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Reconfigurable Temporal Fourier Transformation
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Abstract—We present a multifunctional scheme to implement
reconfigurable temporal Fourier transformation (TFT) and tem-
poral imaging (TI) flexibly. This structure is composed of a time
lens followed by a section of dispersive fiber with proper length.
More specifically, the output waveforms presenting either the spec-
trum profile or the scaled waveform profile of the input signal are
achieved by simply changing the length of the fiber, which is the-
oretically analyzed and experimentally verified. This proposal re-
quires neither the use of an input dispersive device preceding the
time lens nor a second time lens after the dispersion. Hence, it is
a simple and practical alternative to the implementation of both
TFT and TI.

Index Terms—Dispersive Fourier transformation, fourier optics
and signal processing, four wave mixing (FWM), optics fiber com-
munications, time lens.

I. INTRODUCTION

MANIPULATING light in the spatial domain has been
proven to be a highly effective approach to perform

many types of information processing functionalities, giving
rise to the field of Fourier optics [1]. Remarkably, by using
the concept known as space-time duality, it is possible to apply
these spatial domain technique to the temporal domain, achiev-
ing the equivalent functionalities and phenomena in the time
domain [2]–[7].

Most notably, the concept of temporal Fourier transformation
(TFT) and temporal imaging (TI), originated from the duality
of the dispersive propagation performing the role of diffrac-
tion while the quadratic phase modulation acting as a time lens
[2]–[4], arouses great interest and extensive research. Specif-
ically, TFT is a mapping technique that implements the con-
version between the temporal and spectral profile of an input
signal [8]–[11], while TI is a waveform manipulation technique
that enables compressing or stretching an input waveform while
preserving its overall profile [12]–[14]. These techniques en-
able powerful approaches to sophisticated temporal processing
and characterization of information, including optical time divi-
sion multiplexing to wavelength division multiplexing conver-
sion using time domain optical Fourier transformation [8], [9],
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ultrahigh-resolution waveform measurement based on time-to-
frequency mapping [10], [15], real-time spectrum observation
utilizing dispersive Fourier transformation [11], [16], and the
temporal magnifier employing the TI system [12], [14], [17], etc.
However, among these applications, the configurations solely
implement the TFT or the TI, but not both of them. As a matter
of fact that, the conventional structures for TFT and TI are very
similar. Typically, the systems are characterized by two sections
of dispersive fibers connected by a time lens. Whereas, it is
difficult to alter the structures from one to another or achieve a
specific scale ratio of a imaging system, since the input as well as
the output dispersions should be changed simultaneously with
respect to the quadratic phase shift, i.e., time lens [12], [17].

In several previous reports, the conventional 2-f system and
imaging system are simplified to achieve the equivalent func-
tionalities, such as monodirectional mapping between the time
and the frequency domains by removing the dispersion device
preceding or following a time lens [10], [18]–[22], and TI with-
out the front dispersion [23] which follows the idea of spatial
counterpart [24]. After further investigation, we find that it is
feasible to implement reconfigurable TFT and TI in a single
system configuration comprising a time lens followed by a dis-
persive device. In this paper, we propose and demonstrate such
a multifunctional scheme by simply changing the output disper-
sion. Theoretical analysis and experimental results verified that
the output waveforms present the spectrum profile and the com-
pressed or stretched waveform profiles of the input signal on the
dependence of the fiber dispersion. More specifically, with the
increase of the output dispersion, the waveform first compresses
and then evolves into its spectrum profile, afterwards it transfers
back to the waveform profile and stretches gradually.

The rest of this paper is organized as follows. Section II de-
scribes the principle of the reconfigurable TFT and TI based on
a time-lens followed by a section of dispersive fiber. In addition,
the simulated result is presented to verify the operation princi-
ple. Section III experimentally demonstrates the reconfigurable
TFT and TI. Then Section IV discusses the feasible implemen-
tations and possible applications of the scheme in practice, and
Section V concludes this paper.

