1 μW∕cm2 (when dividing
the minimum detected signal power with the area of the
detector) [10]. This is 6 orders of magnitude better than
in Ref. [18].

Figure 4 shows the response time that was measured in our
system directly from the photodetector output. We can see
from this figure that the response time was 480 ns. This
response time result is limited due to the bandwidth of the
optical PDB210A photodetector that was used in our setup,
which affected the performance of the detection. Note that
the oscilloscope, due to its parameters, doesn’t affect the rise
time of the detection. Further improvement of the response
time and sensitivity can be achieved using a faster and more
sensitive optical detector.

B. Imaging Using Upconversion
Figures 5 and 6 show the quasi-optical setup designed and
built for imaging using the upconversion method at
100 GHz. This experimental setup includes a 100 GHz source
that is incident on the object. The object is a metal plate in the

shape of the letter F. The radiation reflected from the object is
collected using the spherical mirror (imaging mirror), and the
GDD lamp is placed in the image plane. The optical detector is
placed close to the GDD in order to detect the change in the
light intensity emitting from the GDD. The image was acquired
by scanning the object horizontally and vertically in the
object plane.

Figure 7 shows the upconversion imaging system results. In
order to obtain a scan of the metal object, it was shifted 1 cm
in each direction, horizontally and vertically, using a jack and
a linear stage. According to our previous work, this interval of
1 cm is sufficient [22]. We shifted the object over a total range
of 10 points horizontally and 12 points vertically; in that way
the image of the object was scanned and acquired. Those re-
sults show the shape of the object very clearly and in the right
dimensions. In order to reduce some low-intensity blur values,
we performed a simple image processing to determine a
threshold value by trial and error and zeroed all the pixels be-
low it [22]. The resulting image is shown in Fig. 7(b). Until now
we have considered upconversion to the visible range as a
means to detect two-dimensional MMW/THz images. This de-
rives from the intensity at each pixel. Now, we consider 3D
images, where we add a target distance at each pixel.

Fig. 4. Detected signal from the photodetector (signal A) and modu-
lation signal of the MMW/THz radiation (signal B). The response time
of the detection using the PDB210A photodetector was found to be
480 ns.

Fig. 5. Setup configuration for the upconversion imaging system
using a GDD and photodetector.

Fig. 6. Pictures of the setup configuration for the upconversion im-
aging system using a GDD and photodetector, imaging mirror, and
metal object with a size of 8 cm × 10 cm and letter width of 2 cm.

Fig. 7. Imaging results: (a) the raw upconverted MMW/THz image,
(b) the image after thresholding low values.
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C. FMCW Detection Using Upconversion
FMCW radar systems employ frequency modulation at the
signal source to enable propagation delay measurements
for determination of the distance to the target or depth of
an object in an imaging system. In order to realize FMCW ra-
dar, the signal source radiation is split into two beams. The
first beam is incident toward the object and reflected back
to the detector and is called the signal beam. The second beam
is incident directly on the detector and is called the reference
beam. Either the signal beam or the reference beam is fre-
quency modulated (chirped), so that the time difference in
propagation (Δt) for the two beams yields a beat frequency
(f b). That frequency is constant and proportional to the
distance from objects at each instant of image recording.

According to the beat frequency (f b), the distance/range
(R) of an object can be calculated to be [23,24]

f b � f SR · Δt � Δf
Ts

·
R
c
�> R � f b · Ts · c

Δf
; (3)

where f SR is the sweep rate (chirp slope), Δf is the full fre-
quency swing (chirp bandwidth), R is the optical path differ-
ence (OPD) between the signal and the reference beams, Ts is
the chirp sweep time, and c is the speed of light.

The depth resolution, designated as δR, can be calculated
according to Eq. (3). Using the beat frequency resolution δf b,
the minimum resolvable frequency deviation is δf b ≈ 1

Ts
.

