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A Projection Transformation Method for
Eliminating Crosstalk in Networked

Thermopile Arrays
Wanjin Feng , Jianyu Fu , Ying Hou , Chao Liu , Peng Huang, and Dapeng Chen

Abstract—The networked thermopile array in row-column
fashion suffered from the crosstalk caused by parasitic paral-
lel paths. To measure accurate two-dimensional thermal infor-
mation, it is of great importance to eliminate the crosstalk.
In this work, based on the response voltage non-linearity
of thermopile pixels as well as the response voltage non-
uniformity of array, a projection transformation method that
suits for small-scale networked thermopile arrays is pro-
posed. It transforms the crosstalk elimination problem into
an overdetermined non-linear least squares problem, and
is solved by the Newton-Raphson iterative algorithm. Its
reconstruction error is analyzed carefully by Monte Carlo
simulation, and its ability to implement non-uniformity and
defective pixel correction is also discussed. Its validity is
verified experimentally using a 3 × 3 networked thermopile array. The experimental result shows that the original IR image
can be reconstructed from measured IR images by this method, and the reconstruction error is significantly decreased
from 17.03% to 2.10%.

Index Terms— Crosstalk elimination, projection transformation, networked thermopile arrays, Newton-Raphson itera-
tive algorithm, non-linear least squares.

I. INTRODUCTION

THERMOPILE sensors utilize the Seebeck effect to gen-
erate an electric signal in proportion to the physical

phenomena that need to be measured [1]. They have advan-
tages of no electric excitation, negligible 1/f noise and low
power consumption [2]–[4]. There are basically two kinds
of thermopile sensors classified by the pixel number: the
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single and multi-pixel thermopile sensors. The single-pixel
thermopile sensors have been studied extensively, and they are
widely used in infrared (IR) radiation detection, gas sensing,
vacuum measurement, etc. [5]–[7].

The multi-pixel thermopile sensors, that is, thermopile
arrays could detect two-dimensional thermal information,
so they draw considerable attention in recent years [8]–[11].
Each pixel in arrays has two ends. As the size of arrays
increases, networked arrangement is introduced [12]. The
shared rows and columns make the outputs of a M × N
thermopile array reduce from 2 × M × N to M + N . This
is very helpful in reducing the interconnection complexity,
however, the crosstalk from parasitic parallel paths inevitably
exists [13]. Hou et al. had investigated the electrical equiv-
alent circuit of networked thermopile arrays, and set up its
mathematical model. Theory analysis showed that the actual
response voltages of pixels cannot be solved directly because
there are only M + N − 1 effective equations of a M × N
thermopile array [14]. In this case, eliminating the crosstalk
in networked thermopile arrays is of great importance.

Networked resistive arrays face the same problem. Three
main approaches have been proposed. One is adding peripheral
controller, which limits the port voltages of non-scanned
pixels (NSPs) in the array. Wu et al. proposed the voltage
feedback method. The bypass currents on NSPs are restrained
with output voltage feeding back to column and row wires
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through an op-amp [15], [16]. Lazzarini et al. presented zero
potential method. All driving-electrodes of NSPs have zero
potential by connected to virtual ground with driving
op-amps [17]. This approach is not suitable for networked
thermopile arrays because each thermopile pixel could gen-
erate voltage itself. Therefore, the crosstalk currents cannot
be eradicated and the scanned pixel (SP) will still be affected
even in the case of limiting the port voltages of NSPs.

Another is establishing and solving resistance matrix equa-
tions to obtain each pixel’s resistance. By changing the port
voltages or currents of networked resistive arrays, matrix
equations are well-posed. Lin et al. proposed resistance matrix
method. It takes advantage of the microcontroller in sen-
sor scanning to establish resistance matrix equations [18].
Federico et al. proposed incidence matrix method. It esti-
mates the internal resistance distribution by taking injected
current from the current source [19]. However, on account
of superposition theorem, changing the port voltages or cur-
rents cannot add effective equations of response voltages,
so matrix equations are still ill-posed for networked thermopile
arrays.

The other is using switch to separate SP from its parasitic
parallel paths. Snyder et al. and Someya et al. used diodes and
transistors separately to block the parasitic parallel currents on
NSPs [20], [21]. It could be applied to networked thermopile
arrays, and MOS transistors have been used by Heimann and
Melexis [22]. However, MOS transistors will increase both
the challenges of design and manufacture. In addition, it also
will introduce measurement deviation due to the transistor’s
discrete drain-source voltage [13].

