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Abstract: A frequency upconversion imaging based on Hadamard coding is presented to remove
the distorting effect on condition that the pump beam is tightly focused to optimize the conversion
efficiency. The distortion caused by the convolution between the object field and the pump field
is ascribed to the point spread function effect. In order to remove the blurring in an upconversion
imaging system optimized by tight focused pump, the object is encoded by measurement matrices
and the corresponding intensity of the converted field is measured. Thus the intensity distribution
of the object can be calculated accurately by the measurements and the measurement matrix. The
signal-to-noise ratio (SNR) is improved by employing the Hadamard matrix since the intensity
of measured converted signal is far larger than the intensity of each pixel. The experimental
results show the proposed method removes the distorting effect caused by the convolution. The
converted image still has sharp edges on condition that the conversion efficiency is optimized by
tight focusing the pump beam.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The upconversion imaging technology is a promising alternative to the infrared imaging due to the
low background noise level [1-4]. Normally, the upconveriosn imaging is based on quasi-phase
match and the general formulation has been proposed in [5,6]. An important aspect of an
upconversion system is the conversion efficiency. High conversion efficiency typically requires a
sufficiently strong pump in a quadratic transparent crystal with a large optical nonlinearity [7-10].
The optimization of conversion efficiency by tight focusing the pump beam has been proposed and
the method is applied in high sensitivity single-photon frequency upconversion detection [11-16].
Unfortunately, the optimization exists limitations in upconversion imaging systems. Although the
frequency-converted field exhibits a similarity with the input field in the upconversion imaging
setup, the converted field is distorted due to the spatial bandwidth of the phase-matching function
and the limited spatial extent of the pump mode [17]. In the past, the distorting effect has been
investigated [18]. Besides, a trade-off between the upconversion efficiency and the image quality
caused by the convolution function of the input fields is revealed [5]. The convolution function
is ascribed to a spatial filtering relating to the point spread function, which has been proved by
several works [19-21]. Thus a large pump beam diameter in the nonlinear crystal contributes to
removing the distorting effect but reduces the conversion efficiency.

The Digital Micro-mirror Device (DMD) is one of the most common opto-electro devices and
consists of a micro-mirror array on a CMOS memory unit [22,23]. An advantage of the DMD is
the incident beam is able to be modulated in spatial by DMD with high pattern refresh frequency.
It is possible to measure the intensity of each pixel on the object field via using DMD modulate
the input field in spatial. Theoretically, if the advantage of DMD and the upconversion imaging
are combined, the distorting effect can be removed.
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In this paper, an upconversion imaging of focused pump beam based on Hadamard coding is
proposed. The distorting effect in upconversion imaging is removed by measuring the converted
intensity of the encoded object field. Then the image can be reconstructed by the measurements
and projected patterns. The simulation and the experimentally obtained reconstructed image are
presented to show the effect of the proposed method. Besides, the influence of tightly focusing the
pump beam to optimize the conversion efficiency on image quality is discussed by comparing the
two groups of reconstructed images. This paper is organized with 5 sections. The formula model
of the upconversion imaging is demonstrated in section 2. The simulation and the experimental
result are presented in section 3. A comparison of the converted image with the tighter focused
pump beam is investigated in section 4. The conclusion of proposed method and the discussion
of the improvement are summarized in Section 5.

2. Theory

Signal upconversion treated in this paper is achieved via sum frequency generation (SFG). It
is assumed that the amplitudes of the object field, pump field and upconverted field can be
approximated as being constant throughout the entire interaction length of the nonlinear crystal.
The pump is a monochromatic coherent field with a frequency w; and focused by a lens with the
focal length f1. The object field is a coherent state with a frequency w;. The SFG describes
the energy transfer from the object field with frequency w; by mixing with a pump field of
frequency wy. The generated converted field frequency w3 equals the sum of the input and pump
frequencies

w3 = W] + ws. (D)

Figure 1 shows the model of an upconversion imaging system optimized by focusing the pump
beam. The object field and the pump field located on the focal plane of L1 are combined by a
dichroic mirror. Then, the mixing field is focused into the nonlinear crystal by the achromatic
lens L1'. Tt is assumed that both field is focused to the center of the crystal. The converted light
is collimated by L2’

L, | L,
E;and E, ! E;
|
Nonlinear|crystal
|
|
|
!
fi S : f — S
Object plane Fourier plane Image plane

Fig. 1. The model of an upconversion imaging system; The object field E1 and the pump
field E2 located on the focal plane of a L1’ are combined (not depicted in Fig. 1). Both fields
are focused to the Fourier plane inside a nonlinear crystal. The generated upconverted field
E3 is located on the image plane.