II. OPERATION PRINCIPLE

The concept of the reconfigurable TFT and TI relies on the
principle of space-time duality, which indicates that a temporal
dispersive propagation of a pulse is analogous to the spatial
diffractive propagation of a light beam, and a quadratic phase
modulation (i.e., time lens) plays the role of a spatial lens. Fig. 1
shows the schematic diagrams of the reconfigurable TFT and
TI through comparing with the spatial counterpart. As shown in
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Fig. 1. Schematic diagram of the (a) spatial and (b) temporal system for
Fourier transformation and imaging.

Fig. 1(a), an object placed at the near front of a thin lens projects
to an image at a distance of Z behind the lens, whose focus
length is F. At the back of the lens before its back focus plane,
i.e., Z < F, the upright image shrinks firstly and compresses
gradually as the distance Z increases. Then at the back focal
plane of the lens, i.e., Z = F, the light beam focuses on a bright
spot. Here, the intensity distribution of the spot shows exactly
the Fourier transform profile of the object. Subsequently, next to
the focus, i.e., Z > F , the reversed profile of the object appears,
and it stretches along with the further increase of the distance Z.
According to the behavior in geometry-comparability as shown
in Fig. 1(a), the scale ratio of the projected image is α = 1 −
Z/F . More specifically, the image is upright and compressed at
the back of the lens within the focus, i.e., Z < F and 0 < α < 1,
while it is reversed beyond the focus, i.e., Z > F and α < 0.

Analog to the spatial counterpart, this phenomenon can be
realized in the time domain based on the space-time duality.
As illustrated in Fig. 1(b), for a pulse stream of “1101” passing
through a time lens and then experiencing a section of dispersive
fiber, the output signal presents either the scaled waveform or
FT of the input signal depending on the length of the dispersive
fiber. In this system, the time lens is implemented by using the
parametric mixing process of the signal with a linearly chirped
pump pulse [8], [9], [12], [25], which is achieved by transmit-
ting a short pulse through a section of dispersive fiber, so that
the quadratic phase profile is imparted on the signal. Here, Df is
induced to describe the focal group delay dispersion (GDD) of
the time lens [2]. Consequently, a compressed pulse stream of
“1101” is firstly obtained when the output dispersion is less than
Df , and it keeps compressing gradually as the output dispersion
increases. Subsequently, when the output dispersion is exactly
equal to Df , a short pulse exhibiting the spectrum profile of the
input is achieved. Finally, a reversed pulse stream of “1011”
is obtained when the output dispersion exceeds Df , and it
stretches with a further increase of the output dispersion. Thus,
within this system configuration, a waveform presenting a spec-

trum profile as well as a scaled and reversed waveform profile of
the input signal can be obtained by simply changing the length
of the fiber.

The theoretical derivation is presented as follows. For a dis-
persive fiber with a flat amplitude and quadratic phase over a
certain bandwidth, its corresponding impulse response is given
by exp(−jt2/2Φ2) when neglecting the amplitude coefficient
[6], [26], [27], where Φ2 is the GDD coefficient of the dispersion
parameter, that is, Φ2 = β2L, β2 donates the group velocity dis-
persion parameter and L is the length of the fiber. Considering a
signal x(t) passing through a time lens exp(jt2/2Df ) and then
a dispersive fiber exp(−jt2/2Φ2) successively, the output field
is expressed as

y(t)∝
[
x(t) exp

(
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2Df

t2
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∗ exp
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1
2Φ2

t2
)

(1)

where ∗ denotes the convolution operation, and the symbol �
indicates that the two functions are proportional. Then the am-
plitude of the output waveform is modified to
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When the dispersion equals to the focal GDD of the time lens,
that is Φ2 = Df , the output is

|y(t)|∝
∣∣∣∣
∫ +∞

−∞
x(τ ) exp

(
j

1
Φ2

tτ

)
dτ

∣∣∣∣ . (3)

According to the Fourier transformation characteristics, the
output is written as

|y(t)|∝
∣∣∣∣X

(
f = − t

2πDf

)∣∣∣∣ (4)

which represents the spectral profile of the input signal. The
scale ratio is related to the GDD of the time lens.

