
Optical readout method based on time-discrete
modulation for micro-cantilever array sensing

Xuhong Chu (褚旭红)1, Liquan Dong (董立泉)1,*, Yuejin Zhao (赵跃进)1,
Xiaomei Yu (于晓梅)2, and Yun Feng (冯 韵)1

1Beijing Key Lab. for Precision Optoelectronic Measurement Instrument and Technology,
School of Optoelectronics, Beijing Institute of Technology, Beijing 100081, China

2Institute of Microelectronics, Peking University, Beijing 100087, China
*Corresponding author: kylind@bit.edu.cn

Received May 26, 2016; accepted August 12, 2016; posted online September 19, 2016

Noise and the resonance characteristics of the focal plane array (FPA) are the most important factors that affect
the performance of the optical readout infrared (IR) FPA imaging system. This Letter presents a time-discrete
modulation technology that eliminates the background and restrain noise, which effectively improves the image
quality of the optical readout IR FPA imaging system. The comparative experiments show that this technology
can reduce the noise equivalent temperature difference greatly and make the images sharper. Moreover, when the
imaging system is influenced by the environment vibration, the images obtained from the imaging system with
time-discrete modulation restore twice as fast as without time-discrete modulation.
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Since the practical applicability of the optical readout
infrared (IR) focal plane array (FPA) imaging system
was confirmed, much attention has been paid to this tech-
nology due to its advantages of small volume, light weight,
and low power[1], and it is predicted that this imaging tech-
nology will be widely applied in the future[2–6]. Compared
with the cooled IR imaging system and the electric read-
out IR FPA imaging system, the optical readout IR FPA
imaging system is immature at this moment, and its per-
formance indexes have great disparity from the theoretical
results. So, many research institutes have carried out
much research on the optical readout IR FPA imaging sys-
tem using the bi-material micro-cantilever detector. Some
research related to optimizing the imaging system to im-
prove the detection sensitivity of the optical readout sys-
tem, such as improving the implementation of the optical
path[7], selecting the filter[8], analyzing and compensating
the manufacturing defect[9,10] of the FPA, etc. Other re-
search is focused on developing new forms of the readout
system to decrease its dependence on environment and to
improve the reliability of the imaging system, such as
fiber-reference optical readout technology[11].
The noise equivalent temperature difference (NETD) of

the optical readout IR FPA imaging system can be theo-
retically reduced to less than 5 mK, however, it is usually
almost 120 mK or more in practice, which may be due to
the fact that there are many factors that could degrade
the image quality[12–14]. These factors contain the noise
generated from the FPA, the optical system, and the envi-
ronment. The time-discrete modulation technology is pro-
posed to compensate the noise of the FPA and the noise
of the environment. Experiment results show that this
technology can not only improve the image contrast,
but recover the image effect more quickly than without

time-discrete modulation when the imaging system under-
goes vibration.

The FPA is the main detector of the imaging system,
which consists of bi-material cantilever arrays, as shown
in Fig. 1. It is an array of the same bi-material micro-
cantilever structural units and each structural unit
is called a pixel, as shown in Fig. 1(a). The absorber/
reflector structure of each pixel has one layer as an IR
absorber made of SiNx , and the other layer as a visible
light reflector made by Au, as shown in Fig. 1(b)[15]. Each
pixel’s micro cantilevers of the FPA do not deform when
there is no IR radiation focused on it, but the cantilevers
will deflect when the FPA absorbs the IR thermal radia-
tion due to the difference between the thermal expansion
coefficients of the two layer materials. The deflected angle
θ of each pixel is proportional to the absorbed radiation
focused on it, namely, different IR radiations from differ-
ent object points will make different deflected angles θ.

The structure of the time-discrete modulation optical
readout IR FPA imaging system is shown in Fig. 2.

Fig. 1. (a) FPA and its pixel and (b) the bi-material micro-
cantilever structure of an FPA pixel.
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It consists of five parts: the IR lens, the FPA in a vac-
uum, the optical readout unit, the imaging unit, and the
chopper. Compared with the typical optical readout IR
FPA imaging system, the key point of the current system
is that a chopper is used to modulate the radiation.
In the typical optical readout IR FPA imaging system,

the IR lens collects the IR thermal radiation from the tar-
get object and focuses them on the FPA, which is placed in
the vacuum chamber. Then the pixels of the FPA produce
thermomechanical deformation according to the absorbed
radiation. The optical readout unit detects and exports
the thermomechanical deformation of each pixel of the
FPA by a noncontact measuring method. In the optical
readout unit, the light emitted from the light source is col-
limated by its illumination lens, then directed to the FPA
for optical imaging. The rays reflected by the FPA are
focused on the filter plane, and then the filtered beam
is projected onto the CCD by the imaging lens. The energy
that the CCD receives is E0 when there is no deformation
of the FPA, and it will change toEt when the FPA deflects
due to the object IR radiation. Then the energy variation
that the CCD detects can be calculated as ΔE ¼ E0 − Et .
The image processing system receives and displays ΔE on
the monitor in the form of gray-level difference.
If ΔE is caused not only by the object IR radiation but

