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A compact terahertz (THz) imaging system based on complementary compressive sensing has been proposed using
two single-pixel detectors. By using a mechanical spatial light modulator, sampling in the transmission and reflection
orientations was achieved simultaneously, which allows imaging with negative mask values. The improvement of THz
image quality and anti-noise performance has been verified experimentally compared with the traditional reconstructed
image, and is in good agreement with the numerical simulation. The demonstrated imaging system, with the advantages of
high imaging quality and strong anti-noise property, opens up possibilities for new applications in the THz region.

Keywords: terahertz imaging, image reconstruction techniques, spatial light modulators

PACS: 42.30.Wb, 42.30.Va, 42.79.Hp

1. Introduction

The terahertz (THz) wave, between the infrared wave and
the microwave wave, refers to electromagnetic radiation in the
frequency range of 0.1-10 THz. Some unique characteristics
have been studied and utilized in this frequency range. With
the characteristic of high penetration to nonpolar material, it
can be used as a light source for non-contact imaging in secu-
rity inspection, anti-terrorism, and other related fields.!!) Due
to the characteristic of low photon energy, THz waves are less
damaging to organisms compared with x-rays, which have at-
tracted much attention in biomedicine.

Imaging techniques plays an important role in THz wave
application. Currently, point-by-point scanning imaging!?!
and array imaging have been used as two kinds of mature
imaging methods. The former method usually utilizes a
single-pixel detector to receive the scanning signal pixel by
pixel. It has the advantages of high image quality, high sen-
sitivity, and easy accessibility. However, this kind of imag-
ing method has an acquisition speed limitation due to Shan-
non’s sampling theorem. It cannot meet the requirement for
fast imaging. The latter method usually uses different kinds
of array detectors. Although the accuracy and real-time per-
formance of array detectors have been reported before, [*! their
sensitivities cannot stand comparison with the single-pixel de-
tector in the THz range, and the high-density detector arrays
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at longer wavelengths are very expensive and not easy to fab-
ricate due to the diffraction limitation.

In recent years, single-pixel imaging schemes have been
implemented based on compressive sensing (CS). As a new
imaging modality, CS can easily break the limitation of Shan-
non’s sampling theorem. The image can be reconstructed ac-
curately with a low sampling rate. With the progress of re-
construction algorithms and the fabrication of masks, the ap-
plication of CS imaging has extended from visible light and
microwave to the THz region. Different THz-wave modulators
such as copper-clad printed circuit boards, *! metamaterials, !
semiconductors,® and graphene!”#! have been adopted. Due
to its highly undersampled measurements, CS imaging can
remedy the defect of prior imaging art in the THz range.

In the traditional THz CS imaging system, the element
values of modulation matrices are always set as 0 or 1, where
the physical masks may either block the THz wave or pass it
to the detector. However, binary matrices with negative value
would be beneficial to reduce the noise and improve the im-
age quality.l’! Because only non-negative matrices are physi-
cally displayed by the modulators, the negative value is usu-
ally obtained through phase-sensitivity measurement utilizing
a lock-in detection scheme.!!”) But undesirable properties, in-
cluding high cost and complicated fabrication processes, have
restricted large-scale practical applications. An alternative ap-
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proach to achieve the [1, —1] binary matrix is to display the
[1, 0] pattern followed immediately by its inverse. The differ-
ence between the two measurements is utilized to provide a
differential signal,!'!! which doubles the number of sampling
and reduces the image speed. Recently, complementary CS
imaging was employed in the visible light range by recording
the data in two reflection orientations with a digital micromir-
ror device (DMD); random [1, —1] binary patterns were gen-
erated and a high-quality image was obtained. Considering the
very small size of a DMD, it is not suitable for THz frequen-
cies.

In this paper, we present a compact THz imaging system
based on complementary CS. A metal mask with all modu-
lation matrices engraved on was adopted as the spatial light
modulator. The sampling in the transmission and reflection
orientations was performed simultaneously using two single-
pixel detectors. The [1, —1] mask values were realized based
on a new observed vector from the difference of the two arms
data. It is shown that the THz image quality and anti-noise per-
formance have been improved effectively. This method thus
offers a very effective approach to promote the implementa-
tion of single-pixel cameras in THz applications.

