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We propose a new full color ghost imaging scheme using both time and code division multiplexing technologies. In
the scheme, the speckle patterns of three colors (red, green and blue) are modulated with different time slots and codes.
The light intensity is sampled by one bucket detector. Then based on the modulated time slots and codes, we can effectively
and simultaneously extract three detection component signals corresponding to three color components of objects from
the sampling signal of the bucket detector. Finally, three component images resulting from the three component detection
signals can be synthesized into a full color image. The experimental results verify the feasibility of our scheme under the
limit of the number of time slots and codes. Moreover, our scheme reduces the number of bucket detectors and can realize

high quality imaging even in a noisy environment.

Keywords: ghost imaging, time division multiplexing, code division multiplexing, full color imaging

PACS: 42.30.Va, 42.30.Wb

1. Introduction

Ghost imaging (GI) is considered as an outstanding opti-
cal imaging technology,!'! which can image objects by corre-
lating the speckle patterns with their bucket detection signals.
GI was realized based on the quantum properties of entangled
photon pairs by experiments in 1995.!"1 Since then, GI has re-
ceived considerable attention because it can be extended to the
thermal light field>! and has great advantages for robustness

against harsh environment,[®°! high spatial resolution!!%-12]

and more applications!!3-16]

compared to the traditional imag-
ing technology.

Recently, constructing a full color GI scheme turns into
a hot research area.!!’->31 Most studies!!~'°! of the full color
GI have been based on use of three spectrally filtered bucket
detectors, which can obtain three detection component sig-
nals corresponding to three color (red, green and blue) compo-
nents of objects. Then three component images resulting from
three detection component signals can be synthesized into a
full color image. However, the cost of this method is high be-
cause it uses more bucket detectors than monochromatic GI,
which limits its practical applications. Another method?%-%3]
of full color GI is based on time division multiplexing (TDM)
technology (named FCGI-TDM), where the whole sampling
time is divided into three recurrent time slots of fixed length,
and the specific colored speckle pattern is allotted a time slot
on a round-robin basis. Then three component images result-
ing from three time slots can be synthesized into a full color
image. Hence, FCGI-TDM has the benefit of decreasing the

number of bucket detectors. However, FCGI-TDM suffers
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from the ambient light intensity fluctuations, which degrades
the imaging quality. %%

In addition, a new full color GI with multiple input single
output (MISO) technology (named FCGI-MISO)"?"! is pro-
posed to use one bucket detector to simultaneously measure
three detection component signals from the speckle patterns
modulated by the cosine waveforms with the specific fre-
quency. From the perspective of code division multiplexing
(CDM) technology,?8%! the cosine waveform modulated into
speckle patterns can also be regarded as a special form of mod-
ulating code. Finally, three component images resulting from
three detection component signals can be synthesized into a
full color image. The benefits of FCGI-MISO are that it not
only requires one bucket detector to sample three component
images, but also is not affected by the fluctuation of ambi-
ent light intensity. However, the realization of FCGI-MISO
is limited by the number of cosine waveforms with specific
frequency, especially when FCGI-MISO is extended to hyper-
spectral GI.

In this paper, we propose a full color GI scheme using
both TDM and MISO technologies, where the speckle pat-
terns of three colors are modulated with two time slots and
two cosine waveforms of different frequencies. Because the
cosine waveform modulated into speckle patterns is regarded
as a special form of modulating code of CDM, our scheme can
be referred to a full color GI scheme by using both TDM and
CDM technologies, named FCGI-TCDM. The advantages of
FCGI-TCDM are stated in the following. Firstly, it can image
the object under the limit of the number of time slots and codes
because FCGI-TDM with only two time slots cannot realize

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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full color imaging and FCGI-MISO cannot also achieve full
color imaging by using only two cosine waveforms with differ-
ent frequencies, however, FCGI-TCDM can achieve full color
imaging by using two time slots and two cosine waveforms
with different frequencies. Secondly, FCGI-TCDM can real-
ize high quality imaging even in a noisy environment with the
fluctuation of ambient light intensity. Thirdly, FCGI-TCDM
reduces the number of detectors because of the requirement of
only one bucket detector. In addition, FCGI-TCDM can be ex-
tended to some ghost imaging fields with one bucket detector,
such as multispectral GI and polarized GI.

The organization of the paper is as follows. Section 2
presents the proposed scheme. Section 3 shows the experi-
mental results of our scheme. Finally, we give conclusions in
Section 4.

