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Abstract: A low-cost compressive sensing imaging (CSI) system based on spectrum-encoded
time-stretch (SETS) structure involving cascaded Mach-Zehnder Interferometers (MZIs) for
spectral domain random mixing (also known as the optical random pattern generator) is proposed
and experimentally demonstrated. A proof-of-principle simulation and experiment is performed.
A mode-locked laser with a repetition rate of 50MHz and low-cost cascaded MZIs as the
key devices enable fast CSI system. Data compression ratio from 6% to 25% are obtained
using proposed CSI based SETS system. The proposed design solves the big data issue in the
traditional time-stretch system. It has great potential in fast dynamic phenomena with low-cost
and easy-access components.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Serial time-encoded amplified microscopy (STEAM) based on the spectrum-encoded time-stretch
(SETS) structure, which enabled extraordinary ultrafast imaging speed of hundreds of tens
of MHz or even GHz [1] and has been employed in widely useful applications, especially in
ultrafast optical imaging and dynamic phenomena detection, such as ultrafast laser scanning [2],
flowing particle screening [3], ultrafast optical imaging [4–12], ultrafast quantitative cellular
and tissue imaging [13] based on phase-sensitive manipulation [14,15], light ranging [16] and
compressive sensing imaging [17–19]. STEAM can be divided into two steps: one-to-one
mapping between spectrum and space, also known as spectrum encoded procession, or space
to spectrum conversion; one-to-one mapping between spectrum and time mapping, also known
as time-stretch procession, or spectrum to time conversion. The spectrum encoded procession
encodes the spatial imaging information into broadband optical spectrum using diffractive optical
devices, such as free-space diffractive grating [20] and in-fiber diffraction grating [21–24] for
1D imaging, and virtually imaged phased array (VIPA) and a diffractive grating for 2D imaging
[1]; and the time-stretch procession encodes the space-modulated broadband optical spectrum
information into time serial using optical devices, such as dispersive compensating fiber (DCF)
[4–12]. As a result, the one-to-one mapping among space to time is achieved via the usage
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of spectrum of the optical light. Hence, an ultrafast single-pixel detector, for example, an
photodetector (PD) can be utilized to detect the ultrafast optical dynamic phenomena.

However, conventionally the implementation of time-stretch procession demands ultrafast PDs
and oscilloscopes, which normally are expensive. This drastically increases the cost of the optical
system. Also great amount of data that gathered by conventional optical imaging systems needs
to be processed by high speed data acquisition cards. The commonly applied solution is based
on nonlinear one-to-one mapping between time and spectrum, such as anamorphic stretched
transform or wrapped time stretch [25,26]. Also, much more useful information could be detected
as well as with better temporal resolution. The other solution involving designed algorithms,
such as the utilization of the compressive sensing (CS) method [17,27–29], which drastically
reduces the great amount of data that needs to be acquired, has the benefits of low-cost due to
the employment of low-cost low-bandwidth PDs and oscilloscopes. For example, a low-cost
low-bandwidth of 50 MHz PD can be employed as the substitute of the traditional expensive
high-bandwidth PD when using CS method. In order to perform compressive sensing imaging
(CSI), pseudorandom binary sequences (PRBS) that used to generate optical random patterns are
essential for the CS procession [27–30]. Previously, the arbitrary waveform generators (AWGs)
generate PRBS sequences could achieve a high speed of 10 GHz or even more. Also, costly
high-speed electro-optical modulators are required to perform high speed modulation. As a
result, previous approach for ultrafast speed imaging and dynamic phenomena detection has the
drawback of expensive.

To tackle this issue, an optical random pattern generator based on cascaded Mach-Zehnder
interferometers (MZIs) [30–32], which eliminates the usage of AWGs and expensive large-
bandwidth modulators, with the benefit of easy-access and low-cost is proposed. Note here the
two low-cost customer designed MZIs are consists of two 1× 2 optical fiber couplers and one
2× 2 optical fiber coupler, instead of two expensive Mach-Zehnder Modulators (MZMs), which
are quite expensive.

In this Letter, based on our previous work [4,5,17], we propose and experimentally demonstrate
an optical CSI system based on SETS structure. An optical random pattern generator based on
cascaded MZIs structure is employed to perform the low-cost optical mixing. The experimental
CSI results indicating a data compression ratio from 6% to 25% is obtained with an imaging
area of 0.6*2.2 mm. This method has wide applications in dynamic phenomena where low-cost,
easy-access and high-speed system is required.

