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Abstract Temporal ghost imaging (TGI) enables high-speed information reconstruction from low-bandwidth detection by leveraging
self-correlation properties of random light signals. Here, we experimentally demonstrate for the first time the chaos-based TGI using
an optical-feedback semiconductor laser. Results reveal the effects of feedback strength and time delay signature and find that the
low-frequency energy of chaotic signal within the slow-detection bandwidth determines the imaging quality. By optimizing feedback
strength, TGI with a quality factor beyond 3 for 8-Gbit/s NRZ signals is achieved by using a chaotic laser with a relaxation frequency
of 6 GHz and 1-GHz detection bandwidth. This work introduces a promising TGI technique, because the use of chaotic lasers overcomes
the limitations of conventional random sources in signal amplitude and system integration. Furthermore, considering the phenomenon of
chaotic synchronization, this work has the potential to inspire research on secure information transmission based on chaos TGI.

Keywords temporal ghost imaging, correlated imaging, optical chaos, chaotic laser, semiconductor lasers, fast information reconstruc-
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1 Introduction

Ghost imaging is an advanced correlated imaging technique initially demonstrated with quantum-entangled photon
pairs and later extended to classical domains [1-4]. Inspired by spatial ghost imaging, temporal ghost imaging (TGI)
introduces a novel approach for temporal domain measurement, which enables reconstruction of high-speed temporal
objects from low-bandwidth detection [5-9]. This unique capability leverages slow detectors that significantly reduce
system cost and complexity while ensuring compatibility with bandwidth-limited scenarios [10-12]. Generally, this
compressive imaging technology uses a random light measured by a fast detector as a reference, and another
replicated light that interacts with the temporal object is measured by a slow detector as a test signal. The object
is then reconstructed by correlating these two signals. Neither signal alone suffices for recovery, and TGI further
demonstrates a significant anti-interference capability. Therefore, TGI has attracted extensive attention since the
first experimental demonstration reported by Ryczkowski et al. [6]. It has promising applications in high-speed
data transmission [13-20], ultrafast sensing [21-23], and device response detection [24-26] through random light
sources or random digital signals. The TGI has also been extended from light waves to X-rays and microwave
bands [17,18,20,21,23,27-30].

The optical sources for TGI should have random intensity fluctuations with a short correlation time. The re-
ported TGI sources include the intensity fluctuation of quasi-continuous multimode lasers [6], amplified spontaneous
emission (ASE) light [25,30], random fiber lasers [14,31,32], and pseudo-random coded light [7,33,34]. The laser
intensity fluctuations and the ASE light have a small amplitude, which requires optical amplification. Random fiber
lasers can generate a large-amplitude random waveform, but usually require a long fiber and a high-power pump
light source, leading to complex configurations hard to integrate. The methods using pseudo-random coded light
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Figure 1 (Color online) Experimental setup of optical-chaos TGI. SL: semiconductor laser; PC: polarization controller; CIR: circulator; OC:
optical coupler; VOA: variable optical attenuator; AWG: arbitrary waveform generator; EOM: electro-optic modulator; PD: photodetector; OSC:
oscilloscope.

face the challenge of limited sequence length, which restricts the time size of imaging. In addition, the imaging of
high-speed objects also requires expensive high-speed random code generation devices.

Optical chaos based on the nonlinearity of optoelectronic devices can be a promising alternative source for TGI,
because it has large-amplitude and wideband random waveforms [35-41]. Especially, optical chaos can be generated
by using semiconductor lasers with simple structures that are highly compatible with photonic integration [42-45].
Chen et al. [46] numerically demonstrated the feasibility of TGI using a chaotic laser. However, no experiments
about optical-chaos TGI have been reported.

In this paper, we experimentally demonstrate the optical-chaos TGI by using an optical-feedback semiconductor
laser. TGI for an 8-Gbit/s non-return-to-zero (NRZ) signal is achieved by using a laser with a relaxation frequency
of about 6 GHz. Effects on TGI of chaos spectrum flatness and feedback time delay signature are investigated in
detail. Experimental results show that chaotic laser is an effective light source for TGI with simple and low-cost
configuration.