2. Scheme description

Figure 1 shows the schematic diagram of FCGI-TCDM.
Three light sources with specific color in FCGI-TCDM respec-

8" (x,y,1) =

with 1" (x,y) being the spatial speckle pattern. In this paper,
we use the Walsh-Hadamard speckle patterns!®! for 1" (x,y).
Here, a is the direct current offset of the cosine waveform; b is

the cosine waveform’s amplitude; m = 1,2,...,M; M denotes
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tively generate a uniform light field with a temporal waveform
modulated by different time slots and cosine waveforms of dif-
ferent frequencies. Here we use two time slots (0 <7 < 7/2
and T /2 <t < T') and two cosine waveforms with frequencies
f1 and £, to realize FCGI-TCDM, where T is the time slot
duration of each speckle pattern. Therefore, speckle patterns
with at most four colors can be produced in FCGI-TCDM.
However, because only three colored speckle patterns are re-
quired in a full color GI, we inevitably reuse one color to
represent two speckle patterns. Hence, in the first time slot
0 <t < T/2, the light from red and green sources are modu-
lated with two cosine waveforms with frequencies f; and f5,
respectively. In the second time slot 7/2 <t < T, the light
from green and blue sources are modulated respectively with
Subse-
quently the superposed light is modulated by a digital micro-

two cosine waveforms with frequencies f; and f>.

mirror device (DMD) to generate a speckle pattern. Therefore,
the mth speckle pattern S (x,y, ) is

ey

the number of speckle patterns; i represents the frequency of
the cosine waveforms and the color of the speckle patterns in
each time slot; ¢, ¢p, and c3 represent red, green and blue,
respectively.

N(CL‘,y,t) Bm(t)

________________ -

Reconstructed
colored image

Detector

Fig. 1. The schematic diagram of FCGI-TCDM.

Then the sampling signal of the bucket detector, B™(r), is produced when the speckle patterns interacting with the object

enter into the bucket detector,

B(0) = 1 [ [8"(x.3.1)0(x.y) + Sw(y.n))dxdy,

@

where 7 is the bucket detector’s responsivity, A is the region illuminated by the speckle pattern, and O(x,y) is the color object.

Sn(x,y,t) represents the ambient light, which can be described by!

30]
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n(t) = n/ASN(x,y,t)dxdy= Y nicos(2mfokt + o), (3)
k=1

where ¢y and n; are the phase and amplitude of the kth har-
monic component of ambient light, respectively; fj is the basic
frequency.

The process of the reconstruction of images is shown in
Fig. 2, the sampling signal of the bucket detector B™(¢) is di-
vided into two parts in the time, which consists of the sampling
signal of first time slot B"(¢)[o<,;<7 /> and the sampling signal
of second time slot B" ()| ,<;<7. Then two detection com-
ponent signals corresponding to red and green components of
the object can be exacted from the sampling signal of first time
slot B™(t)[o<;<7 /2 by executing the Fourier transform,

F{B’"(t)\0<,<T/2}

2
= 3 [ 11 )0i03) {87~ £) + 57+ £)
i=1

2
+Yona [ 17(65)01(x.3) drdy5(f)
=1 /A

oo

where 6(-) represents the delta function. F{-} represents
Fourier transform. O;(x,y) = O(x,y)c; with i = 1,2,3 repre-
sent the red, green and blue components of the object, respec-
tively. Hence, we can efficiently extract two detection compo-
nent signals (BY'; and BY',) corresponding to /" (x,y) and the

first time slot from B™(t)|o<;<7/> by taking the amplitude of
the Fourier transform of B" ()]0, <> With specific frequency

i

'1n,i = ‘F{Bm(t)‘0<t<T/2}f=f1

b
— %/Alm(x,y)Oi(x,y)dxdy, (@)

where BY'; and By, are red and green detection component
signals in the first time slot. It is shown that FCGI-TCDM can
eliminate the influence from the ambient light intensity fluc-
tuations because the specific detection component signal can
be obtained by taking the amplitude of the Fourier transform

of sampling signals with a specific frequency f;, but the noisy

1y . . signal from ambient light without the specific frequency f; will
X — fik) el9% k)e /% 4
+ ,; 2 [0(f = fok)e ™ +8(f + fok)e ) “) be effectively filtered.
Im(z,y)

m
Blﬁl»a.—
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Fig. 2. The schematic diagram of FCGI-TCDM reconstruction algorithm.