2. Experimental section

The schematic of the proposed PRBS generation system using cascaded MZIs structure is shown
in Fig. 1. A pulsed mode-locked laser (MLL, Er-Femto EFLA laser) with a repetition rate of
50 MHz is employed as the laser source, which has a maximum optical power of 200 mW and
the pulses produced by MLL have a full-width at half maximum (FWHM) of 44 fs. In order to
achieve linear one-to-one mapping between spectrum and time, ultrashort optical pulses from
MLL are stretched in time domain using dispersive compensating fibers (DCFs, with a total
dispersion of 0.32 ns/nm). The dispersion also lays solid foundation for signal loading and data
detection. Besides, one Erbium doped fiber amplifier (EDFA) is used for optical amplification to
achieve higher signal-to-noise ratio (SNR).

The amplified and time-stretched optical pulses pass the cascaded MZIs, where the pulses are
modulated by the signals, and then the random optical patterns are generated. The signals can
be loaded via PZT with different modulation frequency and intensity, or changing the optical
path difference (OPD) using variable delay line (VDL) device. In our proposal, the method of
changing OPD using VDL device from 1 mm to 50 mm with a step of 1 mm is applied. Compared
to MZ modulators, the fiber-based cascaded MZIs needs isolation of temperature variation,
vibration and sound to prevent the influence of the environment. The isolation process, also
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Fig. 1. Schematic of the proposed random optical pattern generation process

known as capsulation process, is achieved by putting the whole MZIs structure into one box with
full of foam or sponge, which could isolate the environmental temperature variation, vibration
and sound. And in the past this capsulation method could load the signals into Michelson
interferometer for sensing applications [33]. After the cascaded MZIs, the PRBS waveform is
detected by the PD and followed by Oscilloscope and saved by computer.

The output of time-stretched pulses in spectral domain before and after pass through the
cascaded MZIs (where PRBS modulation process obtained) are shown in Fig. 2(a) and 2(b),
respectively. Figure 2(a) shows the spectrum of the MLL before the PRBS modulation, and the
3dB spectrum is 15nm. Figure 2(b) shows the spectrum of the MLL after the PRBS modulation,
and 23 free spectral ranges (FSRs) are observed clearly over the full spectrum after PRBS
modulation. The output temporal waveform of the time-stretched pulses without and with PRBS
modulation is shown in Fig. 2(c) and 2(d), respectively. Figure 2(c) depicts the laser pulse is a
gaussian pulse without PRBS modulation and each optical pulse has a period of 20ns and the 3dB
pulse lasts around 6ns. Figure 2(d) illustrates the temporal waveform of time-stretched pulses
after passed the cascaded MZIs structure and after PRBS modulation 33 FSRs can be observed
in a period of 20ns. The red square parts in Fig. 2(c) and 2(d) are expanded for compare the
details of influence of with and without PRBS modulation on the time-stretched temporal pulses.

To verify the quality of the random patterns (shown in Fig. 2(d)) that generated by the cascaded
MZIs, 100 modulated and continuous optical pulses that pass through the cascaded MZIs with
varied OPDs (from 0.5 mm to 50 mm with a step of 0.5 mm) are detected and their correlation
coefficient are measured in Matlab. Figure 3 shows the result of pattern correlation coefficient
of 100 continuous optical pulses. The results describe a mean value of 0.28, which obviously
confirm the random patterns that generated by cascaded MZIs are perfect candidates for low-cost
CSI. Note whether in spectral domain or time domain, there are interference fringes resulting
from the interference of the cascaded MZIs. As a result, the random patterns are generated. For
ultrafast imaging detection, data acquisition in time domain is enough due to the one-to-one
linear mapping among spectrum, space and time. Also, due to the one-to-one mapping between
spectrum and time, only one domain analysis is required. In spectral domain, the free spectral
range (FSR) in terms of optical spectrum is shown as ∆λ=λˆ2⁄2 ∆l, where ∆l is the OPD of two
interferometric arms; λ is the optical wavelength. In our experiment, the λ has a range of 15nm
(from 1556nm to 1571nm). As a result, perfect random patterns for CSI are generated when the
signals are loaded into the pulses via the cascaded MZIs. The signals are loaded via PZT with
different modulation frequency and intensity, and manually added the modulation frequency and
intensity again for confirmation, and another confirmation is done with varied OPDs.