On the other hand, when the dispersion deviates from the focal
GDD of the time lens, that is Φ2 �= Df , the output is modified
from Eq. (2) and expressed as
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In this case, if the output dispersion appropriately deviates
from the GDD of the time-lens and satisfies∣∣∣∣ 1

2Df
− 1

2Φ2

∣∣∣∣ � 1
ΔT 2 (6)

where ΔT is the temporal width of the input signal, then the
stationary-phase approximation is applied to simplify the inte-
gral [28], [29], resulting in

|y(t)|∝
∣∣∣∣x

(
t

1 − Φ2/Df

)∣∣∣∣ . (7)
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Fig. 2. Evolution of the waveform along with the increase of the fiber length.

Thus, the output waveform is a replica of the input waveform
with the scale ratio of

α = 1 − Φ2

Df
(8)

which is in accordance with the spatial counterpart.
Therefore, if the dispersion is less than the focal GDD of

the time lens, i.e., Φ2 < Df , the output waveform is a non-
reversed and compressed replica of the input waveform, that is
0 < α < 1. While at the GDD of the time lens, i.e., Φ2 = Df ,
the waveform resembles the spectrum of the input signal. When
the dispersion exceeds the focal GDD of the time lens, i.e., Φ2 >
Df , the output waveform shows a reversed and scaled profile of
the input waveform, that is α < 0. Normally, it is hard to achieve
a TI around the GDD of the lens since the imaging condition
implied by inequality (6) is not satisfied and the stationary-
phase approximation cannot be applied to simplify the integral
in Eq. (5). In this case, the projected waveform is considered in a
transitional state between the FT profile and the scaled imaging
profile of the input signal.

Fig. 2 shows the simulated result presenting the evolution
of the waveform with the accumulated dispersion Φ2 of the
fiber. The input signal is a pulse stream of “1101”, after passing
through a time lens with a GDD of Df , the waveform compresses
along with increasing of the fiber length firstly and then presents
the spectrum profile of the input signal at the focal GDD of the
time lens. Afterwards, the reversed waveform of the input signal
appears and it stretches with further increase of the fiber length,
which agrees well with the previous description. Thus in this
system, the reconfigurable TFT and TI with different scale ratios
are achieved depending upon the output dispersion. Around the
focal GDD of the time lens is the transitional zone.

III. EXPERIMENTAL SETUP AND RESULTS

The experimental setup of the reconfigurable TFT and TI
is shown in Fig. 3. An external cavity semiconductor mode-
locked pulse source emits a pulse train with a repetition rate
of 10 GHz centered at 1548.88 nm and a full-width at half
maximum (FWHM) of ∼2 ps. The pulse sequence is ampli-
fied and spectrally broadened through self-phase modulation,
generating a supercontinuum in a 1000 m dispersion-flattened
highly nonlinear fiber (HNLF) with nonlinear coefficient of
10/W/km, from which both data and pump spectra are filtered
out. In the upper branch, the 10 GHz pulse train for the data

Fig. 3. Experimental setup of the reconfigurable TFT and TI.

