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On-Chip Temporal Telescope via Moving
Index Fronts

Mahmoud A. Gaafar

Abstract—We propose a scheme for an on-chip signal pulse
compression using a temporal telescope formed by a pump-induced
moving refractive index front. To the best of our knowledge, this is
the first numerical demonstration of such a concept using moving
index perturbations. We numerically study the signal dynamics
under the influence of a moving refractive index front in opti-
cal waveguides, revealing analogies to relativistic event horizon
physics. Our simulations show that a free-carrier-induced refrac-
tive index front, which lowers the refractive index and induces a
blue shift in the waveguide’s band diagram, can overtake and trap
a signal pulse, dynamically accelerating it to the front’s velocity.
As the interaction continues, the signal is eventually released from
the front and transitions into a new velocity regime. This process
of trapping, acceleration, and release mirrors the behavior of light
near gravitational horizons, with the release phase analogous to
light escaping a white hole. These results pave the way for new ap-
proaches in nonlinear optics and signal processing using compact,
chip-scale systems.

Index Terms—Non-linear signal manipulation, on-chip dynamic
pulse compression, optical analogue of event horizon.

I. INTRODUCTION

optical signals is at the heart of modern technologies,
including high-speed optical communications [1], [2], quantum
information processing [3], biomedical imaging [4] and ultrafast
spectroscopy [5]. In parallel, progress in nonlinear photonic
platforms has enabled powerful techniques of all-optical signal
processing [6], [7], [8], [9], making it possible to generate,
reshape, and measure complex optical waveforms on timescales
far beyond the conventional electronic systems.

A key technique in this domain is the temporal telescope
based on the time-lens principle, which enables the temporal
equivalent of spatial beam shaping [8], [10]. Such architectures
allow for temporal magnification or compression of optical
signals and have been demonstrated using four-wave mixing [11]
or electro-optic modulation [12]. These systems often require
specially prepared pump sources and intricate control of disper-
sion, which limits the integration.

T HE capability of manipulating and characterizing ultrafast

Received 6 October 2025; revised 7 January 2026; accepted 9 January 2026.
Date of publication 15 January 2026; date of current version 26 January 2026.
(Corresponding author: Mahmoud A. Gaafar.)

Mahmoud A. Gaafar is with Technology Innovation Institute (TII), Abu
Dhabi SE45-01, UAE, also with the Department of Physics, Faculty of Science,
Menoufia University, Menoufia 6131567, Egypt, and also with the Institute of
Optical, Electronic Materials, Hamburg University of Technology TUHH, 21073
Hamburg, Germany (e-mail: mahmoud.gaafar @tii.ae).

Abdellatif Bouchalkha, Chaouki Kasmi, and Felix Vega are with Technology
Innovation Institute (TII), Abu Dhabi SE45-01, UAE.

Digital Object Identifier 10.1109/JPHOT.2026.3654559

, Abdellatif Bouchalkha, Chaouki Kasmi, and Felix Vega

An alternative paradigm leverages dynamic refractive index
perturbations to reshape optical waveforms [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24]. Such fronts can be
induced within the same waveguide via either the process of two-
photon absorption (TPA)-generated free carriers [13], [16], [25]
or through the Kerr effect [26], [27]. As these fronts propagate,
they create localized changes in group velocity and dispersion,
enabling a new class of compact, on-chip methods for real-time
temporal control.

Recent work in time-varying photonics has opened new topics
by treating time as an active design parameter [21], [22]. This
concept has led to novel phenomena such as time mirrors,
frequency shifts without moving parts, as well as nonreciprocal
signal propagation. Temporal boundaries allow for new ways
to control energy flow, signal direction, and bandwidth, often
bypassing traditional limitations such as time-reversal symme-
try [22]. These developments open doors for optical systems
that operate not just in space but also dynamically in time.
Building on this idea, our work shows how a moving refractive
index front can act like a temporal lens, compressing signals
in time much like a regular lens focuses light in space. This
brings the advantages of time-domain control to chip-scale
platforms, with potential for scalable and high-speed signal
processing.

A recent study by Babushkin et al. adds further perspective by
exploring a “time cavity” i.e. a moving refractive index discon-
tinuity created by a soliton, which traps weak probe waves [28].
Unlike traditional cavities, this dynamic trap supports bound
states even with shallow potential depth. While their system
relies on soliton-induced index changes and ours uses free-
carrier fronts, both approaches show the power of time-domain
refractive index control for light.

