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Beam-steered optical wireless communication (OWC) en-
ables high-capacity indoor links where real-time user local-
ization is crucial. We propose and experimentally demon-
strate an all-optical method for ultrafast localization operat-
ing at 50 MHz in wavelength-controlled beam-steered OWC.
The scheme exploits the mapping between user position
and the wavelength of retro-reflected signals. Instantaneous
wavelength identification is achieved through all-optical fre-
quency coding and dispersive Fourier transform (DFT), al-
lowing user positions to be derived from the time interval
between two optical pulses without high-speed detection or
digital processing. A theoretical model confirms a linear re-
lation between instantaneous frequency and pulse interval,
validated by numerical and experimental results. By shift-
ing Fourier analysis entirely into the optical domain, the
method offers a simple, low-cost, and energy-efficient so-
lution for real-time and ultrafast user-specific localization
in beam-steered OWC systems. Published by Optica Publishing
Group under the terms of the Creative Commons Attribution 4.0 Li-
cense. Further distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and DOI.

https://doi.org/10.1364/OL.579591

Optical wireless communication (OWC) has emerged as a
promising solution to the growing demand for wireless band-
width [1]. With a license-free optical spectrum and broad fre-
quency range [2,3], it is well suited for high-speed indoor
communications. While the Global Positioning System (GPS)
dominates outdoor localization [4], its accuracy deteriorates in-
doors due to structural obstructions, making efficient indoor
localization a key research focus.

Beam-steered OWC enables targeted data delivery to users
via visible light (VLC) or infrared (BS-ILC) links [5]. VLC
leverages existing LEDs but suffers from limited bandwidth
and ambient light interference, whereas beam steering achieves
higher efficiency using independent optical channels. Passive
diffractive elements such as fiber Bragg gratings (TFBGs) en-
able wavelength-dependent routing without electrical control,
allowing faster and simpler operation than active devices [3].

Various indoor localization methods—such as Wi-Fi, Zig-
Bee, algorithmic, and Short-Time Fourier Transform (STFT)-
based approaches—have been explored [6], but they suffer from
high latency and energy consumption, limiting real-time per-
formance. A key challenge in beam-steered OWC is real-time
tracking of mobile user terminals. Our previous work showed
that wavelength-controlled beam-steered OWC enables ultrafast
localization by identifying the instantaneous microwave fre-
quency of the optical carrier [7]. Although reservoir computing
improves accuracy, it introduces significant computational over-
head. Balancing accuracy and real-time operation remains a
major challenge.

In this Letter, we propose a novel scheme for real-time user
localization in wavelength-controlled beam-steered OWC using
an all-optical dispersive Fourier transform (FT). This work is
an extension of our previously reported study on reservoir com-
puting–assisted ultrafast localization in beam-steering optical
wireless systems [7]. In that earlier work, both angular and lin-
ear distance information were extracted simultaneously based
on the wavelength–angle mapping of a 45° TFBG and the op-
tical time-of-flight delay. This Letter focuses on developing a
new all-optical implementation of the same localization princi-
ple by employing dispersive pulse compression to identify the
carrier frequency directly in the optical domain. Unlike digi-
tal STFT-based methods, our approach uses dispersive fiber to
perform analog Fourier analysis directly in the optical domain.
The temporal separation of split sideband pulses enables pre-
cise frequency extraction for low-latency, energy-efficient user
localization.

The proposed ultrafast user localization system (Fig. 1) con-
sists of four modules: pulse time-stretching, chirp coding, beam
steering, and data processing. Following the wavelength–an-
gle and time-of-flight mapping principle in [7], this work
emphasizes an all-optical frequency identification mechanism
using pulse compression for real-time implementation. An ul-
trashort pulse emitted by a Mode-Locked Laser (MLL) is
first temporally stretched and chirp-encoded using an unbal-
anced Mach–Zehnder interferometer (MZI), which performs
the chirp-coding function and establishes a frequency–time
mapping that links optical frequencies to distinct temporal
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Fig. 1. The schematic of the proposed ultrafast user localization
system.

positions. Ultrafast wavelength-controlled beam steering is sub-
sequently realized using a 45° TFBG. A 45° TFBG then per-
forms wavelength-controlled beam steering with an angular
dispersion of 0.22°/nm, providing a 2.5° steering range over a
12-nm bandwidth. The steering speed, governed by the 50 MHz
pulse rate, enables sub-microsecond updates. Because the wave-
length–angle mapping is fixed, each user’s reflection remains
linked to its wavelength channel, allowing stable real-time track-
ing for optical wireless localization. Leveraging the TFBG’s
dispersive properties, different wavelengths carrying distinct
microwave frequencies are directed toward corresponding users,
enabling precise targeting of chirped signals based on the fre-
quency–time mapping.