Therefore, the depth resolution can be written as in
Refs. [23,24]:

δR � c
2Δf

; (4)

where δR is the minimum recognizable image depth (depth
resolution). Therefore, the larger the frequency swing, the bet-
ter the depth resolution that can be achieved. The GDD has
been used in the past as an electronic mixer, where the differ-
ence frequency is detected in the electrical current of the
GDD. Now, we wish to see if it also exists in the light intensity
emitted by the GDD plasma lamps.

Figure 8 shows the setup designed for the optical feasibility
of FMCW using a GDD and a photodetector in the MMW/THz
bands. This experiment setup includes a 100 GHz chirped
modulated beam that is incident on a wire-grid polarizer beam
splitter (BS). The reference beam is transmitted through the
BS and is focused onto the GDD that is placed in a side con-
figuration using a PE lens. This path length is over a distance
of 0.55 m and is marked as a dashed line. The signal beam is
reflected by the BS toward the object, which is represented by
a plane metal mirror. The beam reflected by the metal mirror
is focused onto the GDD using a PE lens. This path length is
over a distance of 1.62 m and is marked as a solid line. The
OPD between the reference beam and the signal beam is
1.07 m. The optical detector PDB210A/M is placed close to
the GDD in order to detect the change in the light intensity
emitting from the GDD. As a result of heterodyne detection
by the GDD, a difference frequency (the beat frequency
—f b) is obtained that is proportional to the OPD of the two
beams (R).

In this experiment, according to our measurement condi-
tions, the chirp bandwidth was about Δf � 3 GHz at the out-
put of the MMW/THz source, with a chirp sweep time Ts of
0.9 ms (the modulation signal is a 1 kHz saw-tooth signal with
a duty cycle of 90%). These conditions provide a chirp rate of

about f SR � 3 MHz∕μs, a beat frequency resolution of
δf b � 1 kHz, and an OPD resolution, for scenarios where
there is no round trip path, of 0.1 m [the range resolution
(δR), for scenarios where there is no round trip path,
is 0.05 m].

In this experiment we measured the detected signal from
the photodetector and that from the electronic circuit (with
external amplifier) and compared them. Figure 9 shows the
detected signal for the FMCW experiment shown in Fig. 8.
The results are presented for the optical detection from the
output of the photodetector in Fig. 9(a). The results are pre-
sented for the electronic detection from the amplifier output
connected to the electronic circuit in Fig. 9(b). The yellow sig-
nal A is the detected signal, and the green signal B is the saw-
tooth modulation signal serving as a trigger. We can see from
this figure that the detected signals for both the optical and
electronic cases are essentially identical. Furthermore, we
can see that FMCW with miniature neon indicator lamps as
GDD mixers thus works for both electronic heterodyne detec-
tion and upconversion optical heterodyne detection. Both
detection processes derive from the excitation and resultant

Fig. 8. Setup configuration for an optical FMCW experiment at
100 GHz using a photodetector and GDD lamp N523 in side configu-
ration, connected to the detection electronic circuit and external
amplifier.

Fig. 9. Detected signal A and modulation signal B for the FMCW
experiment: (a) upconversion optical heterodyne detection, (b)
electronic heterodyne detection.
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ionization collision processes between free electrons and neutral
gas atoms. These lead to increased current as well as to
de-excitation and recombination, which produce GDD light
emission.

The raw data of the FMCW signal recorded by the oscillo-
scope was analyzed using a fast Fourier transform (FFT),
which shows the frequency components of the detected
signal. Figure 10 shows the FFT of the detected signal A
for the FMCW experiment shown in Fig. 9. We use FFT to iso-
late the frequency component of f b from the detected signal.
We can see that the beat frequency for both detection methods
is 12.7 kHz according to the FFT. This frequency corresponds
to an OPD of 1.143 m and is in excellent agreement with the
OPD calculation made above and within the boundaries of the
expected frequency and OPD resolutions. The other main fre-
quency component shown in the FFT is the modulation signal
frequency of about 1 kHz.