2. Theory of complementary CS

CS is concerned with encoding a sparse signal using a rel-
atively small number of linear measurements and ensures ac-
curate reconstruction with a very high probability. The process
of CS imaging can be described as an equation y = ®x + e,
where x represents the original signal and e is a M x 1 vec-
tor of error term from random noise. When the original sig-
nal is a N x N matrix, « can be ordered as a N* x 1 vec-
tor. & represents a M X N? measurement matrix, and y is
a Mx 1 vector formed by M time measurements. M is cal-
culated by O (K -log (N?/K)). = is K-order sparse, where
K < M < N?. In order to ensure the signal is reconstructed
from M observed values, the restricted isometry property!!?!
is a prerequisite when the measurement matrix satisfies cer-
tain conditions. Then, the recovery of the sparse signals can be
realized using different algorithms, such as total variation reg-

ularization, orthogonal matching pursuit, 3! basis pursuit,['4]

and /,-norm. %!

Generally, because only non-negative matrices can be dis-
played by a physical mask, @ is always structured with the
value O or 1 for each pixel, corresponding to opaque and trans-
parent mask regions, respectively. Thus, part of the light flux
is sacrificed and the noise is increased. In order to improve
the image quality and the signal-to-noise ratio (SNR), a com-
plementary measurement method is given to use two comple-

(16

mentary sets of masks.[!% It can be described as

Y1 =Pz +ey, (D
Y = Doz + ey, ()

where @1 =1, 2 — P2 (1,52 denotes an array of all ones),
and e; together with e, corresponds to the noise in the dif-
ferent directions respectively. Taking the subtraction between
equations (1) and (2), we can have the following formula:

Y1 —yr = (P11 —Pr)x + (e —e2). 3

Since €1 and &, are complementary matrices with values 1
and 0, | — P, can be seen as a [1, —1] matrix. Thus, the el-
ements of measurement matrix @ — ¥, — &, are all nonzero,
and the THz throughput and modulation efficiency are opti-
mized. Meanwhile, because most of the noises in e; and e;
caused by the power fluctuation of THz source, the complex
environments, and so on, are correlated with each other during
the measurement of the M x 1 vector, the random noise level
is reduced as e = e — e;. Considering the uncorrelated noises
caused by the detectors take a small proportion in e; and e;
compared with the THz power fluctuation, they can be reduced
by taking several THz pulses for the average in each measure-
ment. Therefore the synchronous measurements for the two
sets with two detectors are preferred for minimizing the im-
pact of noise. The advantage of this method is that it can be
applied equally when the measurement matrix ¢ is designed
as[o, —0O].

3. Numerical simulations

For verifying the validity of the complementary CS imag-
ing method, the reconstructions of ‘H’ and ‘O’ were simulated
as shown in figure 1(a). The resolution was 20 x 20 pixels
for each letter. The TVAL3 algorithm!!7! was chosen for re-
construction. The calculation parameters were set the same as
those used in the following recovery of THz CS imaging in
section 5. The measurement matrix consisting of two values 0
or 1 was structured based on the Gaussian matrix which has lit-
tle coherence with the Walsh—Hadamard matrix. Figures 1(b)
and I(c) show the images reconstructed by the conventional
single CS using 20% data measurements with [1, 0] and [0, 1]
sets, respectively. Figure 1(d) is the reconstructed image em-
ploying complementary CS imaging with [1, —1] set. Based
on visibility by human judgment, the reconstructed images in
figure 1(d) are almost the same as the original images in fig-
ure 1(a), and better than those in figures 1(b) and 1(c). To
evaluate the reconstructed image quality more objectively, the
peak signal to noise ratio (PSNR) was computed. Commonly,
the larger the PSNR value, the better the quality of the recov-
ered image. It is clear that the PSNRs of the recovered images
for H and O under single CS mode are not very different from
each other. However, the PSNR of figure 1(d) is much larger
than that of figures 1(b) and 1(c), and more than three times
larger for O. Therefore, the complementary CS imaging has
the advantage of better image quality.
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original image

PSNR = 32.68

[1, 0] matrix

PSNR = 18.76
(a) (b)

[0, 1] matrix

[1, —1] matrix

1.0
I | HO.S
. 0

PSNR: 26.40 PSNR = 48.86
1.0
0.5
0
PSNR = 18.84 PSNR = 63.74
(©) (d)

Fig. 1. Simulation results of CS reconstruction using measurement matrix with different values: (a) original image, (b) [1, 0] matrix,

(¢) [0, 1] matrix, (d) [1, —1] matrix.