In this work, a projection transformation method that aims
for small-scale array is proposed. It is based on the response
voltage non-linearity of thermopile pixels as well as the
response voltage non-uniformity of array. The structure and
working principle of networked thermopile array is firstly ana-
lyzed. Then, the crosstalk elimination problem is transformed
into a non-linear least squares problem and its objective
function is derived. After that, the projection transformation
method is presented, and the reconstruction error is evaluated
by Monte Carlo simulation. Moreover, its benefits in non-
uniformity and defective pixel correction are explored. Finally,
the application of this method to a 3 × 3 thermopile array is
described.

II. STRUCTURE AND PRINCIPLE

A. Thermopile Pixel
The schematic view of a thermopile pixel is shown in Fig. 1.

It consists of a sensitive region, a substrate, a framework, and
supporting legs. The framework is fixed on substrate. The sen-
sitive region, which is suspended over substrate, is connected
to framework by supporting legs. Several thermocouple pairs
in series are imbedded in supporting legs. And their hot and
cold junctions are located in sensitive region and framework,
respectively. According to the Seebeck effect, thermoelectric
voltage is generated when there is a temperature difference
between sensitive region and framework.

Taking IR detection as an example, the incident IR radiation
is absorbed by sensitive region and makes a temperature rise
in this region. The temperature difference between sensitive
region and framework can be given by [23]:

Tdi f f = Th − Tc = ηp0

Gtotal
(1)

Fig. 1. Schematic view of a thermopile pixel.

where Th and Tc are separately the temperature of sensitive
region and framework, η is the IR absorptance of sensitive
region, p0 is the incident IR radiation power, and Gtotal is the
total thermal conductance of thermopile pixel.

The response voltage �V generated by thermopile can be
described mathematically as [23]:

�V = NcpαAB Tdi f f (2)

where Ncp is the number of thermocouples, αA and αB are the
Seebeck coefficients of two thermoelectric material that used
in thermocouples, and their difference is αAB .

By combining (1) and (2), the response voltage can be
expressed as:

�V = NcpηαAB

Gtotal
p0 = Rp0 (3)

where R is the responsivity of thermopile pixel.
For one thing, there is non-linear relationship between the

incident IR radiation power p0 and the radiation temperature T
of the object to be measured according to the law of thermal
radiation energy transfer [24], [25]. This further leads to
the non-linear response voltage of thermopile pixels to the
radiation temperature.

For another thing, the fabrication non-uniformity will gen-
erally induce non-uniformity of Seebeck coefficient and total
thermal conductance of thermopile pixels. The non-uniformity
can be evaluated by coefficient of variation. The response
voltage non-uniformity is positively associated with non-
uniformity of both Seebeck coefficient and total thermal
conductance.

B. Networked Thermopile Array
A thermopile pixel can be equivalent to a resistor in series

with a voltage source, and a schematic view of a networked
thermopile array is shown in Fig. 2. The two ends of each
thermopile pixel are separately connected to the column line
and row line. The response voltage and output voltage of pixel
in the row i and column j are denoted as �Vi, j and Vi, j ,
respectively.

As an unknown IR radiation radiates the networked ther-
mopile array, the response voltages can be expressed by the
radiation temperature T = [Ti j ]M×N , which be approximately
fitted by a quadratic function:

�V = f (T ) = a ∗ T ∗ T + b ∗ T + c (4)

where �V = [�Vij ]M×N , �Vij = fi j (Ti j ), ∗ is element-wise
product and a = [ai j ]M×N , b = [bi j ]M×N , c = [ci j ]M×N . The
equation is non-linear due to the response voltage non-linearity
of thermopile pixels.

The relationship between response voltages �V and output
voltages V of each pixel can be derived by Kirchhoff’s current
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Fig. 2. Schematic view of a networked M × N thermopile array.

and voltage laws [14]:[
D
O

]
vec(�V ) =

[
D
F

]
vec(V ) (5)

where D and F are coefficient matrixes that represent all lines
and all independent closed loops in the networked thermopile
array, respectively. O is a zero matrix.