3. DISCUSSION AND CONCLUSIONS
The experimental results of this paper show that a systemwith
a GDD and optical detector can serve for MMW/THz imaging.
The results show improvement of the response time using the
presented method compared to the electronic detection of the
GDD. Furthermore, the NEP using this method was almost an
order of magnitude lower than the NEP in the electronic de-
tection, and the responsivity was 3 times better than in the
electronic detection. The photodetector is much quieter than
the high bias GDD. It was found that the upconversion method
using the GDD is sensitive to the polarization of the incident
MMW/THz radiation, similar to the electronic detection. The
response time results that were shown in our work were lim-
ited due to the bandwidth of the optical detector, which af-
fects the performance of the detection. Improvement of the
upconversion system can be achieved by using better optical
components and reducing the size of the optical system
(to bring the optical detector closer to the GDD); further im-
provement of the response time and sensitivity can be
achieved using a faster and more sensitive optical detector.
Also, testing other GDD models using this method can result
in finding better Ne miniature lamps for detection by this
method rather than electronic detection.

One important application of the GDD is as a pixel in a
MMW/THz FPA [25]. In this work we showed and proved
the ability of this method to perform imaging using a GDD
lamp and photodetector in a scanning system. We believe that
based on the work presented in this paper we can use a CCD
camera and a GDD FPA to perform imaging. The combination
of a CCD camera and a GDD FPA can yield a faster, more

sensitive, and very inexpensive MMW and THz camera, elimi-
nating the complexity of the electronic circuits and the inter-
nal electronic noise of the GDD. By choosing lamps with
smaller diameters, we can achieve better spatial resolution
with an FPA. Comparison of our system to another imaging
system using an upconversion method described before in
Ref. [18] shows that the sensitivity of our imaging technique
exceeds the other technique’s sensitivity by about 6 orders of
magnitude (by comparing the minimum detectable signal
power densities of both systems). Also, our system response
time is about 2 times better than that of the other technique.
This makes our upconversion system much better for MMW/
THz imaging. A major difference between the large lamp in
Ref. [18] and the miniature GDD lamps used here is the lamp
dimensions. In our present case, the very small electrode
separation (∼1 mm instead of 10 cm) gives rise to a DC
bias electric field that is much larger than that in Ref. [18].
The resulting much higher excitation and ionization collision
rates of signal electrons with neutral gas atoms give rise to
internal signal amplification on the order of a million for these
types of devices [12]. This can explain the 6 orders of magni-
tude responsivity improvement and NEP improvement ob-
served here. For real-time miniature GDD imaging, where
each miniature GDD serves as a pixel, an array of such
GDDs is required. However, they are very inexpensive (half
of a dollar each) compared to any other type of MMW/THz
detector.

Furthermore, we succeeded in performing optical FMCW
detection using a photodetector. The detected signal that
was measured was consistent with theory. From the compari-
son of both detection methods we can see that the optical de-
tection performed well and agreed with the electronic
detection beat frequency. Using heterodyne and advanced de-
tection methods, we can achieve better results with optical
detection. The optically detected signal in this experiment
can be enhanced by better positioning of the photodetector.
These results indicate that upconversion of an MMW/THz im-
age to the visible range using glow discharge miniature neon
indicator lamps can be enhanced by FMCW techniques to
obtain fast and sensitive 3D images.

In electronic detection, the input to the GDD is an electro-
magnetic wave, and the output is an electrical current.
Therefore, limitations in response time in electronic detection
derive from parasitic capacitance and inductance of the
GDD. With upconversion, the output from the GDD is an
optical wave rather than a current, so parasitic impedance
is decoupled from the output, and the optical detection
speed derives largely from the speed of the optical detector.
Similarly, electronic detection sensitivity is largely limited
by GDD plasma noise. With upconversion, this too is de-
coupled, and sensitivity is largely limited by optical detector
noise, which is much less than plasma noise. In both cases,
we are measuring detection properties of the upconversion
system rather than those of the GDD device alone. Thus,
both speed and sensitivity can be improved further by
use of a detector or optical camera that is quieter and
faster.

Funding. North Atlantic Treaty Organization (NATO);
Science for Peace and Security (SPS) Program (MD.SFPP
984775).

Fig. 10. FFT of the detected signal from the FMCW experiment:
(a) upconversion optical heterodyne detection, (b) electronic hetero-
dyne detection.
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