In our work, we present a chip-integrated temporal telescope
that compresses optical pulses by letting them interact with a
moving index front. The signal is first caught and accelerated—
similar to the first 2 f stage in spatial imaging—and then released
into a different dispersion regime, completing the compression
in the second 2 f stage. This method avoids complex modulation
or synchronization schemes, making it an appealing solution for
compact and scalable integrated photonics.

II. RESULTS

Building on the concept introduced above, we now de-
scribe the implementation of the proposed temporal tele-
scope based on a moving free-carrier-induced refractive index
front.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0001-5887-5772
mailto:mahmoud.gaafar@tii.ae

2200306

Spatial telescope

@ J1

IEEE PHOTONICS JOURNAL, VOL. 18, NO. 1, FEBRUARY 2026

J1 5 f2

Input

Temporal telescope on a chip
(b) (©) (d)

pump pulse/index change

1
1
~ 1
-
- -
L
1
-----
- 1 -
-
- 1
1
1

Fourier plane spatial lens 2

Intensity
An
Frequency

>
e
S
=

=~ input signal

U

output signal——5

Frequency

. Wavenumber
Time

Wavenumber Wavenumber

1 l

®
— >V

v
/V —» Vs
index front } \ J \_

Input signal

—>»V
— >V

T

Fourier plane output compressed signal

0 Waveguide position z ——»

Fig. 1.

L

(a) Schematic of a simplified conventional spatial 4- f imaging system. (b)—(f) Conceptual illustration of the proposed chip-integrated, free-carrier-induced

temporal telescope. (b) A pump pulse generates a free-carrier-induced moving refractive index front. (c)—(e) Evolution of the signal pulse within the waveguide,
shown alongside the band diagram. The solid curve represents the original dispersion relation, while the dashed curve shows the modified band diagram in the
presence of free carriers. The gray line indicates the phase continuity line. The red, green, and blue dots mark the spectral positions of the input, trapped, and output
signals, respectively, while the gray circle denotes the frequency of the pump pulse that generates the index front. (f) Illustration of the temporal telescope action,
showing the spatial profile of the signal pulse at three distinct time snapshots during its interaction with the moving index front (gray curve).

In practice, this front considered here originates from a strong,
co-propagating pump pulse that generates free carriers via TPA
process. The resulting free-carrier induces a transient refractive-
index change Anpc(t, z) which propagates at the pump group
velocity. Within the time-dependent linear Schrodinger equa-
tion [29], this perturbation represented through the term i¢(t, z),
where ¢(t, z) represents the spatiotemporal profile of the free-
carrier-induced index front.

Fig. 1(b)—(f) illustrates the operating principle of the proposed
system as a temporal 4 f imaging configuration, analogous to a
conventional spatial telescope shown in Fig. 1(a). In this scheme,
a slow-light signal pulse, initially located on the left branch of
the waveguide band diagram (red filled circle in Fig. 1(c)), is
overtaken by a fast-propagating free-carrier-induced index front
(grey filled circle). As a result of this interaction, the signal is
captured by the moving front, accelerated, and shifted to a higher
optical frequency, corresponding to a faster propagation mode
(green filled circle in Fig. 1(d)). With further interaction, the
signal is released from the front and transferred into a different

dispersion regime (blue filled circle in Fig. 1(e)). The gray
line denotes the phase continuity line [16], [30], whose slope
matches the velocity of the pump pulse.

It is important to highlight that the band diagram can be
divided into three distinct branches, each characterized by a
different slope, which corresponds to a specific group velocity:

® The left branch exhibits the lowest slope, indicating the
smallest group velocity.

® The middle branch has the steepest slope, corresponding to
the highest group velocity and the strongest group velocity
dispersion.

o The right branch presents a slope greater than the left but
smaller than the middle, implying an intermediate group
velocity.

In this configuration, a slow-light, double-peaked signal pulse,
initially located on the left branch of the dispersion relation,
becomes trapped by a fast co-propagating front (grey dot). As
the signal interacts with the moving index front, it undergoes a
blue shift and is accelerated to match the front’s velocity. This



GAAFAR et al.: ON-CHIP TEMPORAL TELESCOPE VIA MOVING INDEX FRONTS

dynamic trapping process effectively transforms the input signal
into its temporal Fourier transform, represented by the green dot
in Fig. 1(d) [13]. The trapping of the signal pulse by the moving
refractive-index front corresponds to the optical push-broom
effect in waveguides with hyperbolic dispersion [26], [31]. In
this regime, a slow-light signal is accelerated to the front ve-
locity without undergoing transmission or reflection, remaining
confined within the moving front and experiencing temporal
compression as the optical energy is concentrated in the front
region.