signal is obtained via a programmable spectral pulse shaper
(Finisar WaveShaper), which acts as a combined filter consist-
ing of a band pass filter (BPF) and a finite impulse response
(FIR) filter. The BPF is centered at 1554 nm with a 3 dB band-
width of 2 nm, while the FIR filter with a transfer function
of [1 + exp(j2πfτ ) + exp(j2πf3τ )]/3 encodes the data
“1101” on the pulse sequence, where τ is 10 ps. In the lower
branch, the pump pulses is spectrally filtered by a BPF (BPF
1) centered at 1548.88 nm with bandwidth of 1.6 nm. It is then
dispersed through a section of dispersion compensation fiber
(DCF), which is of premeasured length for compensating accu-
rate dispersion of 3 km single mode fiber (SMF). The dispersion
parameters of the DCF and SMF in the experiment are −141.09
and 16.75 ps/nm/km, respectively. An optical delay line is used
to align the pump pulse and the data signal. The encoded data
signal and pump signal are amplified, and then undergo the fol-
lowing polarization controller (PC). PC1 and PC2 are employed
to adjust the polarization states of the data signal and pump sig-
nal to get the optimal four wave mixing (FWM) efficiency in the
following HNLF. Then the data signal and pump signal are com-
bined using a 3 dB coupler and injected into HNLF2. The power
of the data signal and pump pulse injected into the HNLF2 are
15.3 and 16.8 dBm, respectively. The HNLF2 is 135 m long
with zero dispersion wavelength at 1549 nm and nonlinear co-
efficient γ of 20/W/km. The stage of the time-lens is performed
using the FWM effect of the HNLF2 between the data signal and
pump signal, and the quadratic phase modulation is imparted on
the generated idler signal [9], [13]. At the output of the HNLF2,
a BPF (BPF 2) with bandwidth of 3.2 nm is employed to extract
the idler signal, which propagates through a section of SMF
subsequently. In the experiment, the length of the SMF is tuned
to demonstrate the reconfigurable TFT and TI process. Finally,
the signal is received by an Eye-1100C high-speed optical sam-
pling oscilloscope, in which all-optical sampling technology is
exploited.

The waveforms of the encoded data signal and the pump
signal are illustrated in Fig. 4(a) and (b), respectively. The data
signal is a repeating pulse train of “1101”, synthesized by a
10 GHz pulse sequence and its delayed replica with delay times
of 10 and 30 ps. The time gap between the two pulse packets
is 70 ps, and the FWHM of each pulse is 3.1 ps. The pump
signal is broadened pulses stream with linear chirp, generated
by dispersing a 10 GHz pulse sequence having broad flat-top
spectrum. In this case, the dispersion process maps the spectrum
profile of the short pulse into the time domain.
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Fig. 4. Waveforms of (a) the encoded data signal and (b) the broadened pump
signal.

Fig. 5. Spectrum at the output of HNLF2.

The data signal and pump signal are combined and injected
into the HNLF2, and the output spectrum of the HNLF2 is
illustrated in Fig. 5. The spectrum of the idler signal appears
beside the pump signal owing to the FWM process in HNLF2
[30], [31] and is then extracted by a BPF. In this case, the data
signal Es is converted to an idler ηE2

pEs
∗ combining with the

phase of pump signal Ep , where η is the efficiency factor of the
FWM process. On the other hand, due to the degenerate FWM
effect, the quadratic phase profile of the pump Ep is doubled
and imparted on the idler signal, thus the equivalent focal length
of the time lens is 1.5 km for the SMF [2], [9].

Afterwards, the idler signal passes through different lengths
of SMF and the output waveforms are illustrated in Fig. 6, which
show the evolution process of the generated waveform with the
gradual increase of the output dispersion, indicating that the
reconfigurable TFT and TI can be achieved by simply changing
the output dispersion.

Firstly, following the time lens, the waveform is gradually
compressed as the fiber length increases. The waveforms at the
output of 0.3 and 0.6 km SMFs are illustrated in Fig. 6(a) and
(b), respectively. Herein the scale ratios α of the projected im-
ages are 4/5 and 3/5 according to Eq. (8). The time intervals
of the adjacent pulses are measured to be 8 and 6 ps, respec-
tively, which are in accordance with the theoretical analysis. The
non-uniform amplitude of the pulses is partly induced by the

non-flat amplitude transmission of the time lens and the disper-
sion induced phase-to-amplitude conversion [32], [33].

Then at the focal GDD (1.5 km) of the time lens, the wave-
form resembles the spectrum profile of the signal, as shown in
Fig. 6(d). The experimental and simulated results are presented
in blue-line and red-dot, respectively. The inset shows an ex-
panded view of the waveforms, showing a good consistency
between the experimental and simulated results.