To reconstruct the unknown IR radiation, let:
X = vec(T ) (6)

S(X) = Dvec(�V ) = Dvec( f (T )) (7)

U = Dvec(V ) (8)

Then:
S(X) = U = U0 + W (9)

where S(X) is the non-linear signal model related to the
unknown IR radiation X , U is the data vector related to output
voltages V , U0 and W are noise-free data vector and noise
vector, respectively.

The crosstalk elimination problem can be transformed into
a non-linear least squares problem. Its objective function is:

min
X

J = W 2 = (U − S(X))T (U − S(X)) (10)

The unknown IR radiation cannot be directly reconstructed
because of the underdetermined characteristic.

III. PROJECTION TRANSFORMATION METHOD

A. Extracting Response Characteristic
According to (4), it is necessary to get response character-

istics of pixels before reconstructing unknown IR radiation.
The fitting parameters are taken as an uncertain response
characteristic P:

P = [
vec(a)T vec(b)T vec(c)T

]
(11)

Let:

�T =
⎡
⎢⎣

vec([ T ∗ T T IM×N ])T

...
vec([ T ∗ T T IM×N ])T

⎤
⎥⎦

(M+N−1)×(3M N)

(12)

where IM×N is a M × N all-ones matrix.

By combining (4), (11) and (12), there is:[
D D D

] ∗ �T P = Dvec(V ) (13)

It is known that the response voltage of each thermopile
pixel is 0 at ambient radiation temperature T0, and can be
expressed as:

vec( f (T0)) = OM N×1 (14)

To solve the uncertain response characteristic P , additional
L P sets of (13) should be constructed by using different radi-
ation temperature to radiate pixels. The radiation temperatures
are as different and irregular as possible. And L P must satisfy
the following condition:

L p × (M + N − 1) > 2 × M × N (15)

Therefore, an overdetermined system of linear equations can
be established using (13) and (14):

Hp P = Q (16)

where HP is a coefficient matrix related to both radiation
temperatures and ambient temperature, and its rank(HP) =
3MN, Q is a data vector related to output voltages. Using
least squares method to solve (16), we can get:

P = (H T
P HP)−1 H T

P Q (17)

B. Operation Principle
Different pixels will respond differently under a same

IR radiation as a result of the response voltage non-uniformity
of array. Therefore, transforming the projection of IR radiation
on array can set up additional (9) under the same unknown
IR radiation. Assuming the operation number of projection
transformation is L − 1, it must be satisfied:

L × (M + N − 1) > M × N (18)

On this condition, the underdetermined non-linear least
squares problem is converted into an overdetermined
non-linear least squares problem.

There are many ways to realize transforming the projec-
tion of IR radiation such as, rotation, translation, occlusion,
as shown in Fig. 3. Rotating and translating the thermopile
array can be realized through machinery, and occlusion can
be realized by a shutter.

C. Newton-Raphson Iterative Algorithm
After the projection transformation, L × M × N equa-

tions based on (9) are set up. To solve the overdetermined
non-linear least squares problem, Newton-Raphson iterative
algorithm [26] is used as follows:

Step 1: Solve (4) by taking output voltages as response volt-
ages to obtain the initial crosstalk solution Xi=0 = vec(Ti=0).

Step 2: Use Taylor expansion to get the first-order approx-
imation of S(Xi ) in the neighborhood of current solution Xi ,
which is:

S(Xi ) = Hi Xi + Ci (19)

Then, (9) can be derived as:
Hi Xi = U − Ci (20)

where Hi is the coefficient matrix which size is L(M + N) ×
MN, and rank(Hi) = 3MN.
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Fig. 3. Schematic diagram of projection transformation method.
(a) rotated projection, (b) translational projection, (c) occluded projection.

Step 3: Use the least squares method to solve (20), and get:
Xi+1 = (H T

i Hi)
−1 H T

i (U − Ci ) (21)

Step 4: If the stop condition |Xi+1 − Xi | ≤ ε holds, stop
the iteration; Otherwise, set i = i + 1, go to Step 2. And
ε is the minimum iteration step size set by the algorithm.

IV. ANALYSIS

A. Reconstruction Error
The noise of output voltages, which is caused by Johnson

noise, shot noise, temperature fluctuation noise, etc., will affect
the reconstruction error. To evaluate the noise, the noise-to-
signal ratio (NSR) is defined as:

N S R = σN

AO
× 100% (22)

where σN and AO are separately the standard deviation of
noise and the output voltage amplitude.

