Vol. 9, No. 12 / December 2021 / Photonics Research

Research Article

| 2494

PHOTONICS Research

Low-latency full-field temporal magnification
based on spectral compression

XianGzHi Xig,' JiLong Li,2 Feirer YIN,' Kun Xu,! anp Yitang Dar'*

'State Key Laboratory of Information Photonics and Optical Communications, Beijing University of Posts and Telecommunications,

Beijing 100876, China

2Advanced Institute of Photonics Technology, School of Information Engineering, and Guangdong Provincial Key Laboratory of Information
Photonics Technology, Guangdong University of Technology, Guangzhou 510006, China

*Corresponding author: ytdai@bupt.edu.cn

Received 5 August 2021; revised 18 October 2021; accepted 20 October 2021; posted 21 October 2021 (Doc. ID 438498);
published 23 November 2021

Temporal magnification is an emerging technology for the observation of single-shot optical signals with irregular
and ultrafast dynamics, which exceed the speed, precision, and record length of conventional digitizers.
Conventional temporal magnification schemes suffer from transmission delay and large volume of dispersive
elements. Because only the signal envelope can be magnified in the dispersion-based schemes, real-time full-field
(phase and amplitude) measurement for a complex ultrafast optical signal remains an open challenge. Here, a
bandwidth-compressed temporal magnification scheme for low-latency full-field measurements of ultrafast dy-
namics is proposed. Unlike the dispersion-based schemes, temporal magnification of a complex optical signal is
achieved by bandwidth compression. The bandwidth is coherently compressed by the Vernier effect relying on the
detuned free spectral range of a periodic optical filter and time lens. Experimentally, a temporal magnification
factor of 224 is realized, and full-field measurements for picosecond pulses are demonstrated. The proposal elim-
inates the dependence on dispersive elements and shows great potential in integration, which may pave a new path

toward full-field measurement for nonrepetitive and statistically rare signals.
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1. INTRODUCTION

Real-time measurements for optical signal that have irregular and
ultrafast dynamics over a large time-scale require a high temporal
resolution that exceeds the speed and capacity of a conventional
digital signal processor. Extensive efforts have been directed to
the realization of photonics-assisted methods, which are used
to slow down the ultrashort events and overcome the speed limi-
tation of electronic digitizers. The photonics-assisted methods
have achieved remarkable success in the observation of transient
phenomena in recent years [1-11]. Temporal magnification is
one of the most outstanding photonics-assisted schemes for the
measurement of rare nonstationary events, where the duration of
a signal envelope is greatly stretched [12]. A typical temporal
magnification system consists of a time lens and dispersive ele-
ments [13]; the signal is prestretched by the first dispersive
element and then pre-chirped by the time lens to acquire a tem-
poral quadratic phase; finally, the envelope of an optical signal is
magnified after propagation in the second dispersive element.
The sampling rate of an analog-to-digital converter (ADC) can
be effectively improved by temporal magnification [14-18].
Because the duration of an ultrashort nonstationary signal is
greatly extended, continuous measurements can be realized.
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The inherent physics of transient phenomena, such as optical
rouge waves [2—4], soliton dynamics [8], and supercontinuum
[11], have been well explored by the temporal magnification
method.

Low latency is a critical requirement in the capture of ultra-
fast dynamics, which can effectively avoid information loss in
the analysis process. Unfortunately, the propagation delay in-
troduced by dispersive elements may impair real-time perfor-
mance of the observation. In addition, the complete picture
of a variety of fundamental phenomena needs to be drawn with
both phase and amplitude, while the dispersion-based schemes
only focus on magnification of the signal envelope. The reali-
zation of large temporal magnification ratio is dependent on
large dispersive elements. Only the optical fiber is the suitable
dispersion medium for the magnification of a broadband opti-
cal signal, while the accompanying transmission delay inevi-
tably affects the system’s real-time performance. For example,
a spool of dispersion compensation fiber (DCF) with dispersion
of 2720 ps/nm is employed in Ref. [16], where the transmis-
sion delay is around hundreds of microseconds.

Moreover, real-time phase measurement remains an open chal-
lenge in conventional dispersion-based schemes. The secondary
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phase distortion caused by dispersion cannot be avoided in prin-
ciple. Additional digital signal processing (DSP) is necessary for the
recovery of phase, where the processing delay greatly limits the
analysis speed and makes it not competitive in the capture of ultra-
fast dynamics. In Ref. [8], the simultaneous use of temporal mag-
nification and dispersive Fourier transform enables the recording
of the envelope and spectrum of the signal at the same time. The
Gerchberg—Saxton algorithm is addressed to recover the optical
phase from time-domain and frequency-domain measurements
[19]. The reconstruction of the amplitude and phase provides in-
sight into the ultrafast dynamics in optics. However, the digital
signal processing delay may become an obstacle to the continuous
observations of irregular signals. In Ref. [9], soliton dynamics in
optical microcavities are observed by optical sampling and electric-
field cross-correlation, while it is targeted at the measurements of
quasi-periodic signals.