(a) [1, 0] matrix [0, 1] matrix [1, —1] matrix
[]
10% noise ﬂ I |
PSNR=7.71 PSNR:7.35 PSNR =48.81
[]
50% noise |
[]
PSNR=3.78 PSNR=2.79 PSNR=47.99

(b) [1, 0] matrix [0, 1] matrix [1, —1] matrix

10% noise

PSNR =8.82 PSNR=9.82 PSNR=63.74

PSNR =5.82 PSNR=5.64 PSNR=63.45

50% noise

Fig. 2. Simulation results of CS reconstruction for (a) H and (b) O with
10% and 50% Gaussian noises added.

Moreover, to analyze the anti-noise performance, 10%
and 50% Gaussian noise was superimposed upon the measure-
ment vectors y respectively for H and O. The results based on
the three methods are shown in figure 2. The integrity and
PSNR of the reconstructed images were distinctly degraded
with the noise level increase. Comparatively speaking, the de-
terioration degree of the reconstructed images was much more
serious for the conventional single CS with both the [1, 0] and
[0, 1] set.

the situation of 10% Gaussian noise, and even worse under

The recovered letters were unrecognizable under

the situation of 50% Gaussian noise. However, by the method
of complementary CS imaging, the reconstructed letters can
both be easily recognized with 10% and 50% Gaussian noise;
the quality of the recovered image decreased a little for H and
was almost unchanged for O. This can be attributed to the sub-
traction of the two measured vectors. In this sense, the anti-
noise performance of complementary CS imaging is much bet-

ter than that of conventional single CS imaging.

4. Experimental setup

The design of the complementary CS imaging system is
presented in figure 3(a). The THz radiation was generated by
a continuous wave THz gas laser. The output frequency of the
THz radiation was fixed at 2.52 THz and the output power was
about 40 mW in our experiment. The THz wave was chopped
into 50 Hz by a chopper, passed through the object, and im-
aged onto the mask at the angle of 45° with respect to the nor-
mal incidence. The mask was a piece of stainless steel with
a 20 x 99 Gaussian random matrix made of 0 and 1 engraved
on, the same as that in [18]. It can split the THz wave into a
transmission path and a reflection path. The size of the mask
was 150 mm long, 30 mm wide, and 0.1 mm thick. In order to
avoid the diffraction effect at the mask, the 0.45 mm x0.45 mm
square hollow matched to value 1 in the matrix, and those
without processing corresponded to value 0. Each column of
the matrix was uncorrelated, which can guarantee the original
signal was reconstructed well because of the low relativity of
the Walsh—-Hadamard transform matrix and Gaussian random
measurement matrix. The encoding process was achieved by
physically translating the mask with a one-dimensional linear
motor stage. The measurement matrices for the two paths were

complementary.
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com— e e e ~|tsurupica lens

THz source detector 1
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Fig. 3. (color online) (a) Experimental apparatus for complementary
compressive imaging using a metal mask and two Golay cell detectors;
(b) Details of generating the [1, —1] matrix using a metal mask.

A total of 80 different matrices with a size of 20 x 20
can be obtained by just horizontally moving the mask by one
column each time. The transmitted and reflected THz waves
through the mask were further focused using a Tsurupica lens
and sensed by Golay cell detectors synchronously. Figure 3(b)
is the detailed schematic diagram for the dotted area in fig-
ure 3(a); one detector responded to the energy transmitted by
the mask, whereas the other received the energy reflected from
the same mask. The string of values, collected by measuring
the transmission intensity (yy;) and reflection intensity (yy;) for
each mask, represents the image encoded within the mask’s
features, where i = 1,2,...,80. The desired encoding y, con-
taining 80 elements yi, y2....,Y80, can be obtained by the dif-
ference between the two measurement vectors y; and y,. The
image can be retrieved from the encoded data by a reconstruc-

tion algorithm based on 2 = &~ 'y. Such a system has the

advantages of overall doubling of THz throughput efficiency

because no flux is wasted by opaque mask pixels.