2 Experimental setup

Figure 1 shows the experimental setup of the proposed optical-chaos TGI. The optical chaos is generated by a
semiconductor laser subject to external optical feedback. A portion of the laser emission is fed back through an
optical coupler OC; and an optical circulator into the laser to induce chaos. A variable optical attenuator is inserted
into the feedback path to adjust the feedback strength, which is denoted as x¢ and defined as the power ratio between
the feedback light and the solitary laser. The generated chaotic light is divided into two beams, serving as reference
and test light. The reference light is directly measured by a fast photodetector as a reference denoted as Ief(t). The
test beam is modulated by a temporal object m(t) and then measured as a signal I (t) by a slow photodetector.
The temporal waveforms of the two signals are recorded by a real-time oscilloscope, and then are used to reconstruct
the object by cross-correlation calculation. The reconstructed object m/(t) is calculated as

m/(t) = (Alyest () Alret(t)) a1 (1)

where AlLe(t) and Aliest(t) are the reference and test signals after removing the mean value, respectively, and (-) ys
denotes the average of M repeated measurements.

In our experiments, the laser used is a distributed feedback (DFB) semiconductor laser with a single-longitudinal-
mode at a wavelength of 1547.924 nm and a threshold current of 12.2 mA. The propagation time of light in the
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Figure 2 (Color online) Output characteristics of chaotic optical-feedback laser: (a) optical spectrum, (b) electrical spectrum, (c) single-
measurement temporal waveform (blue) and averaged waveform (gray) with 6000 measurements, (d) autocorrelation trace. ry = 17.73%, 74 =
202.73 ns.

feedback loop, i.e., feedback delay time 7¢, is 202.73 ns. The temporal object is generated by an arbitrary waveform
generator (Keysight M8195A, 25-GHz bandwidth). An electro-optic modulator with 30-GHz bandwidth (iXblue
MZX-LN-40) is employed to load the temporal object onto the test light. The used fast and slow photodetectors have
bandwidths of 52 GHz (Finisar XPDV2120RA) and 1 GHz, respectively. Note that the actual detection bandwidth
of the reference signal is limited to 23 GHz by the used real-time oscilloscope (Tektronix DPO75902SX). In addition,
we utilized an optical spectrum analyzer (APEX AP2060A) and an RF spectrum analyzer (R&S FSW50) to observe
the frequency-domain characteristics of chaotic laser.

NRZ signals are used as the temporal object to experimentally demonstrate the chaos TGI. Quality factor
Q = ((m}) — (mg))/ (o1 + 09) is utilized to quantitatively evaluate the quality of the recovered temporal signals.
Here, (m}) and o, are the mean value and standard deviation of high levels (i = 1) or low levels (i = 0) of NRZ signal
m’(t). The successful TGI is achieved as ) exceeds a threshold Q¢ = 2.67, which corresponds to the bit-error-rate
threshold of 3.8 x 1073 for the hard-decision forward error correction (HD-FEC).

3 Experimental results

3.1 Demonstration of optical-chaos TGI

Figure 2 shows the time-frequency characteristics of laser chaos, which were experimentally obtained with a laser
bias current of 22.0 mA and feedback strength ¢ of 17.73%. As plotted in Figure 2(a), the optical spectrum of
chaotic laser is obviously broadened and red shifted, compared to the static-laser spectrum. The corresponding
electrical spectrum is broadband and extends over 20 GHz. Note that there is a peak at about 6 GHz, which is the
laser relaxation oscillation frequency f;. Shown in Figure 2(c), the temporal waveform of laser chaos is complex and
irregular with a larger amplitude, and the average of 6000 waveforms remains constant. Furthermore, the chaotic
waveform has a delta-like autocorrelation trace, shown in Figure 2(d). These characteristics indicate that laser
chaos can satisfy the TGI requirement. It is noted that the autocorrelation trace has feedback time delay signature
(TDS), which means a few small side-peaks located at nr¢, where n = 1,2,3,.... The effects of TDS on the TGI
quality will be discussed later.