In this paper, a dispersion-free real-time full-field measure-
ment scheme is proposed, and the characterization for a variety
of transient complex optical signals is experimentally demon-
strated. Unlike the dispersion-based methods, this solution
takes advantage of bandwidth compression to achieve temporal
magnification. The bandwidth compression relies on the
Vernier effect, where the free spectral range (FSR) of the peri-
odic optical filter and time lens is slightly detuned. The band-
width compression is divided into two steps: the optical signal
under test is spectrally sampled by a periodic optical filter; then,
the discrete spectral components are injected into a time lens
and optical waveshaper, which brings different spectral compo-
nents together and coherently compresses the signal band-
width. Fortunately, the optical phase is preserved during the
bandwidth compression, which enables the recovery of the
phase information without relying on complex algorithms.
Experimentally, real-time measurements for picosecond optical
pulses with a complex envelope are demonstrated, where both
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phase and amplitude are well recovered. Because the proposal
eliminates the dependence on dispersion elements, an inte-
grated temporal magnification system could be expected in this
method.

2. PRINCIPLE

Our proposal uses coherent temporal magnification to realize
the observation of an ultrafast transient signal. Compared with
the conventional temporal magnification method, our proposal
no longer requires a dispersion medium and can achieve the
coherent temporal magnification (both phase and amplitude).
The configuration of the conventional temporal magnification
scheme is shown in Fig. 1(a). The magnification of the tem-
poral waveform can be achieved if 1/D; +1/D, =1/D;
is satisfied and the magnification factor is determined by the
ratio between the first and second dispersion value [13]. The
configuration of the proposed system is shown in Fig. 1(b).
The temporal magnification is achieved by spectral compres-
sion, which eliminates dependence on dispersion. Both ampli-
tude and phase information of the input signal can be detected.
The processing latency (~10 ns) is only limited by the trans-
mission delay in the optical device, which can be estimated
by the time-bandwidth of the filter and the length of optical
path. The spectral compression is composed of two compo-
nents: spectral sampling and time lens. The broadband input
spectrum [Fig. 1b(1)] is sampled by a Vernier comb filter
(VCEF). Then, the discrete spectral components [Fig. 1b(2)] are
injected into a time lens, which enables the convergence of
spectral components. The frequency response of the time lens
is a periodic frequency impulse function with free spectral range
(ESR) of FSRyy. The focal group delay dispersion (GDD) of
the time lens is compensated by an optical waveshaper. Because
the FSR of the VCF and time lens is slightly mismatched, the
original large frequency interval of the spectral components
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Fig. 1.

(a) Configuration of the conventional temporal magnification scheme. D;, D, are the dispersion values of the first and second dispersive

elements, respectively. D ¢ is the focal length of the time lens. Magnification factor M can be expressed as D,/D;. (b) Structure of the proposed
temporal magnification scheme. FSRycr and FSRyp represent the FSR of Vernier comb filter (VCF) and time lens, respectively. The band-
width compression is achieved by Vernier effect, where FSRycr is slightly larger than FSRyyp. Magnification factor M can be expressed as

ESRycr/(FSRycr - FSRy).
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is compressed into a relatively narrow band [Fig. 1b(3)]. The
spectral sampling and propagation in the time lens preserve the
initial phase information. The ultrafast transient signal can be
recovered without extra-complex algorithms.

The spectral compression is equivalent to the magnification
of a temporal waveform, which can be expressed as

X (M) = X,y (0)2 s (é) =50 (1)

Here, X, and Xj, represent the spectra of the input and
output signal, x,, and x;, are the temporal expressions of the
input and output signal, and A is the ratio of bandwidth com-
pression. As Eq. (1) shows, the magnification factor of the tem-
poral waveform is equal to the ratio of spectral compression,
which is composed of spectral sampling and a dispersion-
compensated time lens. The spectral sampling of the broad-
band input signal is realized by VCF with FSR of FSRycg. The
sampled spectrum, Y(w), after the VCF can be expressed as