5. Results and discussion

Considering that the beam quality plays an important role
in CS imaging, the intensity distribution of the THz wave was
measured. A metal sheet with a 1 mm diameter pinhole was
fixed on a two-dimensional linearmotor stage to scan the THz
beam. The energy distribution is shown in figure 4. The hori-
zontal and vertical cuts through the center of the beam, shown
on the map as black dotted lines, are displayed. The full width
at half-maximum beam diameters of 4 mm and 10 mm were
observed in the horizontal and vertical directions, respectively.
Due to the intensity necessary in the complementary CS imag-
ing system, no beam expander was set to keep the high SNR
for the detections in the two radiation paths. Thus, the sam-
ples with proper sizes were placed in the energy concentration
area. If a sample with large number of pixels was imaged, the
beam expander was inserted to make the THz beam illuminate
the whole object homogeneously.But this will result in a lower
energy density, which directly leads to a lower SNR.

In order to investigate the influence of noise on the recon-
structed images, the energy fluctuation of the THz source was
measured. It is one of the main noise-induced factors for the
imaging system. Figure 5 shows the stability of the THz out-
put with 1, 5, 10, 15, and 20 pulses on average. The standard
deviations were 0.0358, 0.0171, 0.0120, 0.0099, and 0.0087,
respectively. It is clear that the standard deviation decreased
rapidly from 1 pulse to 10 pulses, but slowly from 10 pulses
to 20 pulses. Considering the reduction of the acquisition time
without sacrificing the reconstruction quality, 10 pulses were
taken as the average in our experiment.

Figure 6 shows the process that generates the comple-
mentary CS images. To make the asymmetric THz beam
illuminate the whole object as uniformly as possible, parts of
the hole-shaped letter H with size 4 mmx 6 mm and a hole

THz intensity
1.0 2.0 3.0 4.0

3.5 .
3.0 41 ®) (©)
>
5.
2.5 é 3
2.0 9 2
£ 21 Z 10+
1.5 E B
1
1.
0 &= 154
0.5 0 ¥ T T v
0 5 10 15 20
25 5 75 10 125 15 175 20 r-axis 20

x-axis

Fig. 4. (color online) (a) Energy distribution of THz radiation source, (b) and (c) the horizontal and vertical cuts through the center of the beam.
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Fig. 5. Instability of the THz source.

with a diameter of 4 mm were tested. Figure 6(a) shows the
visual images of the objects, where the imaged parts are indi-
cated by the red lines and the other parts are covered by the
multilayer aluminum foil to block the THz wave. Figures 6(b)
and 6(c) illustrate the images recovered from the data in trans-
mission and reflection orientations. The complementary CS
images are shown in figure 6(d). By comparing figure 6(d)
with figures 6(b) and 6(c), it is clear that the complementary
CS image gives better visibility. The PSNR of the recovered
images in figures 6(b) and 6(c) under single CS detection do
not differ greatly from each other, whereas the PSNR of fig-
ure 6(d) is much larger than that of figures 6(b) and 6(c). The
result is in good agreement with the numerical simulation. The
size of the recovered images can be obtained by counting the
pixels since each pixel corresponds to a 0.5 mm area. For the
transverse rectangle in the first row of figure 6(a), the sizes
of the reconstructed images from the transmission and reflec-
tion directions were both 2.5 mmx3.5 mm, which is a little
shorter than the original image of 2 mmx4 mm, while the re-
covery using complementary CS image yielded an image of
2.5 mmx4 mm, much closer to the original image. For the
vertical rectangle in the second row of figure 6(a), the recon-
struction quality was significantly improved according to the
value of the PSNR and the rectangle edges were finely pre-
served based on the complementary CS image. Moreover,
the corner-shaped structure in the third row of figure 6(a) was
tested. The original shape cannot be well recognized from any

single orientation. Although there were some defects on the
right edge of the reconstructed structure by complementary
CS imaging, it still performed much better than the conven-
tional method. It is noted that a 4 mm diameter hole pattern in
the fourth row of figure 6(a) can be recognized based on these
three sets of data intuitively. But the image recovered by com-
plementary CS imaging consisted of smoother regions with
much sharper edges, and the recovered size was equal to that
of the actual image, whereas there was still some deviation for
the single arm detection. Thus, it is evident that complemen-
tary CS imaging can improve the image quality dramatically
compared with the traditional reconstructed image.