Then we define that By, and B}, are green and blue de-
tection component signals in the second time slot. Similarly,
two detection component signals (B3, and By',) can be ex-
acted by executing the Fourier transform onto the sampling
signal of the second time slot B"(¢)|7 jo</<7>

|F{Bm(t)‘T/2<z<T}f=f,-’

b
P [ 1oty ©

m
2,i

When M speckle patterns are projected onto the ob-
ject and then M sampling signals are acquired by the bucket
detector, we can exact the detection component signals

B’}fz’|j:172;i:l,2;m:172,4-47M and then the specific colored com-
ponent image can be reconstructed by fast Walsh—Hadamard
transform (FWHT) algorithm, (3]

Oitj1(x,y) = FWHT{B|n=12,.m} (7

Note that the green component image can be reconstructed

with either 3'1"72|m:1,2 m Or BY |n=12,...m, sO we use the av-

erage value of B, and By, to reconstruct O>(x,y). Finally,

the recovered three component images O;(x,y)|i—1 23 are syn-

thesized into a full color image O(x,y).
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3. Results discussion

Figure 3 shows the experimental system of FCGI-TCDM.
Three LED sources with specific color are modulated with two
recurrent time slots (0 < # < 100 pus and 100 pus< t < 200 us,
where T = 200 ps) and two cosine waveforms with frequen-
cies fi and f, driven by an arbitrary waveform generator
(AWG, RIGOL DG812), where the amplitude and the direct
current offset of the modulated cosine waveforms are 3V}, and
3.5V, respectively. Then, the light from three LED sources is
superposed by a beam splitter, and a speckle pattern I (x,y)
is modulated onto the light by DMD (ViIALUX V-7001). The

TIR prism Projecting lens

speckle patterns transmitted by a TIR prism and a projecting
lens are projected onto an object which is a transparent plastic
thin sheet printed a colored image “fruits”. Subsequently the
light from the object is measured by a photodetector (Thor-
labs PDA100A?2) and an analog-to-digital converter (NI PCle-
6374). Note that the black box in Fig. 3 shows that a white
LED driven by a Gaussian random noise waveform n(t) is used
as the noisy ambient light. In addition, we use mean square er-
ror (MSE)D! to represent the difference between original im-
age O(x,y) and the reconstructed image O(x,y) with the num-

ber of pixels N, i.e., MSE(1/N) ¥, ,(O O(x,y) — O(x,))>.

Object

Blue LED [, BS BS

Fig. 3. The experimental system of FCGI-TCDM. LED: light emitting diode. L: lens. M: mirror. PD: photodetector. BS: beam splitter. ADC:
analog-to-digital converter. TIR: total internal reflection. DMD: digital mirror device.

MSE = 0.0245

MSE = 0.0223

MSE = 0.0221

MSE =0.0213

MSE =0.0190

MSE =0.0219

MSE =0.0218 MSE =0.0218

Fig. 4. The experimental results of FCGI-TCDM.

Figure 4 shows the experimental results of FCGI-TCDM
to verify its feasibility. Here we use Walsh—Hadamard speckle
patterns with pixel size 128 x 128 and M = 16384 in exper-
iments. The results of FCGI-TCDM with two recurrent time
slots (0 < ¢ < 100 ps and 100 ps <t < 200 ps) and two co-
sine waveforms frequencies f; = 170 kHz and f, = 110 kHz

are shown in the first row of Fig. 4, while the second row of

Fig. 4 are the results for FCGI-TCDM with f; = 120 kHz and
Jf> = 110 kHz. The experimental results show that the imag-
ing quality of reconstructed three colored component images
is high and the their MSEs is small. Then the synthesized
full color image also has a high imaging quality. These re-
sults verify the feasibility of FCGI-TCDM. From the results

in the first and second rows of Fig. 4, it is found that the
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results are similar for FCGI-TCDM with different frequen-
cies, which means that when the frequency difference be-
tween two modulated waveforms (|f] — f2|) is not less than
the minimum distinguishable frequency difference 2/T (note
that in this paper 2/T = 10 kHz), various detection compo-
nent signals can be effectively extracted from the sampling
signals. In addition, Fig. 5 shows the sampling signals of
the bucket detector for the 100th speckle pattern (B'%°(t)).
The amplitude of the Fourier transform of the first time slot
B'%%(£)[g<; <50 us for modulated frequencies f; = 170 kHz and
f>» = 110 kHz is shown in Fig. 5(b), and then we can ob-
tain that the red and green detection component signals are
B} =109.37 and B|%) = 79.69, respectively, from Fig. 5(b).
Similarly, the amplitude of the Fourier transform of the sec-
ond time slot B'%(#)|50 s<r<100 us for modulated frequencies
f1 = 170 kHz and f, = 110 kHz is shown in Fig. 5(c), and
then we can find that the green (blue) detection component sig-
nals are B%?lo = 78.85 (Béf)zo = 58.11). Moreover, for the case
of modulated frequencies f; = 120 kHz and f, = 110 kHz,
the red and green detection component signals obtained from
Fig. 5(e) are B{%) = 112.65 and B|%) = 66.49, and the green
and blue detection component signals obtained from Fig. 5(f)
are B)) = 78.70 and B, = 57.80.