The schematic of the proposed CSI system based on SETS structure is shown in Fig. 4. In the
experiment, the PRBS waveforms are already reserved in a database and with same OPDs the
waveforms show great consistence when time changes [30,31]. The PRBS generation system is
same as Fig. 1. Note here synchronization process is required, one RF signal channel directly



Research Article Vol. 29, No. 10 / 10 May 2021 / Optics Express 14934

Fig. 2. Output spectrum of the MLL source before (a) and after (b) PRBS modulation;
output temporal waveform of the MLL source after time-stretch (c) without and (d) with
PRBS modulation. MLL: mode-locked laser.
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Fig. 3. Result of pattern correlation coefficient of continuous optical pulses that passed the
cascaded MZIs.

from MLL is linked to the oscilloscope for synchronization. The time-stretched pulse with PRBS
modulation goes through the optical circulator then emits into the open space via a collimator
(Thorlabs, F240APC-1550). The optical pulses of the beam pass through a telescope set (two
plano-convex lenses with focusing length of 50mm and 150mm, respectively), which is employed
to expand to three times its beam size. The expanded and collimated beam scatters onto a
diffraction grating (600 lines/mm), where the one-to-one mapping between wavelength and space
is performed. Then the spectral encoded and random PRBS modulated pulses pass through the
sample (1951 USAF resolution target), where the imaging and random patterns in spatial domain
is mixed.

The optical pulses carrying the information of imaging and random patterns, and reflected
by a silver-coated mirror, returned to the original collimator with same free-space optical way.
The information-carried optical pulses in time-serial are detected by a single-pixel PD with
a bandwidth of 2GHz via a circulator. An oscilloscope with a real-time sampling rating of
20GS/s and a bandwidth of 2GHz is employed to digitize the captured information followed by
information processing in computer using Matlab programming. Note in this demonstration
the data compressing of CS method is implemented in digital domain, that is to say, the pulse
compression for every 20 ns is digitally-added in Matlab instead of using single-mode fiber
(SMF) to compress the time-stretched optical pulse, which is limited by the existing devices. The
setup of our optical imaging system can be easily improved by using matched length of SMF
(around 20KM) to compensate the DCF and a low-cost 50MHz PD, thus the cost and data volume
of system can be furtherly reduced.

To perform a fast CSI system, a fast galvo-scanner could be applied to change the height of
time-stretched optical pulses that reach the sample or a mechanical scheme could be used to
change the height of sample rapidly.

In our CS calculation, a 1D sample imaging IM×1 has a length of M points. And they are mixed
with N random patterns that from the cascaded MZIs, N is the number of measurements (N<M).
IM×1 can be expressed as

IM×1 = φM×M × SM×1 (1)
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Fig. 4. Schematic of the proposed CSI system based on SETS structure. CSI: compressive
sensing imaging; SETS: spectrum-encoded time-stretch; MLL: mode-locked laser; DCF:
dispersive compensating fiber; EDFA: Erbium doped fiber amplifiers; OP: optical fiber
coupler; L1 and L2: lens; PD: photodetector.

where φM×M is a M×M matrix stands for Fourier orthogonal basis, SM×1 is a M×1 matrix stands
for the spectrum of IM×1 in transformation domain. Each pattern RM×1 (also has a length of M
points) on behalf of each measurement. The 1D sample imaging has to be sparse in discreet
Fourier transformation (DFT) domain, N number of random patterns can be expressed as the
M×N dimensional measurement matrix RM×N , and hence the measurement vector yN×1 also
known as dot product, is shown as

yN×1 = RN×M × IM×1 = RN×M × φM×M × SM×1 = θN×M × SM×1 (2)

where θN×M = RN×M × φM×M .
The imaging information recovery from yN×1 to IM×1 is a process of convex optimization.

The measurement vector yN×1 , also known as the measurement results, and the random pattern
matrix RN×M (the random patterns that generated by the cascaded MZIs) are given as inputs
from the proposed system. φM×M is a standard orthogonal basis, and the matrix product θN×M is
random, which has to meet the restricted isometry property [34]. As a result, an achievable and
possible SM×1 can be obtained when using total variation (TV) minimization algorithm based on
minimum l1 norm reconstruction [35,36],

s = arg min(TV1) subject to θs = y (3)

Based on the above analysis, the presentation of transformation domain s can be obtained. And
the 1D imaging information can be reconstructed due to IM×1 = φM×M × SM×1.