As the interaction continues within the waveguide, the signal
remains trapped and is further blue-shifted along the phase
continuity line, eventually reaching the right branch of the dis-
persion relation—now in the switched (free-carriers-modified)
state, marked by the blue dot in Fig. 1(e). At this stage,
the signal pulse propagates with a velocity lower than that
of the front, indicating that it has been released behind the
front.

Since the dispersion of the right (final) branch is higher
than that of the left (initial) branch, the signal pulse undergoes
temporal compression analogous to spatial compression in a
conventional telescope (Fig. 1(a)). This engineered dispersion
profile is key to realizing the proposed temporal telescope and
marks a significant advancement over earlier study [31], which
focused on Fourier transform operations using hyperbolic dis-
persion relations. In that previous approach, the output signal
represented only the Fourier-transformed version of the input,
with limited preservation of its original temporal or spatial
features. In contrast, the present work leverages a carefully
designed dispersion landscape that not only enables Fourier
transformation, but also allows for full temporal reconstruction
and compression of the input signal. As a result, the waveform is
recovered in a compressed form. Fig. 1(f) presents a schematic
view of the interaction between the index front and the signal
pulse at three distinct temporal stages: the input, its Fourier
transform, and the compressed output.

The scenario illustrated in Fig. 1(b)—(f) not only demonstrates
the functionality of a temporal telescope but also reveals a
rich dynamical process involving the trapping, acceleration, and
release of an optical signal. As a fast-moving refractive index
front—lowering the local refractive index—overtakes a slow-
light signal pulse, the pulse becomes confined within the front
and accelerates to match its velocity. This interaction results in a
frequency upshift and a transition into a new dispersion regime
upon release.

This behavior is closely related to effects known from
gravitational event-horizon physics [32]. Similar to light trap-
ping near a black hole, the signal is confined and tempo-
rally compressed when interacting with a refractive-index front
moving faster than its group velocity. Its subsequent release
from the front resembles light escaping from a white-hole
horizon.

To demonstrate the operation of the front-induced temporal
telescope and elucidate the stages of pulse compression, we nu-
merically solve the time-dependent linear Schrédinger equation
using the split-step Fourier method [29]. The evolution of the
slowly varying envelope of the signal, denoted by a(t, z), is
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governed by:
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Here, z = Z — vyt represents the longitudinal coordinate in
a reference frame moving with the front, while ¢ denotes the
time. Z corresponds to the longitudinal position in the laboratory
frame. The coefficients w,,, = % 5o arise from the Taylor
series expansion of the dispersion relation w(f) evaluated at
the propagation constant 3, which is associated with the pump
frequency. The term ¢(t, z) describes a spatially localized modi-
fication of the dispersion, introduced by the nonlinearity induced
through the pump [29].

We simulate the interaction between a linearly propagating
index front and a double-peaked input signal pulse, as shown in
Fig. 2(a). The input pulse is unchirped, with a temporal width
of 29 ps. The refractive-index front has a temporal duration of
6.6 ps, corresponding to a spatial width of 1 mm, and propagates
at a velocity of 0.5¢, where ¢ denotes the speed of light. The
dispersion relation employed in the simulation is modeled as
piecewise linear and is shown in the moving frame (retarded
frame) in Fig. 2(b).

The front is assumed to originate from free-carrier-induced
refractive index modulation, which lowers the refractive index
and results in a blue shift of the band diagram. The strength of
the front is characterized through the induced refractive-index
change, expressed in the band diagram as a maximum vertical
frequency shift of 1 THz, as indicated by the dashed black curve
in Fig. 2(b).

In the present model, free-carrier recombination is neglected,
as carrier lifetimes in typical semiconductor waveguides (several
hundreds of picoseconds to nanoseconds) [33] are much longer
than both the pump duration and the signal interaction time.
While free-carrier absorption and additional losses associated
with TPA-induced carrier generation are inherently present,
their impact might be minimized by operating at moderate
carrier densities and over short interaction lengths, such that
the refractive-index step dominates the signal dynamics. A key
requirement is that the front exhibits a sufficiently sharp rise
time compared to the temporal features of the signal, ensuring
that it acts as a well-defined moving boundary.