The reflected pulses from remote users are collected by the
same 45° TFBG and coupled into a dispersion-compensating
fiber (DCF), where opposite dispersion compresses them.
Through dispersive FT, the pulses split into two components cor-
responding to the upper and lower microwave sidebands. These
are detected by a Photodetector (PD) and recorded on a real-
time oscilloscope (OSC). The central microwave frequency is
determined from the temporal separation of the two pulses.

In the analysis, the third-order dispersion (TOD) of the dis-
persive elements (DEs) is assumed negligible [8], and only
second-order dispersion (SOD) or group velocity dispersion
(GVD) is considered. This assumption is justified since the TOD
of the dispersive elements is much smaller than the SOD within
the operating bandwidth. Hence, the impact of TOD on pulse
stretching and compression can be safely neglected. An MLL
serves as the light source, and the input power is kept low to
suppress nonlinear effects in the DEs. The input optical pulse is
modeled as a transform-limited Gaussian pulse, expressed as:

𝑔(𝑡) = exp(−𝑡2/𝜏2
0) , (1)

where 𝜏0 is the half pulse-width at 1/𝑒 maximum. Its FT can be
given by:

𝐺(𝜔) = √𝜋𝜏0 exp(−𝜏0𝜔2/4) . (2)

In this model, a DCF with dispersion coefficient Φ1 is used
for time-stretching. As the ultrashort optical pulse propagates
through the DE, it is temporally broadened and spectrally
mapped. The output optical signal is expressed as:

𝑃(𝜔) = 𝐺(𝜔) × exp(𝑗Φ̈1𝜔2/2) . (3)

To generate a frequency-chirped pulse, an unbalanced MZI
with a single-mode fiber delay line in one arm is employed [9].

The transfer function of the unbalanced MZI can be expressed
as:

𝐻2(𝜔) =
1
2

[exp(−𝑗𝜔𝑡1 + 𝑗
Φ̈𝑣
2

) + exp(−𝑗𝜔𝑡2)], (4)

where 𝑡1 and 𝑡2 are the time delays in the two MZI arms, Φ̈𝑣 =
𝑑2𝜃𝜔2

𝑑𝜔2 ∣
𝜔=𝜔0

(𝑝𝑠2) is the second-order dispersion coefficient,

and Δ𝑡𝑀𝑍𝐼 = 𝑡2 − 𝑡1 is the delay difference between the two arms
of the unbalanced MZI. Since higher-order dispersion is small,
only second-order dispersion is considered.

After chirp coding, a one-to-one wavelength–frequency map-
ping is established. The chirped pulse is steered by the 45° TFBG
toward different users, which reflect the beams back to the same
grating. These reflections are coupled into another DE for FT-
based compression. Each user is assigned a unique optical path
and wavelength corresponding to a specific steering angle, and
the reflected field from the i-th user is modeled by a dispersive
transfer function:

𝐻𝑖(𝜔) = exp ⎡⎢
⎣

−𝑗Φ̈2(𝜔 − 𝜔𝑖)
2

2
⎤⎥
⎦

, (𝑖 = 1, 2, 3, …) (5)

In Eq. (5), 𝐻𝑖(𝜔) denotes the dispersive response of the 𝑖-th
user, where 𝜔𝑖 is the central angular frequency of its wave-
length channel and Φ̈2,𝑖 is the second-order dispersion of the
return path. The term(𝜔 − 𝜔𝑖) represents the frequency devia-
tion causing temporal broadening. The reflected amplitude may
differ among users due to varying reflectivity and propagation
losses.