A simulation is performed based on the proposal. The imaging sample of 1951 USAF
resolution target used in our proposed system to perform CSI is shown in Fig. 5(a). The imaging
area is shown in the red line square with an area (field of view) of 0.6*2.2 mm and a dimension
of 50 lines, 400 columns (M=400), which is group 2, number 2. Figure 5(b) and (c) illustrated
the results of reconstructed 2D image (based on minimum l1 norm reconstruction) areas using
different numbers of random patterns or times of measurement, which are 100 and 50 (N=100,
50), and the data compression ratio are 25% and 12.5%, respectively. Figure 5(d) and (e) are the
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reconstructed lines (red color) and original lines (blue color) of line 10 and line 26, respectively
in image (b), which show in good consistency. From Fig. 5(b) and (c), when 100 or 50 (N=100,
50) times of measurement/random patterns are employed in our proposed CSI system, the target
data stream with recovered a set of 400 (M=400) data matched the original imaging line, which
confirms our proposal for CSI approach is applicable.

Fig. 5. The simulation result for CSI system. (a) The imaging sample of 1951 USAF
resolution target, red square is the imaging area. Based on minimum l1 norm reconstruction,
the simulation results of reconstructed images with (b)100 and (c) 50 times of measurements
have data compression ratio of 25% and 12.5%, respectively. (d) and (e) are the simulation
results of reconstructed lines (red color) and original lines (blue color) of line 10 and line 26,
respectively in image (b).

A proof-of-principle experiment is performed to confirm our proposal. Based on the imaging
system in Fig. 4, the imaging results with same imaging area in Fig. 5(a) are shown in Fig. 6.
Figure 6(a) and (b) show the experimental results of reconstructed images with 100 and 50
times of measurements, which have data compression ratio of 25% and 12.5%, respectively.
Figure 6(c) and (d) are the experimental results of reconstructed line 10 and line 26, respectively
in image Fig. 6(a). The results of Fig. 6(a) and (b) show when using 100 or 50 (N=100, 50)
times of measurement/random patterns, an imaging set of 400 (M=400) data can be recovered
in our proposed CSI system. Simulation and experiment of our proposed CSI system with
data compression ratio of 10% and 6% are shown in Fig. 7. The Fig. 7(a) and 7(b) show
the reconstructed image (with pixel size of 50*400) in simulation and experiment with 40
times of measurements (data compression ratio of 10%). The Fig. 7(c) and 7(d) show the
reconstructed image (with pixel size of 50*400) in simulation and experiment with 24 times of
measurements (data compression ratio of 6%). In our situation, the image can reconstructed
with good performance of 10%. And with 6% of data compression ratio, the image can still get
reconstructed.
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Fig. 6. The experimental result for CSI system. The experimental results of reconstructed
images with (a)100 and (b) 50 times of measurements have data compression ratio of 25%
and 12.5%, respectively. (c) and (d) are the experimental results of reconstructed line 10 and
line 26, respectively in image (a).

Fig. 7. (a) simulation and (b) experimental results of CSI system with data compression ratio
of 10% ; (c) simulation and (d) experimental results of CSI system with data compression
ratio of 6%.
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3. Conclusion

In summary, we proposed and experimentally demonstrated a low-cost and easy-access optical
CSI system using SETS structure with potential dynamic phenomena detection. The cascaded
MZIs based optical random pattern generator is applied for low-cost optical mixing, and no
expensive electro-optical modulator is involved. The experimental result of CSI system shows
a data compression ratio from 6% to 25% is performed using a computational low-speed data
acquisition at 50MS/s in Matlab. The proposed system could solve the big data issue in the
traditional data acquisition procession, and reduce the cost of system using low-bandwidth PD
and oscilloscope. Our proposal provide a data efficient, cost-efficient and accessible approach
makes dynamic phenomena detection and measurement possible.
Funding. Engineering and Physical Sciences Research Council (EP/T51732X/1); National Natural Science Foundation
of China (61975248, LZC0019, LZC0020, Y01236128).
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