E stands for the object field and E; stands for the pump field. Normally, E, has a Gaussian
profile. The converted field E5(x, y) is the result of the upconversion process between E| and E;
and (x, y) is the coordinate on image plane. According to [5], when considering the plane wave
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approximation, the upconverted field is given by:

X2+\2 2

87rdzv.L2/lzf2 2 Pl W (Aah
I(x,y) = —2 7 - 5 Pcass |E L 3f2 o —%e ("W") )
> A5c0820wp LfT /lLfl (af2)

where dg is the effective second order nonlinearity of the nonlinear crystal. L is the length of
nonlinear crystal. fi(i = 1,2) are the focal length of L1" and L2 separately. A; is the wavelength
of the light emitted from the object and A, is the wavelength of the pump beam The upconverted
wavelength A3 is determined by the energy conservation law: /% =+ + —2 6 is the variation
of the angle for the signal light c0n51der1ng the effective 1nteract10n length. wyq is the pump
beam radius on the Fourier plane of L1". Eq. (2) is also discussed in [24]. Figure 1 shows wq
depends on the focal length of L1" and the radius of Gaussian profile. Eq. (2) indicates if wy is
large enough to transforming the normalized convolution function into a delta-function, a perfect
upconverted replica of the original image. However, the upconversion efficiency benefits from a
small wg, which means the image is distorted due to the convolution function. Hence, a tightly
focused pump beam results the converted image has no sharp edge.

Here, a binary DMD and a photomultiplier tube (PMT) are employed to remove the distorting
effect. The object field is encoded by a binary DMD with Hadamard matrices. The converted
intensity profile I3(x, y) is collected by a lens and measured by a single-pixel detector such
as the PMT. Thus E;(x,y) (i = 1,2,3) and [;(x,y) (i = 1,2,3) are discretized to matrices
Ein(x,y) (i =1,2,3) and I;,,(x, y) (i = 1,2, 3) in the following. According to Eq. (2), the measured
intensity of the upconverted field corresponding to 7}, (xo, yo) is defined as

Iy(x,y) = 3 Ian(x,y) 3)

where the symbol ), means summing the whole upconverted intensity field. Therefore, the
upconverted intensity corresponding to the position (— I 2 X0, — j*? yo) takes the form

I3s(x0’y0) = Zl3m(x Y)

2 22
B i R P SN S
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where Ep stands for the Gauss distribution of the pump field. Ej,, is given by
Aaf: Aaf; Aafo A
T B e s e U T RSN
AT T A 0, else

Hence, I54(x0, yo) stands for the upconverted intensity of the corresponding position on the object
plane. The upconverted efficiency is defined as the ratio of the power at the generated output
frequency w3 and the input frequency w;. Here, the upconverted efficiency of the position (xg, yo)
is expressed by the ratio of the intensity at w3 and w;, which is represented as:

8nd> L2/12f 2
I 3f Aaf
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For the intensity matrix /; including N X N elements, the measurement corresponding to the
projected matrix H,(n = 1,2, ... ,N?) can be expressed as

M, = H, 1y, - 1y, (®)

where H,, is a 1 x N? vector resized by the projected matrix H,, which indicates the DMD
status (‘1” or ‘0’) of the corresponding pixel. I}, is a N? x 1 vector resized by I},,, which stands
for the intensity of the object. 7, is a N> X 1 vector resized by 5. The symbol - means the dot
production. The coding matrix H is expressed as a concatenation of these projected matrices,
which is formulated as

H=[H H, - - Hy]. C))

where H has N2 x N? elements. The N2 x 1 measurements vector M is written as
M = HIy, - 1y, (10)

According to Eq. (6) and Eq. (7), each element of 7(xo, yo) is positive number. Thus the N? x 1
vector 7,; is defined as

Mi(n) = (11)

m(n)’
Considering the transposed Hardmard matrix is itself and 7,; is a vector that each element is
positive number, the object is reconstructed by

Ly = HM - 1. (12)
where H, the transposed matrix of H.