Fig. 4 shows the comparison of original IR image, simulated
output IR image, and reconstructed IR image (3 projection
rotation operations) under the conditions that non-uniformity
of response voltages is 5% and NSR = 0.5%. When response
characteristic P is known, output voltages V of a 5 × 5
thermopile array can be obtained by calculating (4) and (5),
and the simulated output IR image is further acquired by
substituting V into (4) [14]. It can be seen from Fig. 4 (b) that
the diagonal line is completely disappeared in the simulated
output IR image because of crosstalk currents from parasitic
parallel paths. However, it could be restored by projection
transformation method as shown in Fig. 4 (c), and the dif-
ference between original and reconstructed IR images, which
is caused by noise is small.

Under the above-mentioned conditions, Fig. 5 illustrates
the simulated relation of reconstruction error (mean absolute
percentage error, MAPE) to array size and NSR using Monte
Carlo simulation (10000 samples). In this figure, the recon-
struction error increases with increasing NSR and array size.
With array size increasing, the number of effective equa-
tions does not increase as fast as the number of unknown
variables that induces a lager condition number cond(Hi) in

Fig. 4. Comparison of (a) original IR image, (b) simulated output IR
image, and (c) reconstructed IR image.

Fig. 5. Simulated relation of reconstruction error to array size and NSR.

Fig. 6. Simulated relationship between the reconstruction error and the
response voltage non-uniformity of array.

the iterative algorithm. And it means the solution X is more
sensitive to noise [27], [28]. Larger-scale arrays need more
transformation operations to build more effective equations for
achieving the same effect as small-scale arrays. Therefore, pro-
jection transformation method is more suitable for small-scale
arrays. An interesting result can be seen from this figure that
MAPE = 0 when NSR = 0. This indicates that the crosstalk
can be completely eliminated by projection transformation
method in the absence of noise.

Fig. 6 reveals the simulated relationship between the recon-
struction error and the response voltage non-uniformity of
array under the conditions that array size is 5 × 5 and
NSR = 1%. The reconstruction error is approximately
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Fig. 7. Non-uniformity correction. (a) original IR image, and (b) recon-
structed IR image.

Fig. 8. Defective pixel correction. (a) original IR image, (b) simulated
output IR image, (c) reconstructed IR image.

inversely proportional to the response voltages non-uniformity.
The more non-uniform the response voltages are, the lower the
sensitivity of reconstructed IR image to noise is. This is as a
result of smaller condition number in iterative algorithm [29].

Above analysis confirms that the reconstruction error of this
method is determined by array size, NSR and non-uniformity
of response voltages. Under the conditions that non-uniformity
of response voltages is 5% (6.7% in [14]) and NSR = 1%
(signal-to-noise ratio of images is typically no less than
40 dB [30]), this method is recommended for small-scale
arrays with an array size of 6 × 6 or less to avoid the
reconstruction error greater than 10%. However, it could be
applied to a lager array, if NSR is smaller than 1% or more
projection transformation operations are taken.

B. Features
Traditionally, the response voltage non-uniformity of array

is considered as fixed pattern noise that distorts the IR image.
Fig. 7 shows the original and reconstructed IR image at a
uniform IR radiation temperature (60 ◦C) by simulation under
the condition that non-uniformity of response voltages is 5%.
It can be seen that the IR image could be more uniform
by using projection transformation method because it takes
advantage of non-uniformity of response voltages to solve
IR radiation temperatures of pixels. This demonstrates that
this method has ability to correct the non-uniformity of array.

There are always defective pixels in array. The defective
pixels are those either do not work or whose parameters vary
greatly from design value [31]. Fig. 8 compares the original IR
image, simulated output IR image, and reconstructed IR image.
In Fig. 8 (b), a defective pixel which response voltage is
always 0 V at any radiation temperature exists in the first row
and first column. Since the defective pixel is replaced with
normal pixels during projection transformation, the incident
radiation on the defective pixel could be completely restored as
shown in Fig. 8 (c). Hence, by using projection transformation

Fig. 9. Response voltages non-uniformity of IR thermopile detectors.

method, the subsequent image processing algorithm could be
greatly simplified.

