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We report an experimental demonstration of temporal ghost imaging in which a digital micromirror device (DMD) and
+1/ — 1 binary modulation have been combined to give an accurate reconstruction of a nonperiodic time object. Compared
to the 0/1 modulation, the reconstruction signal can be improved greatly by +1/ — 1 binary modulation even with half of
the measurements. Experimental results show that 0/1 binary temporal objects up to 4 kHz and sinusoidal time objects up
to 1 kHz can be reconstructed by this method. The influences of modulation speed and array detector gray levels are also

discussed.

Keywords: temporal ghost imaging, complementary modulation

PACS: 42.30.Va, 42.30.Ms

1. Introduction

Ghost imaging (GI) is an imaging technique that employs
a bucket detector, devoid of spatial resolution, to collect light
emitted or reflected by an object. Simultaneously, it utilizes
another detector with spatial resolution to accurately measure
information pertaining to the light source. Image of the object
can be obtained from the second-order correlation of signals
on the detectors.!!=>! GI shows superiorities to the traditional
imaging due to its features such as free from the atmospheric
disturbance!®7! and lensless imaging.[*>%1 These advantages
make GI important and practical in real applications in the
wide range of areas.!!%-14]

The concept of GI has been extended from spatial imag-
ing to time domain in recent years, in which a temporal sig-
nal can be reconstructed with a detector that is much slower.
In 2010, Shirai et al. theoretically demonstrated the feasibil-
ity of temporal GI (TGI) by utilizing classical unsteady light
sources.'>! Tn 2012, Chao et al. verified the viability of TGI
through simulation. % In 2016, Ryczkowski et al. experimen-
tally achieved TGI for the first time.!!”! Various modulations
and recovery algorithms have been proposed to improve the re-

18-24] The GI correlation algorithm needs

construction quality.
mounts of number of measurements to enhance the signal-to-
noise ratio (SNR) of the retrieved signal, and periodic tempo-
ral objects were employed in the TGI demonstrations above.
In 2016, Devaux et al. proposed a single-shot time-domain
computational GI scheme by performing spatial multiplexing

measurement, in which random images displayed by a liquid
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crystal display (LCD) and the images, modulated by a tem-
poral signal, recorded, and summed on a chip complemen-
tary metal oxide semiconductor (CMOS) camera are utilized
to obtain a nonreproducible time object.?! Temporal resolu-
tion and SNR which strongly relates to the number of mea-
surements determine the performance of TGI system. In the
single-shot TGI configuration above, the temporal resolution
and the number of the measurements corresponds to the dis-
playing speed and pixel number of the LCD, respectively.

In this paper, we employ 41/ — 1 binary patterns and dig-
ital micromirror device (DMD) to achieve a nonperiodic time
signal reconstruction. The 41/ — 1 binary patterns have been
demonstrated to have a better performance than the 0/1 binary

5.[261 DMD consists of an array of individually address-

pattern:
able mirrors and each mirror can be tilted in two different di-
rections with respect to the surface of the DMD. The flipping
speed of the micromirror is up to tens of kilohertz which is
faster than the LCD displaying frame rate. Since only non-
negative matrices can be physically displayed by DMD, the
+1/ — 1 binary pattern is realized by displaying a 0/1 pattern
with its inverse side by side. Experimental results show that
the restored signal quality can be improved greatly by +1/— 1
binary patterns compared to the 0/1 binary patterns, although
the measurements for +1/ — 1 binary modulation are half of
that for 0/1 binary modulation. A nonperiodic binary sig-
nal with a frequency up to 4 kHz can be reconstructed with
+1/ — 1 binary modulation, while bit error may appear in the
reconstructed 1 kHz signal under the conventional 0/1 binary
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modulation. Another experiment was performed with a light
chopper to reconstruct sinusoidal signals. The influence of de-
tector gray levels and modulation speed on the reconstructed
signal quality are analyzed.

