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Achieving low-latency time-reversal of broadband radiofre-
quency signals is crucial for reliable communications in
dynamic, uncontrolled environments. However, existing ap-
proaches are either digitally assisted—making broadband
extension challenging—or limited to amplitude modulation.
In this work, we report the very first, to our knowledge, ex-
perimental realization of a fully analog, phase-preserving
time-reversal architecture for optically carried radiofre-
quency signals. The method exploits the exceptional coher-
ence properties of rare-earth ion-doped materials and lever-
ages the well-established photon echo mechanism, widely
used in quantum technologies. While our demonstration is
conducted with a modest bandwidth, we identify the fun-
damental cause of this limitation and propose solutions for
future scalability. Published by Optica Publishing Group under the
terms of the Creative Commons Attribution 4.0 License. Further dis-
tribution of this work must maintain attribution to the author(s) and the
published article’s title, journal citation, and DOI.
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Introduction. Time-reversal is an efficient way to focus waves
in a complex environment [1]. It was initially proposed for
acoustic waves and resulted in very diverse applications, rang-
ing from medical imaging and therapy [2] to geoscience [3] and
underwater communications [4]. More recently, time-reversal
has been extended to radiofrequency waves [5] and success-
fully demonstrated in practical demonstrations in a reverberating
chamber [6,7].

In dynamic environments such as urban landscape, a fast
time-reversal operator is essential for real-time adaptation to
the medium. However, digital approaches are constrained by the
limitations of digital-to-analog converters (DAC). Indeed, de-
spite ongoing advancements in bandwidth, processing speed,
and memory depth, these figures of merit cannot be simul-
taneously optimized, and some compromise must be found.
Specifically, in the case of broadband RF communication in a
non-stationary, uncontrolled medium including moving objects
at speeds up to 20 m/s, achieving sub-ms latency is crucial, yet
remains challenging with multi-GHz-bandwidth DACs.

One can by-pass the digitization step altogether by resorting
to purely analog solutions. Among these, microwave photonics-
based systems [8] stand out, leveraging the high bandwidth and
low losses of photonic components. The analog time-reversal of
an optically carried signal was first obtained using a dispersive
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optical medium, namely fibers [9], Bragg gratings [10], or
spectral gratings in an inhomogeneously broadened atomic
absorption line [11]. The analog nature of such approaches
ensures minimal latency (a few ps at most) and the duration
of the signals that can be processed, related to the dispersive
power of the optical medium, can reach values as high as
several us. Nevertheless, by construction, these methods are
only compatible with monochromatic, amplitude-modulated
RF signals, since they require a univocal time-to-frequency
correspondence in the optical domain.

In this work, we explore the capabilities of an original analog
time-reversal protocol based on coherent light—matter interac-
tion in a rare-earth ion-doped crystal. We show that unlike the
previous demonstrations, this approach enables the retrieval of
the radiofrequency field in amplitude and phase.

Analog signal processing using the photon-echo process.
Three-pulse photon echo (3PPE) is a four-wave mixing process
operating in the temporal domain. When three time-separated
fields are shined onto an inhomogeneously broadened medium,
the latter radiates a delayed coherent response (the “echo”)
whose time-dependent field (to the lowest order) reads as:

geclm(t)zgik(_t)®52(t)®g3(l‘). (1)

A broad variety of microwave photonics-related signal pro-
cessing architectures have been proposed based on this photon
echo mechanism, including data bit-rate conversion [12], spec-
tral analysis [13,14], arbitrary signal generation [15], correla-
tive processor [16], and time-reversal of amplitude-modulated
optical signals [11,17]. They always function as follows: the in-
put, optically carried information serves as the first, second, or
third field. The remaining two fields are shaped by the user,
enabling the spontaneous generation of the echo carrying the
processed output. Such architectures are by essence immune to
computation delay. Their spectral bandwidth and resolution are
ultimately limited by the width of the inhomogeneous atomic ab-
sorption line and by the homogeneous linewidth of the selected
optical transition, respectively. They can reach highly attractive
values (several tens or hundreds of GHz for the former, a few
kHz for the latter), combined with a processing time of a few us,
ensuring competitiveness with digital approaches.

In this work, we propose a similar approach to achieve time-
reversal of optically carried RF signals. This method directly
leverages the explicit time-reversal operation in Eq. (1). The in-
put signal serves as the first excitation field &, (¢), while the
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Fig. 1. Experimental setup. AOM, acousto-optic modulator;
APD, avalanche photodetector; AWG, arbitrary waveform genera-
tor; EOM, electro-optical modulator; OS, optical system.

second and third excitation fields &, (¢) and &5 (¢) (referred to as
“control fields”) are designed as two successive linear frequency
chirps with opposite slopes &, () = ¢ and E(t) = emimre?,
This way, the impulse response of the time-reversal filter, given
by the convolution of the two control fields, produces a short
pulse &, () ® E3(t) = 5(t), leading to:

Eocno) =EL(-1). (2)

In practice, the finite duration of the control fields leads to a tem-
poral broadening of the impulse response. For example, when
the control fields have a rectangular temporal shape with dura-
tion 7, the impulse response reads as: &, (f) ® E5(1) = W

This scheme closely resembles previous photon-echo-based
time-reversal protocols, with the key distinction that the input
signal is carried by the first pulse, rather than the second [12,17]
or third pulse [11]. Though seemingly minor, this distinction has
important consequences. First, our approach does not require
a chirped signal carrier, making it compatible with arbitrary
fields. In contrast, earlier implementations were restricted to
amplitude-modulated fields. Second, previous schemes were
bandwidth-limited by the optical chirp rate. In our case, the limit
is set by the inhomogeneous width I';,,;, and by the spectral span
of the second and third pulses, a far less restrictive condition.
Yet, our approach shares the same limitation with earlier proto-
cols regarding signal duration: the first and second fields must
illuminate the atomic medium within the optical coherence life-
time T, to record spectral interferences, limiting both signal
and control pulse lengths, and the echo field envelope decays

as 6‘%2’. Finally, the analytical echo field expression (Eq. (1))
holds only in the weak field limit. In this regime, the photon
echo remains weak but can be efficiently detected via heterodyne
methods [18].