Y(w) = Xiy(@) - Y _H(w - k- 27FSRycy)
k
N> Ay H(w - k - 22FSRycp), 2
k

where H(w - k- 27FSRycp) represents the kth transmission
peak of VCF. Assuming the amplitude and phase response
within the transmission peak are constant, they are denoted
by A; and ¢/, respectively. Output of the kth transmission
peak can be approximated as A,e/?t H(w - k - 27FSRycp), as
shown in Eq. (2). The time lens is generated by electro-optic
modulation, where the RF signal driving the phase modulator is
sinusoidal. The time lens is realized by cascaded electro-optic
modulators [12]. The focal GDD is compensated by an optical
waveshaper. The bandwidth of time lens can be extended by
improving the power of driving signal and increasing the num-
ber of the cascaded modulators. The frequency impulse re-
sponse of the dispersion-compensated time lens, TL(®), can

be described as
TL(w) = Y 8(w - m- 27FSRyy), (3)

where m represents the number of impulse responses. The dis-
crete spectral components are mixed with a plurality of local
oscillation signal from the time lens. From the view of fre-
quency domain, output of the optical waveshaper is the con-
volution between the discrete spectral components and the
frequency impulse sequence. The output spectrum can be illus-
trated as follows:

Y(w) @ TL(w)
= > A Hlw - k- 22FSRycy - m - 2FSR ]
k m

(4)

Equation (4) suggests that the frequency interval of the
spectrum gathering position is FSRycp; thus, the compressed
bandwidth should be less than FSRycf to avoid spectrum over-
lap. Bandpass optical filtering is employed to filter out the
spectral components, which satisfy # = - The frequency in-
terval of spectral components is compressed after mixing with

the frequency impulse sequence. The compressed spectrum,
Xou(®), can be written as

Xou(®) =Y Aye? Hlw - k- 22(FSRycy - FSRyy)]
k

FSRyr - FSR
~ X, ZOTVEE T OO IL o (5)
FSRycp

Frequency of the kth component is decreased by
(#-1)ESRpy. The original frequency interval of FSRycp is
compressed into FSRycp - FSRyp. The ratio of bandwidth
compression can be written as (FSRycr - FSRyp) /FSRycp.
The maximum of bandwidth compression ratio is determined
by the quality factor of the VCF. The temporal magnification
factor, M, is inversely proportional to bandwidth compression
ratio, which can be expressed as

F SRVCF

M=V
FSRycy - FSRypp

(6)

The operation bandwidth of the proposed system is mainly
determined by the convergence ability of the time lens to
different frequency components. The operation bandwidth
of the system is written as NV - FSRycg, where NV is the num-
ber of the frequency impulses of the time lens. According to
the Nyquist sampling law, when the spectral sampling rate is
larger than the duration of input signal, the sampling process
will not lose information. The spectral sampling rate should

satisfy
1
T

where 7 represents the duration of input signal. The spectral
sampling interval needs to be customized for the duration of
signal to be tested.

An optical loss is introduced by the spectral sampling and
insertion loss of VCF. The loss of spectral sampling can be es-
timated by the sampling duty cycle and shape of the sampling
function. Because the signal and noise are simultaneously fil-
tered, the signal-to-noise ratio (SNR) is not deteriorated. The
SNR is mainly affected by the insertion loss of VCF (around
4 dB). An optical amplifier is employed to compensate the
optical loss of the sampling process, which contributes to
the maintenance of sensitivity after propagation in subsequent
optical devices.

The compressed spectrum is formed by the coherent syn-
thesis of multiple frequency components with a discretization
step of FSRycr — FSRyy. Because the compressed spectrum is
not continuous, the output waveform is also affected by
the discretization step and shape of each discrete component.
The discretization step determines the repetition rate of output
pulses, and the shape of sampling function affects the en-
velope of the output pulse sequence. In order to avoid the
interference between the spectral components, the discreti-
zation step of the compressed spectrum is set to be larger
than the 3 dB bandwidth of transmission peak. Mathematically,
the output discrete spectral components are expressed as
S AR H{lw - k - 2r(FSRycp - FSR1p)]}.  Actually,  the

pCI‘iOdiC spectral components are corresponding to a sequence
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of periodic temporal pulse. The temporal output can be ob-
tained through inverse Fourier transform. Duration of the pulse
sequence can be estimated by the 3 dB bandwidth of H().
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3. EXPERIMENTAL RESULTS