3. Result

3.1. Setup

The layout of the experiment is described in Fig. 2. A pulse fiber laser at 1550 nm with 200 mW
peak power is the signal beam source. The pulse duration is 10 ns and the repetition rate is 10
kHz. A polarization maintained fiber transfers the 1550 nm pulse to the fiber collimator C1. The
half wave plate HWPI is used to set the the polarization state of the collimated 1550 nm pulse.
The 1550 nm pulse propagates through a test pattern and the 4f system, which consists of lenses
L1 (fi =75 mm) and L2 (f, = 75 mm). Then the 1550 nm pulse is modulated by a binary DMD.
The DMD consists of 1024 x 768 digital micro-mirrors of size 13.68 ym X 13.68 um. Each
mirror is independently controlled and can steer light in two digital positions (12° and —12°). A
region with 512 x 512 pixels is employed to modulate the object. The DMD rotating with 45° as
shown in Fig. 2 to ensure that the reflected 1550 nm pulse can be focused into the PPLN. The
modulated 1550 nm pulse is reflected to the 4f system consisting of L3 (f3 = 75 mm) and L4 (f4
=75 mm) by changing the state of the corresponding micromirrors of the DMD. The measured
peak power of the reflected 1550 nm pulse is 40 mW due to the DMD window option wavelength
and the lenses.

The pump beam source is a continuous wave fiber laser at 1950 nm with 400 mW power.
A polarization maintained fiber transfers the 1950 nm beam to the fiber collimator C2. The
polarization state of the collimated pump beam is set by the half wave plate HWP2. The
modulated 1550 nm pulse and the pump beam are combined by a dichroic mirror (DM). The
mixing laser is focused into a PPLN crystal by the achromatic lens L5 (fs = 100 nm). The PPLN
is antireflection (AR)-coated for high transmission at 1550 nm and 1950 nm on the side near LS
to reduce the loss of power. The opposite side is antireflection (AR)-coated for high transmission
at 863 nm. The PPLN is 20 mm long and 2 mm width of a poled channel with a thickness of 1
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Fig. 2. The setup of the experiment. Cland C2 are the fiber collimator connected on the
signal beam source and pump beam source separately. HW1 and HW?2 are half wave plates.
L1,L2,L3, L4, L6 and L7 are lenses. L5 is a achromatic lens. DM is a dichroic mirror. BF
is a band-pass filter.

mm. The poling period of PPLN is 24.1 + 0.1 um. A temperature-controlled mount ensures
millikelvin stability of the crystal at 58.4 + 0.1 °C. The frequency converter is based on collinear
type-0 quasi-phase matching shown as follows:

1950nm (e) + 1550 nm (e) — 863 nm (e). 13)

The upconverted signal propagates through lens L6 (f¢ = 100 mm) and lens L7 (f; = 50 mm) .
A band-pass filter is placed between L6 and L7 to select the wavelength. The central wavelength
of the band-pass filter is 860 nm and the full width at half maximum (FWHM) is 10 nm. The
transmittance of the band-pass filter at 860 nm is about 40%. The collected converted light is
measured by a PMT, which is sensitive along a wide spectral range from 300 nm to 890 nm.
Considering the loss of power when the object field propagates the lenses and is modulated by
DMD, the minimum peak power that can be detected by our system is 5 mW.

3.2. Simulation and experiment

In this subsection, the simulation of the direct image at converted wavelength and the reconstructed
converted image are demonstrated. Then, experimentally obtained and theoretically calculated
results are compared.

Figure 3(a) shows the process of our method. In Fig. 3(a), the pattern is organized by element
‘1’ (white) or ‘0’ (black). Figure 3(b) shows the theoretically calculated upconverted image
on condition that the camera is mounted on the image plane of L6. In order to compare the
object and the converted image, the direct image is acquired by an camera (Bobcat-320 Cooled
smart InGaAs camera, manufactured by Xenics) at 1550 nm and resized to 64 X 64 pixels. [;
is the intensity profile of the object and I, is the intensity profile of the pump beam. /5 stands
for the distribution of the converted intensity field on the focal plane of L6. E;(i = 1,2,3) is
the amplitude corresponding to /;(i = 1,2,3). I3 shows that the point spread function effect
contributes to the object edge strongly blurring in an upconversion system optimized by focusing
the pump beam. The distorting is caused by the convolution of the object field E1 and the focused
Gauss field.

Then, the theoretically calculated converted image reconstructed by the proposed method is
shown in Fig. 3(c). Here, it is assumed that the focused object field is overlapped by the focused
pump beam in the PPLN, otherwise the object field cannot be converted completely. M is a single
column vector and each element stands for the measured converted intensity of corresponding
pattern. The measurement matrix H, is the inverse of the Hadamard matrix with 4096 x 4096
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Fig. 3. (a) The process of our method. (b) The theoretically calculated direct image at
converted wavelength. (c) The theoretically calculated upconverted image reconstructed by
proposed method. (d) The matrix n; resized by n,; and its color bar. (e) The simulation of
reconstructing the converted image by simplified method.