2. Scheme and experimental setup

The experimental setup is schematically illustrated in

Fig. 1. In the signal generation part, the light from a

Light source
Collimating lens

-

Direction +12°

Imaging lens

Direction —12°

Direction —12°

tungsten-halogen light source (Thorlabs SLS201/M) irradi-
ated the plane of DMDI1 after it collimated and broadened.
DMD1 (JinHuaFeiGuang F6500) includes 1920 x 1080 micro-
mirrors, and each micromirror is 7.56 pm x 7.56 um in size.
In the signal generation process, a sequential 0/1 binary signal
was encoded on the DMD1 and all the micromirrors of DMD1
flipped consistently according to the signal (directions +12°
(1) and —12° (0)). The temporal binary light signal can be
obtained from direction +12° of DMDI.

- = = = = = ===

Detector

Fig. 1. Experimental setup for computational TGI based on complementary modulation.

In the detector part, DMD2 (TI DLP7500) contains
1024 x 768 micromirrors with a size of 13.68 um x 13.68 pwm,
and has a maximum mirror flipping frame rate 20 kHz. The
output light from the signal generation part illuminated in the
direction +12° of DMD?2, and an area on the DMD2 in the
window of size 512 x 512 micromirrors was employed to pro-
vide binary intensity modulation. In the experiment, the binary
pattern was realized by group clusters of 8 x 8 mirrors, so the
actual size of the modulation pixel was 109.44 x 109.44 um,
and 512 x 512 micromirrors corresponded to 64 x 64 mod-
ulation pixels. A charge coupled device (CCD, IMPERX
B1620M) with a 1680 x 1024 pixel array and pixel size of
7.40 pum x 7.40 um was placed in front of DMD2. The mod-
ulation area of DMD2 was imaged onto a 960 x 960 pixels
region of interest (ROI) on the CCD by an imaging lens. Thus
one modulation pixel on the DMD?2 corresponded to a 15 x 15
pixels region on the CCD, and only the intensities of the pixel
in the center of this region were utilized in the experiments
to obtain a 64 x 64 measurement matrix. The crosstalk at the
edges in the binary patterns was avoided. In the GI performing
with DMD, +1/— 1 binary modulation is achieved by display-

ing 0/1 pattern followed immediately by its inverse, and sub-

tracting two measurements sequentially. In TGI, twice modu-
lations will lead to a decrease of temporal resolution. In this
experiment, as shown in Fig. 2, a 64 x 32 random 1/0 pattern
was generated beforehand, then every column of this pattern
was inserted with its inverse by side, and the previous 1/0 pat-
tern was extended to a 64 x 64 1/0 pattern. The measurements
of +1/ — 1 modulation were obtained from the deduction of
odd and even columns in a measurement matrix.

1o 1 [ :
o Fol =
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10j 10101
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Fig. 2. The implementation of +1/ — 1 modulation.

The time object X (¢) was a randomly generated sequence
of 1 and O and generated on DMD1. A measurement matrix
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recorded by CCD is

Iij = /X(I)Pm,ijdf, (D

where By, ;; is the m-th pattern encoded to DMD2, i and j are
coordinates of the pattern. As mentioned above, the +1/— 1
modulation measurement is

Il =1 —1Ij;, 2)
where Il-? and 15 are odd and even columns of [;;, respectively.
Similarly, the +1/ — 1 modulation pattern is

/ O E
Pyii=Pnii—Buij 3)
where P9, ; and Py ; are odd and even columns of B, ;;, re-
spectively. Compressive sensing (CS) algorithm was em-

ployed in the experiments to reconstruct the time object

information.[27-28]

X/(t):argmin{H/X'(I)Pr/n,ijdf_li/j z+THX/(I)H1}’ «@

where X'(¢) is the reconstructed time object and 7 is a constant
scalar weighting the relative strength of the two terms. TVAL3
(total variation augmented lagrangian alternating direction al-
gorithm) algorithm?® was utilized to solve the optimization
problem specified by Eq. (4):