The experimental setup of the proposed dispersion-free tempo-
ral magnification scheme is illustrated in Fig. 2. The program-
mable laser is used to generate an ultrafast optical signal with
specific amplitude and phase characteristics. The program-
mable laser is composed of a femtosecond laser, an MZM,
and an optical waveshaper (Finisar, WaveShaper 1000s). A se-
quence of optical pulses with a repetition rate of 100 MHz and
duration of 80 fs is generated by femtosecond laser (ELMO,
femtosecond fiber laser). A series of pulses produced by a pulse
pattern generator (Agilent, N4951A) is modulated on the op-
tical pulse sequence, under carrier suppression situation, to re-
duce the repetition rate of the optical pulses. The repetition rate
and duration of the RF pulses are 10 MHz and 10 ns, respec-
tively, and the pulse peak is 1 V. Thus, the optical signal with a
repetition rate of 10 MHz is generated, and the optical wave-
shaper is employed to edit the phase and amplitude of the input
spectrum. The Vernier comb filter (VCF) is realized by a fiber
Fabry—Perot interferometer (FFPI) with FSR of 10.22 GHz.
The transmission peak is with the Lorentz shape, and its
3 dB bandwidth is 50 MHz. The time lens consists of an
MZM and two PMs. The MZM is biased at the maximum
point of the transfer function, where frequency of the RF
source varies in different cases; the power of the RF source
is 23 dBm. Two PMs are modulated by a single-tone signal;
the frequency is twice that of the MZM. The driving power of
each PM is set as 30 dBm (1 W), and 40 flat lines in amplitude
frequency response within 3 dB bandwidth are obtained. More
details of the lossless equalization for the frequency response of
the time lens can be referred to in Ref. [20]. Theoretically, the
operation bandwidth of the system is 408.8 GHz. The time
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lens focal dispersion can be expressed as V,/(xV,,FSRYp),
where V, is the half-wave voltage of the phase modulator,
and V, is the peak voltage of the driving signal [12]. The group
delay dispersion of the time lens is exactly eliminated by the
optical waveshaper with a dispersion of 9.98 ps/nm. The opti-
cal filtering centered at 193.414 THz with a bandwidth
of 6 GHz is realized by an optical waveshaper (Finisar,
WaveShaper 1000s). Then, the spectrally compressed signal,
mixed with a reference monochromatic local laser, is coherently
received by a BPD (Finisar, XPDV2120R). The linewidth of
the CW laser (NKT Photonics, Koheras BASIK E15) is around
0.1 kHz. The coherence timescale (~10 ms) is much larger
than the recording temporal length (~0.5 ns), so that the phase
of the reference source can be considered constant during the
observation window. Without this reference CW signal, the
system is a time microscope, while the phase information can-
not be preserved. Finally, the received signal is recorded by a
real-time oscilloscope (Tektronix, MSO720004C).

The experimental results of temporal magnification for an
ultrafast Gaussian pulse, with 3 dB bandwidth of 300 GHz,
are illustrated in Fig. 3. The input optical pulse is estimated
by numerical simulation, and its duration is around 2.9 ps.
Experimentally, the optical pulse is generated by an optical
waveshaper, where the pulse produced by a femtosecond laser
is filtered by the optical waveshaper with a Gaussian shape of
300 GHz. The value of FSRycp - FSRyy is adjusted by chang-
ing the FSR of the time lens. The FSR of the time lens is set at
10.08, 10.12, and 10.17 GHz, respectively. The pulse duration
is estimated by the effective width of the pulse envelope, which
is obtained by downconverting the RF signal to baseband in the
digital domain. When FSRycr - FSRy is equal to 140 MHz,
the pulse duration is stretched from the intial 2.9 ps to 0.25 ns,
as shown in Fig. 3(a). When the FSR difference is equal to 100
and 50 MHz, the output temporal waveforms are, respectively,
as shown in Figs. 4(b) and 4(c). Temporal magnification factors
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Fig.2. Experimental setup for the real-time full-field measurements. A programmable laser is used to produce ultrafast optical signals with specific
amplitude and phase characteristics. MZM, Mach—Zehnder modulator; PM, phase modulator; CW laser, continuous-wave laser; BPD, balanced

photodetector. The time lens consists of an MZM and two PMs.
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Fig. 3. Relationship between the magnification factor and the FSR difference. (a), (b), and (c), respectively, represent the output temporal wave-
form when FSRycr - FSRpy is equal to 140, 100, and 50 MHz. Dotted line: Input waveform obtained by numerical simulation. Solid line:
Measured output waveform. Red horizontal is for the input waveform; black horizontal is for the output waveform.

of 102 and 224 are demonstrated, while the theoretical values
are 103 and 204.4, respectively.