elements. 7,; is a single column vector with 4096 elements and each element stands for the
multiplicative inverse of the upconversion efficiency of corresponding pixel. The single column
vector Iy, is calculated by M, H, and n,; according to Eq. (12). Thus the converted image is
created by resizing /7, to a matrix with 64 x 64 pixels. Figure 3(c) shows the distorting of the
image is removed and the edge of converted object is still sharp. In particular, r, is a normalized
64 x 64 matrix resized by n,; and its distribution is shown in Fig. 3(d). In Fig. 3(d), the color
bar shows the maximum value of 7, is approximately to the minimum value of 7,. Hence, our
method can be simplified and Eq. (12) is rewritten to

I, = HM. (14)

The simulation result of Eq. (14) is shown in Fig. 3(e). Comparing Fig. 3(c) and Fig. 3(e), the
reconstructed image is not distorted, which also indicates the conversion efficiency within the
Field of View (FOV) is approximated to a constant approximately and the contribution of 7,;
in Eq. (12) can be neglected. The comparison of the simulation and the experimental result is
shown in Fig. 4.
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Fig. 4. (a) Direct image of the object illuminated by 1550 nm pulse. The image is resized to
32 x 32 pixels. (b) The simulation of reconstructing the converted image including 32 x 32
pixels by proposed method. (c) The converted image including 32 x 32 pixels reconstructed
by Eq. (12). (d) The converted image including 32 x 32 pixels reconstructed by Eq. (14). (e)
Direct image of the object illuminated by 1550 nm pulse. The image is resized to 64 x 64
pixels. (f) The simulation of reconstructing the converted image including 64 x 64 pixels
by proposed method. (g) The converted image including 64 x 64 pixels reconstructed by
Eq. (12). (h) The converted image including 64 x 64 pixels reconstructed by Eq. (14).

Figure 4 shows reconstructed converted image in different scale. Figure 4(a) and Fig. 4(e) are
the direct image of the object. Figure 4(b) and Fig. 4(f) are the simulation results. Comparing
the direct images at 1550 nm with the corresponding simulation results, the reconstructed image
is a replica of the direct image on condition that the normalized convolution function cannot be
transformed into a delta-function. Besides, Fig. 4(c) and Fig. 4(g) show the intensity profile of
experimental obtained image reconstructed by Eq. (12) is similar to the object, which are also
agreement with the simulation in Fig. 4(b) and Fig. 4(f) separately. The resolution of Fig. 4(c)
and Fig. 4(g) are 219.2 ym and 109.6 yum. Comparing the measured and calculated intensity
profiles, note that the object edges is still clearly seen in Fig. 4(c) and Fig. 4(f). The intensity
profile of the converted object in higher resolution is not blurring and the effect of the point
spread function smearing out the edges of the image is removed. Figure 4(d) and Fig. 4(h) shows
the converted image reconstructed by Eq. (14). Comparing them with the images reconstructed
by Eq. (12), that n,, is approximated to a constant has few influence on the reconstructed image.

However, Fig. 4(c) and Fig. 4(g) are hampered by the noise comparing with the simulation.
The reasons are listed as follows. Firstly, the simulation result does not consist the noise but
the noise from the detector exists in experiment. Although Fig. 4(d) and Fig. 4(h) show that
the the influence of the conversion efficiency on the intensity profile can be neglected, low
conversion efficiency leads to the SNR of measurements reduced. Secondly, the DMD window
option wavelength reduces the intensity of the object and the converted power is limited. Thirdly,
although the signal beam and the pump beam are focused with a achromatic lens, the conversion
efficiency and the matrix 1" in Eq. (7) depends on the spatial overlap in the focus plane of the two
interacting beams. The center of two beams are overlapped perfectly in simulation while the
overlapping is imperfect in experiment. Optimizing the upconversion efficiency and reducing the
loss of propagation can improve the reconstructed image.
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4. Analysis

In this section, the quality of reconstructed image with a tighter focused pump beam is discussed.
In order to show the advantage of presented method, the pump beam is focused by two achromatic
lenses separately and the reconstructed images are compared. The pump beam is focused by an
achromatic lens (f = 100 mm) and the setup is shown in Fig. 3. Then, the output is enhanced by
using another achromatic lens (f = 60 mm) to tighter focusing the pump beam. The experimentally
obtained is shown in Fig. 5.