In addition, we compare the ability of robustness against
the noisy signal resulting from the ambient light intensity fluc-
tuations among FCGI-TCDM, FCGI-TDM and FCGI-MISO.
For a fair comparison, FCGI-TDM uses the three colored LED
sources in turn with time slot length 7 /3 = 66.7 us to recon-
struct the corresponding colored component images. In FCGI-

MISO, the sampling time for each speckle pattern is set up as
T =200 us and the frequencies of the cosine waveforms for
red, green and blue LED sources are 170 kHz, 110 kHz, and
230 kHz, respectively. The modulated frequencies of FCGI-
TCDM are f; = 170 kHz and f, = 110 kHz. Here an LED
driven by a Gaussian random noise waveform from an AWG
(bandwidth 1 kHz) is used to be an ambient light. The re-
sults shown in Figs. 6, 7, and 8 demonstrate that the imaging
quality of both FCGI-TCDM and FCGI-MISO will not de-
crease under the influence of ambient light. Even when the
signal-to-noise ratio (SNR) is low, the imaging performance
of both FCGI-TCDM and FCGI-MISO still does not deterio-
rate. The reason is that the specific colored component sig-
nal is obtained by taking the Fourier transform of the sam-
pling signal B,,(¢) with a specific frequency, so these noisy
signals without the specific frequency from the ambient light
can be effectively filtered. Comparing to FCGI-MISO, FCGI-
TCDM has the advantage that it can image the object with
fewer number of codes because FCGI-MISO requires at least
three cosine waveforms with different frequencies to achieve
full color imaging, but only two cosine waveforms with differ-
ent frequencies are used for FCGI-TCDM. The advantage of
FCGI-TCDM compared to FCGI-MISO will be more signifi-
cant when FCGI-TCDM is extended to multispectral GI with
one bucket detector. In addition, the ambient light can obvi-
ously affect the imaging quality of FCGI-TDM. When SNR
decreases, the imaging quality becomes worse and worse, and
the reconstructed full color images become so blurred that one
cannot see anything clearly for FCGI-TDM.

3.0 250
(a (c) . 2001 ) 0
200 — ) 2 <
— 0 @ 300 < —
—~ 2.0 —~ IYs) I = ) —
Z 2 150 TR R I I
— 15 Q & /3 g 200 S gz
= 5 100 S % q
Q1.0 = ? 5
0.5 50 100
0 0 L .
0 50 100 150 200 —~300 —100 100 300 —300  —100 100 300
Time (ps) Frequency (kHz) Frequency (kHz)
400 3.0 250
(b) = (d) () 2
o 2.5 o -
300 % S 200 [03 x
= 2 ~ 2.0 = P I
) T Z = 150 il 8%
Q200 s X ~ 1.5 & S 9
— S = = g
24 R X 100
1.0
100
0.5 50
0 0 0
—300 —100 100 300 0 50 100 150 200 =300 —100 100 300
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Time (us)

Frequency (kHz)

Fig. 5. (a) and (d) The sampling signals of the bucket detector for the 100th speckle pattern B'%(r) obtained by the photodetector in experiments. (b) and
(e) The amplitude of the Fourier transform of the first time slot B'Oo(t) lo<t<50 ps- (¢) and (f) The amplitude of the Fourier transform of the second time slot
B%(t)|59 ws<1<100 us- Here, (a)—(c) give the results for fi = 170 kHz and f, = 110 kHz, and (d)—(f) show the results for f; = 120 kHz and f» = 110 kHz.
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Fig. 7. The experimental results by using FCGI-MISO with the influence of the ambient light intensity fluctuations.
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MSE = 0.0419

o

MSE = 0.0223

MSE = 0.0257

MSE =0.0411
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MSE =0.0301

MSE =0.0416
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MSE = 0.0886 MSE =0.0613

R —

Fig. 8. The experimental results by using FCGI-TDM with the influence of the ambient light intensity fluctuations.

4. Conclusions

We have proposed a full color ghost imaging scheme us-
ing both time and code division multiplexing technologies,
where the speckle patterns of three colors (red, green and blue)
are modulated with different time slots and codes. The light in-
tensity is sampled by one bucket detector. Then we can effec-
tively and simultaneously extract three detection component
signals from the sampling signal of the bucket detector based
on the modulated time slots and codes. Finally, three compo-
nent images are used to synthesize a full color image, where
three component images can be reconstructed separately with
the detection component signals and speckle patterns. We have
verified the feasibility of our scheme under the limit of the
number of time slots and codes by experiments. Moreover,
our scheme has the advantages of the decrease of the number
of bucket detectors and can realize high quality imaging even

in a noisy environment.
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