To prove the anti-noise performance of complementary
CS imaging, different numbers of the averaged pulses were
used for the reconstruction of the vertical rectangle in fig-
ure 6(a) under identical detection conditions. Figure 7 shows
the experimental reconstructed results by single CS in trans-
mission and reflection directions, and the complementary CS
image at a 20% sampling rate with 1, 5, 10, 15, and 20 pulses
on average for one measurement, respectively. The image
quality of these methods all increased with the increase of the
average pulse number from 1 to 10. Meanwhile, almost no
better quality was obtained by further increasing the average
pulse number from 10 to 20. Noise decreasing and tendency to
be stable with the increase of the average pulse number were
deduced to be the reasons. Therefore, we can discern that ten
pulses or more for each sampling will bring a relatively stable
recovered image quality. Furthermore, under the same average
pulse number, the image quality of the complementary CS im-
age in figure 7(c) was always better than that recovered from
the two orientations in figure 7(a) and 7(b). In this sense, the
complementary CS imaging method has stronger anti-noise
property. In addition, it is evident that the total number of
measurements needed in complementary CS imaging is much
smaller than that in single-pixel sampling methods in order to
obtain the same PSNR value.

The images reconstructed in our experiment are not as
perfect as the simulation results. We deduce that this is mainly
caused by the inhomogeneous distribution of THz beam en-
ergy and the THz energy loss by the mask. On one hand, most
of the reconstruction algorithms can be well applied in the as-
sumption that the light is a plane wave, which is hardly satis-
fied in the THz experiments. On the other hand, the mask was
fabricated by engraving the matrix on a piece of metal sheet
using etching technology. Polishing and high reflection coat-
ing in THz range cannot be easily performed due to the small
size of each pixel unit (0.45 mmx0.45 mm). Actually, diffuse
reflections are generated when the THz beam illuminates the
rough surface of the mask. Thus, the sum of the detected ener-
gies from two directions is not a constant. In other words, the
noise is introduced and it will cause the loss of image quality.
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original image transmission mode

PSNR =11.37

PSNR =10.86

PSNR =9.29
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1.0
0
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(c)

(d)

Fig. 6. (color online) Reconstruction results of four different objects: (a) original image, (b) transmission mode, (c) reflection mode,

(d) complementary mode.

transmission mode

1 pulse averaged l I

PSNR =5.98

5 pulses averaged

[

PSNR =8.65

10 pulses averaged

PSNR =10.86

15 pulses averaged

PSNR =10.84

20 pulses averaged

PSNR =11.03
(a)

reflection mode

»

complementary mode

1.0
n HO‘S
0

PSNR =7.41 PSNR =7.45
1.0
0
PSNR =7.70 PSNR =9.63
1.0
0
PSNR =8.87 PSNR =14.27
1.0
0
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1.0
0
PSNR =9.02 PSNR =14.30

(b)

(c)

Fig. 7. The experimental reconstructed results by different numbers of pulses averaged: (a) transmission mode, (b) reflection mode,

(c) complementary mode.
6. Conclusion

We have demonstrated a compact THz imaging system
based on complementary CS sensing. Compared with the
conventional single-pixel camera with one detection orienta-
tion, our scheme makes full use of the encoded THz energy
through both transmission and reflection directions. The im-
age can be reconstructed based on a new observed vector from
the difference of the two arms data, which permits imaging
with negative mask values. We have experimentally investi-
gated the THz image quality and anti-noise performance of

complementary CS imaging. It is evident that THz two-pixel

imaging with complementary compressive sensing has the ad-
vantages of higher imaging quality and THz throughput effi-
ciency, along with stronger anti-noise property. It is expected
to promote the implementation of single-pixel cameras in THz
applications.
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