other noise, such as the vibration and the fluctuation of
the light source intensity, the image of the imaging unit
will not be real. In order to get the energy variation caused
by the object IR radiation only, the noise must be de-
ducted. The chopper is employed to deduce the effect
of noise on ΔE and improve the image quality of the
system.
According to Fig. 2, there are two links to bring noise

into the imaging system. One is mainly caused by FPA
during the process of converting the IR radiation to the
angle deflection of the FPA. The other is the optical read-
out system during the process of converting the angle
deflection of the FPA to the visible energy variation.
The latter has been analyzed in Ref. [8] and compensated
by using the fiber reference technology. This Letter
focuses on the FPA noise.

The structure characteristics of the micro cantilever
always cause three intrinsic noises, namely, background
fluctuation noise (NETDbf), temperature fluctuation
noise (NETDtf), and thermomechanical noise (NETDtm).
The total noise is expressed as[16],
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These noises can superimpose on the deflection angle θ
of the FPA, namely,

θ0 ¼ θ0 read þ θ0 noise; (2)

θt ¼ θt read þ θt noise; (3)

where θ0 real is the deflection angle of the FPA when there
is no IR radiation and θ0 noise is caused by the noise of the
FPA at this time; θt real is the deflection angle when there is
IR radiation and no noise and θt noise is caused by the noise
of the FPA at this same time.

The deflection Δθreal caused by the object radiation can
be expressed as

Δθreal ¼ θ0 read − θt real: (4)

Substituting Eqs. (2) and (3) into Eq. (4), we get

Δθreal ¼ θ0 read − θt real;

¼ ðθ0 − θ0 noiseÞ− ðθt − θt noiseÞ;
¼ ðθ0 − θtÞ− ðθ0 noise − θt noiseÞ;
¼ Δθ − Δθnoise; (5)

where Δθ can be measured by the system; Δθnoise is
directly related to the access time of t and t0. When t
is infinitely close to t0, Δθnoise will inevitably be close to 0.

Under normal circumstances, the system collects the
initial deflection angle of the FPA θ0 at time t0, and θt
at time t. Δθnoise will increase over t, which results in Δθ
increasingly deviating from Δθreal. This will lead to the
degradation of the system performance, including the
detection sensitivity and image authenticity.

Besides the noises of the FPA directly reducing the
NETD and other indexes of the optical readout IR
FPA imaging system, the imaging quality is also seriously
affected by the vibration outside because of the resonance
characteristics of the micro cantilevers, which will cause
the system to not be able to form images or even invali-
dation. The intrinsic noise and the response to the outside
vibration are restricted by the FPA principle, and they
cannot be eliminated thoroughly. Thus, certain devices

Fig. 2. Time-discrete modulation optical readout IR FPA imag-
ing system.
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and image processing progress are necessary to reduce
or compensate these unwanted effects on the system
performance.
Time-discrete modulation technology is presented to

eliminate the intrinsic noise of the FPA and the influence
of the outside vibration, which contains two steps.
First, the continuous IR radiation from the target ob-

ject is modulated to a discrete one, namely, time-discrete
modulation. This process relies mainly on the mechanical
chopper that is inserted between the IR lens and the FPA
that can modulate the continuous IR radiation signal to a
discrete one. The chopper is divided into two opaque
regions and two transmission regions that are alternately
placed, as shown in Fig. 3.
In the working process, the mechanical chopper rotates

at a certain frequency. Thus, the transmission area and
the opaque area enter the optical path alternately over
time. When the opaque region of the chopper is in the op-
tical path, what the signal CCD receives is the noise of the
FPA; when the transmission region of the chopper is in the
optical path, what the signal CCD receives is the object
signal containing the noise of the FPA. That is to say,
the rotating mechanical chopper makes the IR radiation
that the FPA receives from the target become a cyclical
signal over time. We make the initial deflection angle
of the FPA θ0 at time t, and θt at time ðt þ 1Þ, hence,
according to Eq. (5), Δθ will be closer to Δθreal because
of the reduction in Δθnoise.
Second, the CCD unit receives and demodulates signals