Subsequently, with further increasing of the fiber length, the
waveform profile reappears, it is reversed and stretched accord-
ingly. Fig. 6(f)–(h) show the generated waveforms at output
of 3, 3.5 and 4 km SMFs, respectively. According to Eq. (8),
the scale ratios α of the projected images are −1, −4/3, and
−5/3, respectively. The time intervals of the adjacent pulses are
measured to be 10, 14 and 17 ps, which agree well with the ex-
pectations. It is noted that, the absolute scale-ratio |α| increases
monotonically with the further increase of the output dispersion,
and the projected image would overlap with the adjacent one
if the dispersion is too large [5]. Thus, in the experiment, the
absolute magnification factor is up to 5/3. Larger magnification
factor can be achieved by using a lower repetition-rate pulse
source, benefiting from the increased time interval between the
pulse packets.

Fig. 6(c) and (e) show the output waveforms around the focal
GDD of the time lens, indicating that it is difficult to achieve
TI nearby the Fourier transformation point of the time lens. In
these cases, the output dispersions are provided by 1 and 2 km
SMFs, respectively, and the conditions for imaging as implied
in Eq. (6) are not satisfied. Fig. 6(c) and (e) show the transitional
states between the TFT and TI.

The evolution of the waveform profile along with the fiber
length is a transformation process from the waveform profile
to the spectrum profile, and then back to the waveform profile
of the signal. The waveform profile around the focal GDD is a
transitional profile between the spectral profile and waveform
profile of the signal. Therefore, the reconfigurable TFT and TI
are achieved on the dependence of the output dispersion.

IV. DISCUSSION

In practice, the feasible implementation for the desired recon-
figurability of the scheme can be achieved in two ways. The first
one is based on the fixed time lens followed by a tunable disper-
sion device, as illustrated in Fig. 3, where the dispersive fiber
is substituted by a tunable dispersion device, such as multistage
optical all-pass filter with a micro-electro-mechanical actuated
variable reflector and a thermally tuned cavity [34], fiber Bragg
grating using beam bending [35], optically pumping [36] or
on-fiber integrated heating [37] technique, or prism pair [38],
et al. Alternatively, the same degree of the reconfigurability can
either be achieved based on a tunable time lens combined with
a fixed dispersion device. That is to say, the output dispersion
is fixed while the GDD of the time lens is variable by tuning
the time-lens chirp. In this case, the time-lens is easily reconfig-
ured in other alternative time-lens implementations [2], such as
electro-optic modulation in which the phase shift is tuned by the
driven voltage of the radio signal [39], [40], or the cross phase
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Fig. 6. Waveform at the output of the SMF with length of (a) 0.3 km; (b) 0.6 km; (c) 1 km; (d) 1.5 km; (e) 2 km; (f) 3 km; (g) 3.5 km; (h) 4 km.

modulation via an intensity-dependent refractive index where
the phase shift is adjusted through the optical power of the input
pump signal [20], [41].

The proposed reconfigurable TFT and TI technique provides
a practical alternative to obtain both the real-time spectrum pro-
file and the scaled waveform profile of the input signal flexibly.
Thus, it is applicable to acquiring multiaspect information for
the evolution of the dynamical processes, especially for non-
repetitive phenomena. On the other hand, by using the TI with
scale ratio of−1, the data packet of the transmitted signal gets re-
versed while preserving its overall scale, showing a great poten-
tial for the application of signal encryption and anti-eavesdrop
system for secure communication.

V. CONCLUSION

In this paper, we experimentally demonstrated a scheme for
reconfigurable TFT and TI. The system configuration consists of
a time lens followed by a dispersive fiber with different lengths.
The evolution of the waveform along with the fiber is demon-
strated, showing that the temporal Fourier transformed profile
and the scaled waveform profile can be achieved within the
same configuration by simply altering the fiber length. More-
over, the feasible implementations for the reconfigurability of
the proposal are discussed.
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