Figures 3(a) and (b) show the experimental results of optical-chaos TGI for NRZ signals with a rate of 5 and
8 Gbit/s, respectively. The object length per measurement is 10 ns, and the total duration corresponding to M =
6000 is 6 us. The NRZ signal amplitude applied to the EOM is 0.086 times the half-wave voltage V;rr. The first



Zhang R, et al. Sci China Inf Sci June 2026, Vol. 69, Iss. 6, 162407:4

1.5 1.5
@) 13 o0 m@ | (b) T8 Gbivs m()
1.0} 1.0t
0.5 0.5
0.0 . 0.0 F .
~1.0r L (1) ~10F I (1)
3 3
& &
o 0.5 5 0.5
s s
2., | o |
§1:0 Lies(®) glio I L)
0.5r 0.5+
0.0 :
0=3. ()
10L = FIITTOCTTVIIR TR A R T
0.5 13
00 _E __:I hd i G
0 3 6
Time (ns) Time (ns)

Figure 3 (Color online) Experimental results of optical-chaos TGI with k¢ = 17.73% and M = 6000 for NRZ signals at a rate of (a) 5 Gbit/s
and (b) 8 Gbit/s.
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Figure 4 (Color online) Quality factor of object recovery at different bit rates. M = 6000.

to the third rows in Figure 3 show the temporal waveforms of the original object m(t) directly emitted from the
arbitrary waveform generator, the reference signal Lo¢(t), and the test signal Iiest(t), respectively. The test signal
does not exhibit the characteristics of the object and the reference, due to the small-amplitude modulation and
low-bandwidth detection. The fourth row in Figures 3(a) and (b) displays the recovered objects by the TGI. Bit
“0” and “1” levels are clearly distinguished, and the waveforms are highly similar to the original signals. The TGI
quality factors are 3.74 and 3.05 at signal rates of 5 and 8 Gbit/s, respectively, both of which exceed the threshold
Qtn- Therefore, the laser-chaos TGI is successfully achieved. Additionally, the bandwidth of slow PD required for
TGI can be narrower. A slow PD bandwidth exceeding 300 MHz is needed for 5 Gbit/s, while exceeding 400 MHz
is required for 8 Gbit/s. It also enables reconstruction at a weaker modulation depth, with the 5 Gbit/s object
successfully reconstructed at 0.028 V,rpr. If a multi-level signal is used as the object, a higher modulation depth is
required to ensure the distinguishability of each level in the reconstruction.

Figure 4 displays the TGI quality factor as a function of the signal bit rate, which was obtained under the
same object modulation amplitude. The results of different feedback strengths x¢ = 6.14%, 11.59% and 17.73%
consistently show that the quality factor gradually decreases as the signal rate increases. The reason is that the
energy of the object signal within the slow PD bandwidth decreases as its rate increases, resulting in a decrease in
signal-to-noise ratio. In addition, the results indicate that a high feedback strength will result in a larger quality
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Figure 5 (Color online) Effect of laser feedback strength on optical-chaos TGI with the object rate of 5 Gbit/s. (a), (b) Electrical spectra
of laser chaos under k¢ = 1.50% and 19.03%, where Epp, Ey, are the energy within the slow PD bandwidth and the energy within the signal
baseband, and R = (Epp/Bpp)/(Em/Bm); (c) R (solid circles) and Q (triangles) vs. ky.

factor. This can be attributed to the fact that the low-frequency component of laser chaos becomes strong as
feedback strength increases.

3.2 Effects of laser feedback strength

In this subsection, we investigate the effects of laser feedback strength k¢ on TGI quality in detail. Figures 5(a)
and (b) plot the electrical spectra of chaotic laser under k¢ = 1.50% and 19.03%, respectively. In the case of large
feedback, the spectrum is wider and flatter. Especially, the low-frequency components within the bandwidth of
slow PD become stronger, depicted in the red shaded area. This is beneficial for improving the signal-to-noise ratio
of TGI. For quantitative analysis, we define R = (Fpp/Bpp)/(Em/Bm) to evaluate the spectrum flatness, where
FEpp, Fy are the energy within the slow PD bandwidth Bpp and the energy within the signal baseband width By,.
Figure 5(c) shows R and @ as functions of k¢ in solid circles and triangles. As the feedback strength increases,
R grows almost linearly, and the TGI quality factor increases at a gradually decreasing rate. When ¢ > 4.50%,
R > 9.55%, and the quality factor of the reconstructed object exceeds the threshold 2.67, meaning a successful TGI.
A higher @ value close to 4 can be achieved with R > 30.00%. The above results indicate that chaotic lasers can
enable a high-quality TGI, although their spectra are not as flat as noise signals.