X'(1) = argmin{H/X/(t)P,’,ledt—I{j j+rHTV(X’(r))H},
&)
where ||TV(X'(t))|| = ||D(X'(¢))||1, and D is the one-

dimensional differential operation.
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Fig. 3. Experimental results of 1 kHz 0/1 binary time object. The dotted lines are the original 0/1 time objects, and the red asterisks are the
recovered data. There are 22 bits of the object and reconstructions that were selected for demonstration. (a)—(c) The results under modulation
speeds of 5 kHz, 4 kHz, and 3 kHz with 41/ — 1 patterns, respectively. (d)—(f) The results under modulation speeds of 5 kHz, 4 kHz, and 3 kHz

with 0/1 patterns, respectively.
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Fig. 4. (a)—(c) The recoveries of 2 kHz, 3 kHz, and 4 kHz time objects, respectively, under the conditions that the frequencies of modulation were

3 times of objects.

3. Experimental results

In the 0/1 binary signal reconstruction experiments, a
random 0/1 binary signal of 300 bits was generated and dis-

played in a frequency range from 1 kHz to 4 kHz. The ex-
posure time of the CCD was 0.285 s. The reconstructions
of 1 kHz signal under modulation speeds of 5 kHz, 4 kHz,
114201-3
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and 3 kHz are shown in Figs. 3(a)-3(c), respectively. The sig-
nal reconstructed from 5 kHz modulation gives better perfor-
mance. To make a comparison, 0/1 binary modulation exper-
iments were performed, in which random 0/1 binary patterns
with a size of 64 x 64 were loaded on DMD2. The number of
measurements of 0/1 modulation was 64 x 64 = 4096, while
that of +1/ — 1 modulation was 64 x 32 = 2048. The results
of 0/1 modulation are shown in Figs. 3(d)-3(f). It is shown
that, with +1/ — 1 modulation, the signal quality can be im-
proved greatly even at a low sampling rate. Notice the error
bar in Fig. 3(f), it can be seen that bit error may appear in
the reconstructions of 0/1 binary time object from 0/1 binary
modulation. The +1/ — 1 binary modulation yields reliable
results in the 4 kHz signal recovery experiment. The recov-
eries of 2 kHz, 3 kHz, and 4 kHz time objects are shown in
Figs. 4(a)-4(c), respectively, under the conditions the frequen-
cies of modulation were 3 times of objects. The selection of
modulation frequencies will be analyzed in the following.

We also tested this TGI method with sinusoidal temporal
signals. As shown in Fig. 5, sinusoidal temporal signals were
produced by an optical chopper (OCV-6300F). The equipment
in detector and experimental parameters were the same as

those in the 0/1 binary signal reconstruction experiments. The
frequency of modulation was 5 times that of the object. The
results of sinusoidal temporal signals with frequencies 100 Hz,
500 Hz and 1 kHz are shown in Figs. 6(a)-6(c), respectively.
The original sinusoidal temporal signals were recorded by a
fast detector and are indicated by red lines in Fig. 6. The ex-

perimental results show that signal waveforms can effectively

be recovered from this TGI method.

Chopper
PP \ Light source

Collimating

lens
Direction 412°

%&:

—

DMD2 Imaging lens CCD

Direction

Fig. 5. Experimental setup for sinusoidal temporal signals.
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Fig. 6. Experimental results for sinusoidal temporal signals with frequencies (a) 100 Hz, (b) 500 Hz and (c) 1 kHz. Red lines are the
records from a fast detector and the black lines are TGI reconstructions.

4. Modulation frequency

According to the Shannon-Nyquist sampling theorem
which specifies that one must sample at least two times faster
than the signal bandwidth when capturing a signal, the mod-
ulation frequency should be at least twice the maximum fre-
quency of a nonsynchronizable time object. Generally, a
higher sampling frequency brings a better acquisition of sig-
nal. However, we find that the rising of modulation frequency
may introduce an adverse impact to this single-shot TGI sys-
tem.