1 S — —
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2 (g) } ! [ S =60 mm ( ) =60 mm
E.08 —f=100mm} =08 —f =100 mm
= E h
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Fig. 5. (a) Direct image at 1550 nm. (b) The reconstructed image of (a). The pump beam is
focused by an achromatic lens (f = 100 mm) (c) The reconstructed image of (a). The pump
beam is focused by an achromatic lens (f = 60 mm) (d) Direct image of at 1550 nm. (e) The
reconstructed image of (d). The pump beam is focused by an achromatic lens (f = 100 mm)
(f) The reconstructed image of (d). The pump beam is focused by an achromatic lens (f =
60 mm) (g) The normalized pixel-value along the red dashed line in (a), (b) and (c). (h) The
normalized pixel-value along the red dashed line in (d), (e) and (f).

Figure 5(a) and Fig. 5(d) are the direct images of the object illuminated by the 1550 nm pulse.
Figure 5(b) and Fig. 5(e) are the reconstructed images of the pump beam focused by the first
achromatic lens (f = 100 mm). Then, the setup is optimized by using another achromatic lens (f
= 60 mm) to focus the pump beam and achieves higher conversion efficiency. The optimized
reconstructed images are shown in Fig. 5(c) and Fig. 5(f). Figure 5(c) and Fig. 5(f) shows that
the reconstructed image alone vertical and horizontal still has sharp edges. The image is not
blurring with the pump beam size decreasing on the Fourier plane. The results indicate that
the conversion efficiency of high-frequency components is approximately to the low-frequency
components. The distorting effect caused by the convolution in Eq. (2) is removed in our method.
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Beside, Fig. 5(g) and Fig. 5(h) shows the presented method takes advantage of the tight focused
pump beam. The normalized intensity curve shows the contribution of tighter focused pump
beam to the conversion efficiency. The blue curve in Fig. 5(g) and Fig. 5(h) are the normalized
intensity of the resized object in Fig. 5(a) and in Fig. 5(d) separately. The red curve and green
curve in Fig. 5(g) stand for the normalized intensity of Fig. 5(b) and Fig. 5(c). The red curve and
green curve in Fig. 5(h) stand for the normalized intensity of Fig. 5(e) and Fig. 5(f). Figure 5(g)
shows the tighter focused pump beam enhances the intensity of converted light. Note that the
normalized intensity of the background noise is about 0.2 and the SNR is improved by tighter
focusing the pump beam. Moreover, the peak signal noise ratio (PNSR) of Fig. 5(b) is 12.30
dB while the PNSR of Fig. 5(c) is 16.54 dB. The comparison indicates the noise is reduced due
to the optimized conversion efficiency. In Fig. 5(d), the power of 1550 nm pulse illuminating
the object is reduced and the measured peak power of the reflected 1550 nm pulse is 20 mW.
Figure 5(h) shows the low converted intensity reduces the SNR. The PNSR of Fig. 5(e) is 13.44
dB while the PNSR of Fig. 5(f) is 11.84 dB. According to PNSR of Fig. 5(b), Fig. 5(c), Fig. 5(e)
and Fig. 5(f), the SNR of reconstructed image can benefit from the tighter focusing pump beam.

5. Conclusion

In conclusion, a frequency upconversion imaging method based on Hadamard coding is demon-
strated to remove the distorting caused by the convolution. The proposed method consists of
two steps: 1) The converted intensity of the encoded object measured by a single-pixel detector
accurately. 2) The object is reconstructed by the measurements and measurement matrices.
Experimental results show the reconstructed image has sharp edges although the pump beam
radius at the center of the PPLN is not sufficiently large. The spatial resolution does not reduce
with a tighter focused pump beam. Further, the conversion efficiency and the SNR are benefited
from the tighter focused pump beam. The resolution of our method is mainly decided by the
size of each mirror on the DMD and the sensitivity of the system. On the one hand, the pixel
size of reconstructed image increases linearly with the size of each mirror on DMD increasing.
On the other hand, the small size of mirror on DMD means that the converted signal is weak,
which requires high sensitive and high conversion efficiency. Thus a high conversion efficiency
converter and a DMD with small size mirror contributes to the resolution. It is noted that the
pixel number of the reconstructed image is limited by the hardware. As is known to us, the image
created by the computation imaging technology is not beyond 256 x 256 pixels, which indicates
there is a possibility that our method can reach this resolution. Beside, using the presented
method to realize high-definition imaging with more pixels can benefit from the development of
the hardware.

Although frequency upconversion imaging method based on Hadamard coding is applied on
near-infrared imaging, the proposed method can be extend to mid-infrared (MIR) wavelengths.
According to the principle of frequency, if the presented method is extended to MIR, the nonlinear
crystal and the pump beam should be designed. Fortunately, the frequency upconversion at MIR
has been investigated, which means that the proposed method is able to applied on mid-infrared
(MIR) wavelengths.
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