V. EXPERIMENT

In order to demonstrate experimentally the effectiveness of
proposed projection transformation method, 9 IR thermopile
detectors (HINOVAIC W-TRS-5.5), which are single-pixel
thermopile sensors, are used. Fig. 9 shows the response volt-
ages of array measured using blackbody source (ELETRIP
BR500) and digital oscilloscope (Agilent MSO-X2022A). The
ambient temperature is 20 ◦C, and IR radiation ranges from
60 ◦C to 130 ◦C with 10 ◦C increment each time. It can be seen
that the response voltages and their difference increase with the
increase of IR radiation temperature, and the non-uniformity
is 6.41% at 100 ◦C. This is due to the fact that the detectors
response non-linearity is more obvious when the temperate
difference Tdi f f is larger.

A 3 × 3 thermopile array is constructed by these detectors.
Fig. 10 shows the schematic view of test setup. Two inter-
connected subarrays constitute a networked thermopile array
in the electrical sense, although they are physically separated.
Each subarray is irradiated by a blackbody source spaced 5 cm
apart. Different IR images can be achieved by changing the
positions of detectors and the temperatures of two blackbody
sources. The array automatically addressed by a multiplexer
(MUX, ADI ADG712). The output voltages of each detector
under IR radiation are amplified 125 times by an amplifier
(ADI AD8551) and digitized by an ADC (ADI AD9240), and
then saved in a personal computer (PC). All the process is
controlled by a field-programmable gate array (FPGA, Terasic
DE10-Standard). Finally, according to their pixel positions,
the IR images are obtained by calculating output voltages of
corresponding detectors by MATLAB on PC.

The array is irradiated by 20 different IR radiations which
range from 60 ◦C to 130 ◦C, and the response characteristic of
each detector is obtained by (17). Fig. 11 compares response
voltages and response characteristic curves of 3 IR thermopile
detectors. It can be seen that the response characteristic curves
pass through most corresponding actual data points and play
a similar role to data fitting.

Fig. 12 shows an IR image imaged by this 3 × 3 thermopile
array. Fig. 12 (b) shows the measured IR images obtained
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Fig. 10. A 3 × 3 thermopile array and its testing setup.

Fig. 11. Actual response voltages and response characteristic curves
of 3 IR thermopile detectors.

Fig. 12. Crosstalk elimination effect diagram. (a) original IR image,
(b) measured IR images got by rotation operation, (c) reconstruction
IR image.

through 3 projection rotation operations, and each rotation
is 90 degrees. It can be seen that the measured IR images
are distorted by crosstalk. And after crosstalk elimination, the
reconstruction IR image is basically the same as original IR
image. The reconstruction error of IR images before and after
crosstalk elimination are separately 17.03% and 2.10% under
NSR ≈ 1%.

Fig. 13 shows the relationship between the reconstructing
error of thermopile array and the number of iterations. It can

Fig. 13. Error curve with the number of iterations.

be seen that the algorithm reaches a stable solution in the third
generation, which means the algorithm can converge quickly.
This is because according to (12) and (13), the objective
function is actually a quartic function.

VI. CONCLUSION

A projection transformation method for eliminating the
crosstalk in small-scale networked thermopile arrays is pro-
posed. This method is based on the response voltage
non-linearity of thermopile pixels as well as the response
voltage non-uniformity of array, and could be realized by
simple mechanical operations on the array. The mechanical
operations can be further replaced by image matching between
subsequent frames in dynamic imaging. It has the advantage
of being able to correct non-uniformity and defective pixel.
The effectiveness of this method is demonstrated by using
a 3 × 3 thermopile array. In our experiment, the original
IR image is restored from crosstalk IR images, and the
reconstruction error of IR image is decreased from 17.03%
to 2.10%. The reconstruction error can be further reduced by
using application specific integrated circuit and taking more
projection transformation operations. The presented method is
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easy to apply as no changes made to networked thermopile
arrays. It is suitable for small-scale arrays with an array size
of 6 × 6 or less to avoid the reconstruction error greater than
10%, under the conditions that non-uniformity of response
voltages is 5% and NSR = 1%. And it can be used for a
larger array by decreasing NSR or taking more projection
transformation operations. To further extend this method to
larger-scale networked thermopile arrays we will represent a
detailed method that utilizes the transient response voltage
non-uniformity of arrays in a forthcoming paper.

REFERENCES

[1] Y. Wang et al., “First-principles thermodynamic theory of Seebeck
coefficients,” Phys. Rev. B, Condens. Matter, vol. 98, no. 22, Dec. 2018,
Art. no. 224101.