The red circle marks the spectral location of the input signal,
while the gray circle denotes the frequency of the pulse gener-
ating the index front. Based on their positions on the dispersion
relation, the group velocities of the input signal (left branch),
the front (middle branch), and the output signal (right branch)
are 0.25¢, 0.5¢, and 0.475¢, respectively.

The temporal evolution of the signal in the co-moving frame
is illustrated in Fig. 2(c). The pseudo-color map represents the
pulse power, and the dashed orange lines indicate the boundaries
of the moving index front. As shown, the signal becomes trapped
and accelerated until it reaches the front’s velocity. Continued
interaction leads to deceleration and release of the signal, ac-
companied by both temporal and spatial compression.

Fig. 3(a)—(c) illustrates the characteristics of the signal pulse
in the spatial domain, While the corresponding spatial frequency
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(a) Relative position of the signal (red curve) within the moving free-carrier-induced refractive index front (dashed curve) at the input (¢ = 0). (b) Band

diagram shown in the reference frame co-moving with the front (i.e., the retarded frame of the simulated system). The solid curve represents the original dispersion
relation, while the dashed curve corresponds to the maximally perturbed band diagram due to free-carrier generation. The red, green and red circles indicate the
spectral position of the input, trapped, and output signals, respectively, while the gray circle denotes the frequency of the pump pulse that generates the index front.
(c) Temporal evolution of the double-peaked signal pulse in the moving frame. The input pulse duration is 29 ps, the waveguide length is L = 4.4 cm, and the
maximum frequency shift in the band diagram is Awpnax = 1 THz, induced by the pump. Orange dashed lines represent the spatial/temporal boundaries of the

index front.

domain is illustrated in Fig. 3(d)—(f). The plots represent three
stages of the signal evolution: the input signal (before interaction
with the index front), the trapped signal (during interaction), and
the output signal (after being released from the front).

Several key observations can be concluded from this figure.
First, the spatial frequency of the input signal is transformed
into spatial information as the signal becomes trapped and
accelerated by the moving index front (Fig. 3(b) and (e)).
Second, after the signal is released from the front, its spatial
frequency bandwidth increases by approximately a factor of 10,
resulting in a corresponding temporal compression of the pulse

by approximately the same factor (Fig. 3(c) and (f)). This clearly
confirms the operation of the system as a temporal telescope.

It is important to note that the compression factor depends
on the relative slopes, and consequently the group velocity
dispersions of the initial and final branches of the dispersion
relation, denoted as D, and Do, respectively. An increase in Do
relative to D leads to stronger compression.

We further investigate the ability of the temporal telescope
to compress an arbitrary waveform or a highly structured in-
put signal with multiple peaks (inset of Fig. 4). The signal’s
temporal evolution in the co-moving frame is shown in Fig. 4.
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Fig. 3. (a)-(c) Spatial profiles of the signal pulse at three distinct stages
within the waveguide: (a) input, (b) intermediate Fourier-transformed state, and
(c) compressed output. (d)—(f) Corresponding spectral representations for each
stage, respectively.
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Fig. 4. Temporal evolution of the multi-peaked signal pulse (inset) in the
reference frame co-moving with the front.

As illustrated, the multi-peaked input signal becomes trapped
and accelerated until its velocity matches that of the moving
index front. Continued interaction results in deceleration and
release of the signal, accompanied by both temporal and spatial
compression.

IITI. CONCLUSION

In summary, we have introduced an on-chip temporal tele-
scope enabled by a pump-induced moving refractive index
front, offering a new approach for signal pulse compression in
integrated photonics. Through numerical analysis, we demon-
strated how such a front can trap, accelerate, and release a
signal pulse, leading to controlled temporal compression. The
dynamics observed closely mirror the behavior of light near
gravitational event horizons, providing a compelling optical
analogue to curved spacetime phenomena. It is worth noting

2200306

that free-carrier generation can introduce additional loss through
free-carrier absorption; however, this might be mitigated by
operating at moderate carrier densities and over short interac-
tion lengths, such that the refractive-index step dominates the
dynamics. Furthermore, the realization of this effect relies on
a specifically engineered dispersion relation that supports the
trapping mechanism. These results pave the way for potential
applications in signal processing, nonlinear optics, and analogue
gravity experiments [32], [34].
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