The output signal of a Photonic Time–Stretch (PTS) system,
s(t), is the convolution of the input optical signal with the FT of
the intensity modulation function [10]:

𝑠(𝑡) = 𝑔(𝑡) ∗𝐸𝐼𝑀(𝜔) |𝜔=𝑡/ΔΦ̈1
, (6)

𝑠(𝑡) = 𝑆0 [𝑔(𝑡 − Δ𝑡) + 𝑔(𝑡 + Δ𝑡)] , (7)

where 𝐸𝐼𝑀(𝜔) = ℑ [𝑒𝐼𝑀(𝑡)] is the FT of 𝑒𝐼𝑀(𝑡), 𝑒𝐼𝑀(𝑡) denotes
the optical field after intensity modulation, (*) denotes con-
volution, 𝑆0 = 𝐽1(𝛽)/|Φ̈1| is a time-independent constant, and
Δ𝑡 = |𝜔𝑚Φ̈1| is a time delay introduced by the balanced PTS
process. According to the equation, two replicas of the input
optical pulse with a time delay difference of 2Δ𝑡 are generated
at the PTS output, corresponding to the two first-order optical
sidebands of the MZI biased to suppress the carrier and the
even-order sidebands.

According to the original setting, the two DEs have the same
but converse value. In fact, there will be a residual dispersion
𝑟(𝑡). It is obtained by propagating the signal 𝑠(𝑡) through the
second subsystem.

The input and output signals are related by the temporal
convolution 𝑟(𝑡) = 𝑠(𝑡) ⋅ ℎΔ(𝑡), where ℎΔ(𝑡) = ℑ−1 [𝐻Δ(𝜔)] is
the impulse response of the residual DE, 𝐻Δ(𝜔) denotes the
transfer function of the residual DE. If the dispersion of the
residual DE satisfies the condition |ΔΦ̈| > 𝜏2

0/2𝜋, the spectra
of the individual pulses 𝑔(𝑡 − Δ𝑡) and 𝑔(𝑡 + Δ𝑡) are mapped
to the time domain as two transformed waveforms (ℑ[𝑔(𝑡 −
Δ𝑡)]∣𝜔=𝑡/ΔΦ̈ and ℑ[𝑔(𝑡 + Δ𝑡)]∣𝜔=𝑡/ΔΦ̈ due to the dispersion-
induced real-time FT.

Since the two transformed waveforms are time-delayed, the
time delay difference Δ𝑡 represents a corresponding frequency
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Fig. 2. The measured frequency–time difference mapping and its
linear fitting result.

shear Δ𝜔 given by Δ𝜔 = Δ𝑡/ΔΦ̈. based on the mapping rela-
tionship.

Numerical simulations and experiments were conducted to
validate the proposed real-time indoor localization method.
A passive MLL (50 MHz) generated 550 fs pulses that were
stretched to 12 ns using a 25 km single-mode fiber for frequency-
to-time mapping. Microwave frequencies from 7 GHz to 29 GHz
were obtained within the stretched pulse window. The chirped
puls were steered toward users via a 45° TFBG, establishing
a frequency–time–space mapping. Each user received an op-
tical pulse with a distinct central frequency within a 22 GHz
bandwidth. Reflected pulses were recollected and compressed
by a DCF, and the temporal separation between adjacent pulses
on the OSC was used to determine the corresponding frequen-
cies. In this framework, the reflected time delay and central
frequency provide the information required for indoor localiza-
tion. The wavelength-dependent delay is determined during the
time-stretch process, while the actual time-of-flight corresponds
to the user position. Combining these two factors yields the
absolute user distance. In the simulation, four users were con-
sidered—one reference and three test users. Figure 2 shows the
linear mapping between frequency and temporal separation in
free space, yielding a slope of approximately 51.36 fs/GHz.

Determining the central frequency of each reflected pulse is
essential for extracting user information. The STFT is com-
monly used for this purpose, providing reliable frequency es-
timation. In this work, we compare the performance of STFT
with the proposed all-optical FT for independent central fre-
quency detection. As shown in Fig. 2 (upper left), the STFT
result for User 2 yields a central frequency of 14.5 GHz. In
contrast, the optical FT approach determines the time inter-
val between the two split pulses as 228.85 ps, correspond-
ing to a central frequency of 14.6 GHz. The close agree-
ment confirms the accuracy of our method and validates user
localization.

To further verify the approach, a proof-of-concept experi-
ment was conducted using a 50 MHz passive mode-locked fiber
laser (Calmar Mendocino FP) generating 800 fs pulses with
a 12 nm spectrum. The pulses were stretched to 12 ns by a
DCF (–1.04 ns/nm), then amplified and chirp-encoded via an
MZI with an optical delay line (VDL001) and 500 m SMF. Dis-
persion imbalance and delay adjustment in the MZI produced
a wideband chirped pulse with a tunable frequency offset. In-
creasing the fiber length enhanced the chirp rate. This setup
generated a monotonic RF sweep mapped to both time and wave-

Fig. 3. High chirp encoded temporal domain waveform and cor-
responding spectrogram.