from the optical readout unit, then the IR image is output
correctly. The discrete signals that the CCD receives con-
tain interval image signals with noise and the noise signals.
After distinguishing the two kinds of signals, the noise sig-
nals are deducted from the image signals with noise, there-
fore quality images are output. By deducting the noise
from the image, not only can the SNR and the detection
sensitivity of the system be improved directly, but the
high-quality image can be gained.
There are many factors that affect the feasibility of the

imaging system. The first and most important one is the
frame synchronization of the chopper and the CCD, which
ensures that the integration of the CCD signal frame can
be achieved in the transmission/opaque region of the
chopper. Otherwise, the signals that the CCD receives
are not periodic and the noise cannot be eliminated.
The second one is that the response time of the FPA must
be much smaller than the integration time of the CCD.
Otherwise, even if the opaque region of the chopper is

in the light path, the signal the CCD receives shall contain
the object radiation because of the response lag of the
FPA, which makes the modulation invalid. The third
one is that the starting point of the integration time of
the CCD must be synchronized with the transmission/
opaque region of the chopper. Otherwise, the intensity
of the image signal will be reduced even though the image
signal is modulated, making the modulation lose its effect.

To verify the imaging effect of time-discrete modulation
optical readout technology, the experiment system is set
up according to Fig. 2. In the system, the chopper wheel
and its motor drive unit are shown in Fig. 4.

Results of the comparative experiments are shown
in Fig. 5.

Figures 5(a) and 5(b) are both captured by the optical
readout IR FPA imaging system without time-discrete
modulation. The illuminating energy of the optical read-
out system that serves Fig. 5(b) is twice that of Fig. 5(a),
so the brightness of the image in Fig. 5(b) is much higher
than that of Fig. 5(a). Figure 5(c) is captured by the
imaging system according to Fig. 3.

The NETD is one of the key indexes that represent the
detection sensitivity of the IR imaging system. It can be
expressed as

NETD ¼ ΔT ×
Vn

Vs
; (6)

where ΔT is the temperature difference, Vs is the peak
voltage of the signal, and Vn is the RMS value of the
noise.

We substitute Gmax, the gray value of the image, and
Gn, the noise gray value for Vs and Vn, and get

Fig. 3. Mechanical chopper.

Fig. 4. Chopper wheel and its motor drive unit.

Fig. 5. Images of a hot iron captured by the optical readout IR
FPA imaging system (a,b) without time-discrete modulation and
(c) with time-discrete modulation.
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NETD ¼ ΔT ×
Vn

Vs
¼ ΔT × k ×

Gn

Gmax
; (7)

where k is a coefficient.
By picking parameters from Fig. 5, the corresponding

value of NETD can be obtained, as shown in Table 1.
From Table 1, we can see that the NETD of Figs. 5(a)

and 5(b) are basically the same regardless of whether the
image brightness is high or low, and the NETD of Fig. 5(c)
is reduced by about 90%. That is, the NETD can be
improved by using time-discrete modulation technology,
not by increasing the illuminating energy of the imaging
system.
It is obvious that some pixels in the top right area of the

image appear dark, which is because these pixels are de-
fective. That is to say, the outputs from these pixels do not
carry the feature information from the object. By adopting
the time-discrete modulation technology, we get image
Fig. 5(c). It is obvious that the flaw in the top right area
of the image gets fixed so the image is more uniform than
Figs. 5(a) and 5(b). It also can be seen that the edges
of the image in Fig. 5(c) are clearer because of low back-
ground noise.
The image frame sequence of a hot iron is shown in

Fig. 6, when the imaging system is exposed to ambient
vibration.

The first image in the image frame sequence is a normal
image, and the second one is captured when the imaging
system is affected by ambient impulsive vibration. The
next several images include the gradually reduced noise
because of the resonance of the cantilever structures of
the FPA. We can see that the image goes back to normal
at about the sixteenth frame. That is to say, the ambient
vibration degrades the system’s SNR sharply, and it will
restore after about 14 frames.

The image frame sequence from the imaging system
with time-discrete modulation is shown in Fig. 7, under
the same ambient impulsive vibration condition.

It is obvious that there are only 3 frames that contain
certain noises in the image frame sequence, so the image-
recovery time is cut by more than three quarters. The
experiment shows that the time-discrete modulation tech-
nique in the optical readout IR FPA imaging system can
correct the image that contains the noise caused by the
ambient vibration and the light fluctuations.

In conclusion, time-discrete modulation in the optical
readout IR FPA imaging system is presented. This
method can eliminate the background and restrain noise,
which enhances the image of the optical readout IR FPA
imaging system effectively. The comparative experiments
show that using the time-discrete modulation technology
can reduce the NETD greatly and make the images
sharper. Moreover, the images are restored twice faster
than without time-discrete modulation, when the imaging
system is influenced by the environment vibration.
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