[2] D. Popa, S. Z. Ali, R. Hopper, Y. Dai, and F. Udrea, “Smart CMOS
mid-infrared sensor array,” Opt. Lett., vol. 44, no. 17, pp. 4111–4114,
Sep. 2019.

[3] M. C. Foote et al., “Thermopile detector arrays for space science
applications,” Proc. SPIE, vol. 4999, pp. 443–447, 2003.

[4] W. Li, Z. Ni, J. Wang, and X. Li, “A front-side microfabricated tiny-
size thermopile infrared detector with high sensitivity and fast response,”
IEEE Trans. Electron Devices, vol. 66, no. 5, pp. 2230–2237, May 2019.

[5] K. Wang et al., “Thermopile infrared detector with detectivity greater
than 10 8 cmHz (1/2)/W,” J. Infr., Millim., THz Waves, vol. 31, no. 7,
pp. 810–820, 2010.

[6] L. Houlet et al., “Thermopile sensor-devices for the catalytic detection of
hydrogen gas,” Sens. Actuators B, Chem., vol. 130, no. 1, pp. 200–206,
Mar. 2008.

[7] S.-J. Chen and Y.-C. Wu, “Active thermoelectric vacuum sensor based on
frequency modulation,” Micromachines, vol. 11, no. 1, p. 15, Dec. 2019.

[8] A. D. Shetty, B. Shubha, and K. Suryanarayana, “Detection and tracking
of a human using the infrared thermopile array sensor—‘Grid-EYE,”’ in
Proc. Int. Conf. Intell. Comput., Instrum. Control Technol. (ICICICT),
Jul. 2017, pp. 1490–1495.

[9] R. Rubio et al., “Non-selective NDIR array for gas detection,” Sens.
Actuators B, Chem., vol. 127, no. 1, pp. 69–73, Oct. 2007.

[10] G. Sun, T. Saga, T. Shimizu, Y. Hakozaki, and T. Matsui, “Fever
screening of seasonal influenza patients using a cost-effective thermopile
array with small pixels for close-range thermometry,” Int. J. Infectious
Diseases, vol. 25, pp. 56–58, Aug. 2014.

[11] Y. Zhang and B. Yang, “Traffic flow detection using thermopile array
sensor,” IEEE Sensors J., vol. 20, no. 10, pp. 5155–5164, May 2020.

[12] A. D. Shetty and G. Toney, “Detection of intruders in warehouses using
infrared based thermopile sensor array,” IOP Conf. Ser., Mater. Sci. Eng.,
vol. 376, Jun. 2018, Art. no. 012087.

[13] J. F. Wu, “Scanning approaches of 2-D resistive sensor arrays: A review,”
IEEE Sensors J., vol. 17, no. 4, pp. 914–925, Feb. 2017.

[14] Y. Hou et al., “Analysis of crosstalk effect in multi-pixel thermopile
sensors with networked arrangement,” IEEE Sensors J., vol. 21, no. 12,
pp. 13350–13355, Jun. 2021.

[15] J. Wu, L. Wang, and J. Li, “Design and crosstalk error analysis of the
circuit for the 2-D networked resistive sensor array,” IEEE Sensors J.,
vol. 15, no. 2, pp. 1020–1026, Feb. 2015.

[16] J. Wu, L. Wang, J. Li, and A. Song, “A novel crosstalk suppression
method of the 2-D networked resistive sensor array,” Sensors, vol. 14,
no. 7, pp. 12816–12827, 2014.

[17] R. Lazzarini, R. Magni, and P. Dario, “A tactile array sensor layered
in an artificial skin,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.,
vol. 3, Aug. 1995, pp. 114–119.

[18] L. Shu, X. Tao, and D. D. Feng, “A new approach for readout of resistive
sensor arrays for wearable electronic applications,” IEEE Sensors J.,
vol. 15, no. 1, pp. 442–452, Jan. 2015.

[19] F. Lorussi, W. Rocchia, E. P. Scilingo, A. Tognetti, and D. D. Rossi,
“Wearable, redundant fabric-based sensor arrays for reconstruction of
body segment posture,” IEEE Sensors J., vol. 4, no. 6, pp. 807–818,
Dec. 2004.