Real-time full-field measurements for the intensity-modulated
spectrum are shown in Fig. 4. The input spectrum is generated by
the femtosecond laser and optical waveshaper. The input spectrum
is composed of two Gaussian shapes with 3 dB bandwidth of
40 GHz, and the frequency interval between the Gaussian peaks
is 250 GHz. The phase of each Gaussian shape is linear. The
numerical results of the input waveform are expressed by dotted
lines in Figs. 4(a) and 4(b). Phase of the input waveform is similar
to the binary phase-shift keying signal, where the phase value
changes back and forth between 0 and 7. In order to observe
the envelope and phase of the output signal more accurately,
the detected signal is downconverted into baseband through dig-
ital processing. Full-field (amplitude and phase) comparisons

Output waveform (140 MHz)

(a)

(b)

of the input waveform are shown in Figs. 4(a) and 4(b).
When the FSR difference is 140 MHz, the original waveform with
a duration of 28 ps is magnified to 2.4 ns. The temporal magni-
fication ratio is around 86. When the FSR difference is 120 MHz,
the corresponding temporal magnification ratio is around 110.
The deviation value of the phase measurement is within 0.27.
Deviation of phase recovery may be caused by the uncompensated
dispersion of the time lens. In general, the phase and amplitude of
the input waveform are well recovered. From the view of the fre-
quency domain, the input spectrum measured by a spectrometer
(Yokogawa, AQ6370C) is shown in Fig. 4(c). When the FSR
difference is set to 140 MHz, the output spectrum is shown in
Fig. 4(d), and the bandwidth compression ratio is around 83.
The output spectrum, corresponding to the FSR difference of
120 MHz, is shown in Fig. 4(e), and the bandwidth compression
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Fig. 4. Real time full-field measurements for intensity-modulated spectrum. (a) and (b), respectively, represent the comparison of the input pulse
(numerical) and output pulse (measured), corresponding to the FSR difference of 140 and 120 MHz. The dotted line represents the input wave-
forms obtained by numerical simulation; the solid line represents the experimental results. Dark blue line: intensity of temporal waveform. Orange
line: phase of temporal waveform. (c) Measured spectrum of input optical signal. (d) and (e), respectively, represent the output spectrum when the

FSR difference is 140 and 120 MHz.
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Output waveform (120 MHz)
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Fig. 5. Real-time full-field measurements for phase-modulated spectrum. (a) and (b), respectively, represent the comparison of the input pulse
(numerical) and output pulse (measured), corresponding to the FSR difference of 170 and 120 MHz. Dotted line represents the input waveform
obtained by numerical simulation; the solid line represents the experimental result. Dark blue line: the intensity of temporal waveform. Orange line:
phase of temporal waveform. (c) Measured spectrum of input optical signal. (d) and (e), respectively, represent the output spectrum when the FSR

difference is 170 and 120 MHz.

ratio is around 96. The bandwidth compression ratio is in good
agreement with the temporal magnification factor.

In order to further verify the ability to restore the phase of an
optical signal, real-time full-field measurements for a phase-
modulated spectrum are performed. The bandwidth of the in-
put spectrum is 300 GHz, and its phase characterization can be
expressed as expli wsin(f /60 GHz)]. The femtosecond laser
provides the ultrawide spectrum, and the following optical
waveshaper edits the spectrum to acquire specific frequency
characteristics. The input waveform is obtained by numerical
simulation, which is represented in Figs. 5(a) and 5(b) by dot-
ted lines. When the FSR difference is set to 170 MHz, the
original pulse with a duration of 38 ps is stretched to 2.3 ns
[Fig. 5(a)]. The temporal magnification ratio is around 61,
while the theoretical value is 60. When the FSR difference
is changed into 120 MHz, the duration of the output pulse
is around 3.4 ns, and the magnification ratio is about 89
[Fig. 5(b)]. Deviation of the phase measurement is below 0.17.
The phase and amplitude of the ultrafast optical signal are well
measured. The measured input spectrum is shown in Fig. 5(c).
The output spectrum, corresponding to the FSR difference of
170 and 120 MHz, is, respectively, shown in Figs. 5(d) and
5(e). The bandwidth compression ratio agrees well with the
theoretical analysis.

4. CONCLUSIONS

We have proposed and experimentally demonstrated real-
time full-field measurements for a picosecond pulse. Different
from the dispersion-based temporal magnification schemes, the

proposal eliminates dependence on large dispersion. Actually,
both the electro-optical modulator and periodic optical filter
show great potential in integration, and the transmission delay
of these optical devices is around tens of nanoseconds.
Benefiting from the low latency and small volume of the
existing optical device, the proposed dispersion-free scheme
reduces the size of the system and improves real-time perfor-
mance. Real-time full-field measurements for complex optical
signals with a duration of picosecond level are experimentally
demonstrated. The phase and amplitude of the ultrafast signal
could be recovered without relying on complex algorithms,
which may pave a new path toward the observation of transient
phenomenon.
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