3.3 Effects of time delay signature

It is noted that increasing the feedback strength not only improves the spectrum flatness, but also enhances the
feedback time delay signature [47]. In other words, the effect of the laser feedback strength on TGI actually includes
the contribution of TDS. Therefore, it is also interesting to understand how the feedback time delay signature alone
affects the imaging results.

The level of TDS is measured by the first sidelobe peak of the autocorrelation function (ACF) of the laser chaos.
It is hard to change TDS while keeping spectral flatness R fixed by adjusting the operating parameters of the optical-
feedback laser. In experiments, we adopted a data reconstruction method to solve this problem. The sampled laser
chaos is denoted as a discrete sequence X = (zg,21,...,2n—-1), and then the TDS is ACFx (Nf), where N is the
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Figure 6 (Color online) Effect of TDS on optical-chaos TGI with the rate of 5 Gbit/s and M = 1990.

datapoint index corresponding to 7¢. One extracts Ne-point sub-sequences Xsg = (TrjN;, ThjNe+1s - - - s Thj N+ Ne—1)
from X with an interval of (j — 1)N¢ points, where & = 0,1,2,..., and then generate a new sequence Y =
{Xs0, Xs1, X82,...}. Then, the TDS of sequence Y is ACFy (Nf) = ACFx (jNt), where j is a positive integer. Due
to that the ACF of the original chaos has different sidepeak values shown in Figure 2(d), one can change integer j
to obtain different ACFy (Nf) without influence on chaos spectrum.

Figure 6 plots the effects of the TDS on the TGI quality factor, which were experimentally obtained with different
feedback strengths of 6.14%, 11.59%, and 17.73%. The results under the three cases agree well that the @) decreases
with the growth of TDS. Fortunately, the rate of decrease gradually slows down, and the magnitude of the decrease
is relatively small, which is about 0.2. According to Figures 5 and 6, we can conclude that the time delay signature
of laser chaos will slightly reduce the @ value but will not lead to failure of TGI. The dominant factor affecting the
Q@ value is the spectral flatness or low-frequency energy of laser chaos. Here, the length of the data stored by the
oscilloscope is 10 ps. After discarding irrelevant data, the maximum of M is 1990 for evaluating TGI results with
different j values in Figure 6. However, this does not affect the conclusion about the effects of TDS on the TGI
quality factor.

4 Discussion and conclusion

The optical-chaos TGI is achieved, although the chaotic light has a non-flat spectrum and feedback time delay signa-
ture. To further improve the TGI quality and rate, optimization can focus on spectral flattening, TDS suppression,
chaotic bandwidth expansion, and object modulation. Based on the recent broadband chaos study of long-cavity
FP laser, the object reconstruction rate can be expected to reach 16 Gbit/s [48]. To reduce the measurement
times, multiplexing techniques can be considered [7]. In addition, the chaotic laser used is composed of discrete
components connected by optical fiber. Photonic integration of chaotic lasers can significantly improve the robust-
ness [42-45,49]. Considering the successful implementation of chaos in other bands such as THz, TGI shows broad
application potential [50]. Furthermore, laser chaos has a unique characteristic of chaos synchronization compared
to other TGI sources [42,49,51,52]. Combining chaos synchronization, it is expected to develop a new paradigm
for information encryption transmission.

In conclusion, we experimentally demonstrate optical-chaos TGI using an external optical-feedback semiconductor
laser. Effects of feedback strength and time delay signature are investigated. Results show that the low-frequency
energy of the chaos spectrum within the bandwidth of the slow detector is the dominant factor affecting the
imaging quality. TGI with a quality factor beyond 3 for 8-Gbit/s NRZ signals is achieved by using a chaotic laser
with a relaxation frequency of 6 GHz and 1-GHz detection bandwidth. In the future, we will study the photonic
integration of chaotic lasers to improve imaging performance and explore TGI-based secure information transmission
by combining chaos synchronization.
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