[20] W. E. Snyder and J. S. Clair, “Conductive elastomers as sensor for
industrial parts handling equipment,” IEEE Trans. Instrum. Meas.,
vol. IM-27, no. 1, pp. 94–99, Mar. 1978.

[21] T. Someya, T. Sekitani, S. Iba, Y. Kato, H. Kawaguchi, and T. Sakurai,
“A large-area, flexible pressure sensor matrix with organic field-effect
transistors for artificial skin applications,” Proc. Nat. Acad. Sci. USA,
vol. 101, no. 27, pp. 9966–9970, 2004.

[22] M. Kimata, “Uncooled infrared focal plane arrays,” IEEJ Trans. Electr.
Electron. Eng., vol. 13, no. 1, pp. 4–12, 2017.

[23] C. Escriba, E. Campo, D. Estève, and J. Y. Fourniols, “Complete analyti-
cal modeling and analysis of micromachined thermoelectric uncooled IR
sensors,” Sens. Actuators A, Phys., vol. 120, no. 1, pp. 267–276, 2005.

[24] E. G. Cravalho, C. L. Tien, and R. P. Caren, “Effect of small spacing
on radiative transfer between two dielectrics,” J. Heat Transf., Trans.
ASME, C, vol. 89, pp. 351–358, Nov. 1967.

[25] K. Lapworth, T. Quinn, and L. Allnutt, “A black-body source of radiation
covering a wavelength range from the ultraviolet to the infrared,” J. Phys.
E, Sci. Instrum., vol. 3, no. 2, p. 116, 1970.

[26] S. M. Kay and S. M. Kay, Fundamentals of Statistical Signal Processing:
Estimation Theory. Englewood Cliffs, NJ, USA: Prentice-Hall, 1993.

[27] A. Pyzara, B. Bylina, and J. Bylina, “The influence of a matrix condition
number on iterative methods’ convergence,” in Proc. Federated Conf.
Comput. Sci. Inf. Syst. (FedCSIS), Sep. 2011, pp. 459–464.

[28] A. K. Cline, C. B. Moler, G. W. Stewart, and J. H. Wilkinson,
“An estimate for the condition number of a matrix,” SIAM J. Numer.
Anal., vol. 16, no. 2, pp. 368–375, 1979.

[29] H. Dudek, “The relationship between a condition number and coeffi-
cients of variation,” Przegla̧d Statystyczny, vol. 1, no. 52, pp. 75–85,
2005.

[30] Q. Zhang and R. Ward, “Automatic assessment of signal-to-thermal
noise ratio of television images,” IEEE Trans. Consum. Electron.,
vol. 41, no. 1, pp. 108–117, Feb. 1995.

[31] W. Isoz, T. Svensson, and I. Renhorn, “Nonuniformity correction
of infrared focal plane arrays,” Proc. SPIE, vol. 5783, pp. 949–960,
May 2005.

Wanjin Feng received the B.S. degree from the Wuhan University of
Technology in 2019. He is currently pursuing the master’s degree with
the Institute of Microelectronics, Chinese Academy of Sciences.

Jianyu Fu received the B.S. degree in microelectronics from Sichuan
University in 2005, and the Ph.D. degree from the Institute of Microelec-
tronics, Chinese Academy of Sciences, in 2010. Her current research
interests include MEMS sensors and dielectric film.

Ying Hou received the B.S. degree from the Hebei University of Technol-
ogy in 2012. She is currently pursuing the Ph.D. degree with the Institute
of Microelectronics, Chinese Academy of Sciences.

Chao Liu received the B.S. degree in microelectronics from the Uni-
versity of Electronic Science and Technology of China in 2016, and the
M.S. degree from the Institute of Microelectronics, Chinese Academy of
Sciences, in 2018, where he is currently pursuing the Ph.D. degree.

Peng Huang received the B.S. degree from Anhui University in 2018. He
is currently pursuing the master’s degree with the Institute of Microelec-
tronics, Chinese Academy of Sciences.

Dapeng Chen received the M.S. and Ph.D. degrees in physics from
the University of Science and Technology of China in 1995 and 1998,
respectively. He is dedicated to the research on manufacturing and
application of MEMS sensors and multi-sensor integration, especially
the research on uncooled infrared focal plane array and its systems.

Authorized licensed use limited to: Institute of Microelectronics CAS. Downloaded on November 22,2022 at 08:34:42 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