(a)
 

(b)
Fig. 4. The reflected pulses and the corresponding instantaneous
microwave frequency measurement using STFT.

length domains, establishing a stable wavelength–frequency
mapping. The chirp slope was extracted from the spectrogram
in Fig. 3.

After chirp encoding and wavelength–time mapping are es-
tablished, a fixed correspondence among wavelength, time, and
RF frequency must be defined. A reference point can be ob-
tained from a transmission window in the reflection profile, as
shown in Fig. 3. To evaluate system performance, two groups
of users were selected, as illustrated in Figs. 4(a) and 4(b). The
reflected pulses were first analyzed using STFT to extract their
central frequencies. For the left group, the central frequencies
were 6.5 GHz and 6.9 GHz, while for the right group, they were
6.5 GHz and 15 GHz.

For further analysis, a 20-ns window was analyzed for both
user groups. The reflected pulses were clearly detected, and their
central frequencies were accurately identified by STFT. Using
the first user ( 6.5 GHz) as a reference, the second user showed
frequencies of 7.1 GHz and 15 GHz, enabling precise position
estimation in free space.

To eliminate the need for frequency transformation via STFT,
which is computationally intensive, we developed a novel ap-
proach based on optical pulse compression. In this work, a
dispersion fiber with opposite dispersion compresses the echo
signal, resulting in two split peaks whose temporal separation
directly corresponds to the central frequency.

Experimentally, the compressed reflected pulses exhibited
distinct time intervals, as shown in Fig. 5. For the first group,
the measured intervals were approximately 60.4 ps and 53.6 ps,
while for the second group, they were 61.4 ps and 135.2 ps.
These results confirm that larger time intervals correspond to
higher central frequencies. For example, a separation of 53.6 ps
corresponds to 6.4 GHz, while 60.4 ps corresponds to 7.1 GHz,
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(a)

(b)

Fig. 5. The compressed output waveform due to optical FT.

Fig. 6. The experimental frequency-to-time-interval mapping
(blue-dotted) and its linear fitting result (red line).

demonstrating accurate frequency-to-time mapping for user lo-
calization.

Reflected pulse amplitudes vary among users due to varia-
tions in reflectivity, propagation loss, and coupling efficiency.
Although not included in Eq. (5), these differences appear in the
measured waveforms (Figs. 4 and 5), enabling user distinction
by both delay and amplitude.

Additional experiments confirmed a linear relationship be-
tween time interval and central frequency, with a fitted slope of
8.9 ps/GHz, as shown in Fig. 6. With this mapping, user posi-
tions can be determined in real time from the time interval of
the compressed pulses. This approach offers a reliable and effi-
cient method for real-time indoor localization. Although a full
two-dimensional localization test is not repeated here, the same

wavelength–angle and distance retrieval principle from [7] ap-
plies. This work demonstrates that the optical pulse compression
module accurately recovers the carrier frequency and integrates
seamlessly into the established beam-steered OWC localization
framework.

The measured frequency–time slope ( 8.9 ps/GHz) is much
larger than the simulated value ( 51.36 fs/GHz) due to residual
dispersion in the experimental setup. Unlike ideal compensa-
tion in simulation, dispersion from fibers, the TFBG, and other
components accumulates in practice. This residual dispersion,
on the order of hundreds of ps/nm, together with higher-order
effects and detector bandwidth limits, accounts for the observed
difference.

In conclusion, we experimentally demonstrated an all-optical
DFT for real-time user localization in a wavelength-controlled
beam-steered OWC system. A high-efficiency 45° tilted fiber
grating was employed as the diffractive element to enable
both beam steering and echo collection. Reflected pulses were
compressed by dispersion-compensating fiber, implementing
an all-optical DFT for localization. The DFT enabled precise
frequency extraction from pulse separation and offered much
faster processing than electronic methods. The demonstrated
all-optical pulse compression method operates within the same
wavelength–angle and time-of-flight localization framework as
our previous work, confirming its compatibility with full user
localization architectures. This approach offers an efficient, low-
latency solution for next-generation indoor OWC localization.
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