We use Fx to denote the maximum frequency of the ob-
ject, and Fy to denote the modulation frequency. If the object
is an N-dimensional vector, then the reconstructed signal is
Fu/Fx - N-dimensional vector. The sampling rate is defined as

(Fu/Fx-N)/M, (6)

where M is the number of measurements. In this single-shot

TGI configuration, M is defined by the pixel number of the
detector, which cannot be increased infinitely. Thus, from the
view of CS reconstruction, the increase of the modulation fre-
quency will lead to a decrease of the sampling rate, and a re-
duction in the recovery quality. The increase of the modulation
frequency also requires a higher dynamic range of the detector.

Experiments were carried out to demonstrate the relation
between the modulation frequency and recovery quality. Peak
signal-to-noise ratio (PSNR) reads

pea.kvalz) N
MSE /'
where peakval is the maximum intensity of the signal, and

PSNR = 10 x 1og10(

MSE is the mean square error expressed as

MsE= Y [X(1) - X' (1))

t

®)

where X'(r) was reshaped to an N-dimensional vector by aver-
aging intervals of Fy;/Fx elements sequentially. Equation (7)
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was employed to provide a quantitative comparison of the re-
covery quality. The time object was a 2 kHz random 0/1
binary signal of 30 bits. The experimental situations were
same as the 0/1 binary signal reconstruction experiments men-
tioned above. The reconstructions without normalization un-
der modulation frequencies from 4 kHz to 14 kHz are shown
in Figs. 7(a)-7(f), respectively. The lengthes of reconstructed
signal increase with the rising modulation frequency, while
the intensities of the signals descend. The reconstructed sig-

nals were approximately normalized to [0, 1], and the curve of

PSNR versus modulation frequency is shown in Fig. 8. We
find that the the recovery quality becomes better in the initial
stage and then gets worse with the increase of modulation fre-
quency. To a 2 kHz 0/1 binary signal, the best value of Fy/Fx
is 3 in this experiment. Generally, the PSNR was found to
reach its maximum with an Fy;/Fx of 3 or 4 in this experiment,
and as shown in Fig. 4, the value Fy;/Fx = 3 was used in the
experiments above. The best value of Fy/Fx depends experi-

mental conditions and requires further research.

x10—3 X10—3 X10—3
(a)10 (b) 7 (c) 5
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8 4
z »° >
5 6 D 4 g 3
= g g
3 g 4 g
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Fig. 7. Reconstructions of a 2 kHz random 0/1 binary signal without normalization under modulation frequencies (a) 4 kHz, (b) 6 kHz, (c) 8 kHz,

(d) 10 kHz, (e) 12 kHz, and (f) 14 kHz.
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Fig. 8. PSNR versus modulation frequency in the numerical simulation
experiment.

Table 1. The PSNR of results reconstructed from different dynamic
detecting ranges.

14 bit
78.63

12 bit
63.59

8 bit
44.76

10 bit
59.95

Gray scale
PSNR

A numerical simulation has been performed to show the
relation between the PSNR and the dynamic range of the de-

tector, in which the time object was 100 bits 0/1 binary sig-
nal, the Fy/Fx is 3, and the number of measurements was
2048. Table 1 shows that high dynamic detecting range de-
tector gives a better performance. To effectively restore a tem-
poral signal with enhanced speed, an array detector boasting
both a high dynamic range and swift response is imperative.
Additionally, DMD technology can be advantageously substi-
tuted with more rapid modulation devices, for instance, spin-
ning masks.

5. Conclusion

In summary, we have experimentally demonstrated
single-shot TGI based on DMD and +1/ — 1 binary modu-
lation, which is achieved by displaying a 0/1 pattern with its
inverse in one measurement. The high modulation speed of
DMD and 41/ — 1 binary modulation acquire high SNR in
fast nonperiodic temporal signal detection results. Some fac-
tors that contribute to the reconstructions are discussed. We
believe that this single-shot TGI configuration could be valu-
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able in many real applications.
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