Experimental demonstration. The experimental setup is
shown in Fig. 1. The laser is a cw Distributed Bragg Reflec-
tor source (Photodigm DBR795PH), externally modulated to
perform frequency excursions. These frequency excursions are
controlled with a versatile, four-stage correction method in-
cluding pre-distortion of the voltage command, feedback, and
feed-forward real-time correction [19]. This allows us to rou-
tinely obtain MHz-scale errors on steep excursions and laser
linewidth reduction down to 30 kHz during fixed frequency op-
eration. The DBR chip is cooled down to 5°C in order to reach
the absorption wavelength of Tm3* ions in YAG (793.379 nm in
vacuum).

A 3 x4 x5mm3, 0.5% at.Tm:YAG single crystal (FLIR Sci-
entific Materials) is placed in the vacuum chamber of a
closed-cycle, low-vibration cryocooler (Montana Instruments
s50 Cryostation). Due to the coupling of the optical transi-
tions to mechanical strain [20], further vibration damping is
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Fig. 2. Schematic pulse sequence leading to the spontaneous, co-
herent emission of a phase-preserving time-reversed copy of the
input field £, (¢). (a) Laser instantaneous frequency. (b) Amplitude
of the RF signal sent to the AOM, enabling temporal shaping of the
cw laser. (c) Signal detected after transmission through the crystal.
The control pulses are followed by a free-induction decay radia-
tion [21]. A heterodyne pulse makes the time-reversed signal appear
as a phase-stable beatnote. The latency time 7., is defined as
the interval between the end of the input signal and the beginning
of the output signal.
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required and a home-made vibration-damping platform is used.
Under such conditions, the crystal reaches a 3.5K tempera-
ture and exhibits an inhomogeneous broadening I';,,;, = 17 GHz,
a peak absorption ¢L =2, and an optical coherence lifetime
T, =10 ps. The crystal is illuminated by a single laser beam,
temporally shaped using a double-pass acousto-optic modula-
tor (AOM) (AA Opto-Electronic). The laser beam is focused on
awy=45+5 pm radius spot in the Tm:YAG crystal, using an
optical system composed of a telescope (beam expander) and a
lens. The maximum power on the crystal is about 5 mW.

The pulse sequence is shown in Fig. 2. During the first
part of the excitation sequence, the laser frequency is con-
stant (v, = V) and the optical field is amplitude-, phase-, or
frequency-modulated using the AOM. Due to the double-pass
configuration, the resulting dephasing and frequency shift of the
optical wave is doubled. In the second part, the first control pulse
is generated by linearly chirping the laser emission over an in-
terval AF around v(. Typically, the duration of this chirp is
T =5 ps and the chirp spanis AF =40 MHz. Then, after a 30 us
waiting time, the second control pulse is generated, composed of
a linear laser chirp with the opposite chirp rate. The echo carry-
ing the time-reversed signal is then spontaneously emitted by the
atomic ensemble. In the temporal window where the echo is ex-
pected, a rectangular pulse is generated with the AOM, while the
laser is tuned to v + 30 MHz, enabling the heterodyne detec-
tion of the echo on a Thorlabs APD110A avalanche photodiode.
The resulting beatnote enables the restoration of the signal into
the RF domain. As the heterodyne pulse is sent in the same spa-
tial mode as the echo emission, the beatnote is inherently stable,
at the price of some perturbation of the atomic coherences. The
time sequence is entirely controlled by an arbitrary waveform
generator (Tektronix AWG5004).

We test our scheme using an input signal composed of 17
Gaussian pulses with successive s /4 phase jumps. The output
signal reproduces the succession of pulses but with a visible en-
velope decay, compatible with the optical coherence relaxation.
The phase of each pulse should reproduce the input phase in a
time-reversed order and with a sign inversion due to the com-
plex conjugate in Eq. (2). We compute the phase of each pulse
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Fig. 3. Time-reversal of an 8-us-long phase-encoded pulse se-
quence, where each pulse has a 50-ns FWHM duration. (a) Input
signal. (b) Example of experimental output signal obtained by het-
erodyne detection. (c) Phase of each pulse of the input signal. (d)
Measured phase of the output signal, obtained by digital demodu-
lation of each pulse (color circles). The experiment is conducted 10
times to assess its repeatability. The phases are referenced to the first
pulse of the time-reversed signal and compared to the expected val-
ues, shown as black triangles. Insets: close-up on one of the pulses,
highlighted by the gray rectangle in panels (a) and (b).
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Fig. 4. Time-reversal of a 12-pus-long, frequency-encoded 22-
pulse input signal. (a) Input signal. (b) Example of experimental
output signal obtained by heterodyne detection. The output beatnote
is affected by the 50-MHz cutoff of the photodetector. The spectro-
grams are calculated on the input signal (c) and on the experimental
signal, and averaged over 10 repetitions (d).

by digitally demodulating the beatnote signal and verify that the
output phase variations closely follow the expected behavior (see
Fig. 3). Some dispersion of the detected phase is observed, es-
pecially at long delays, appearing as the buildup of a temporally
linear phase offset. We ascribe this to a frequency instability in
the AWG or oscilloscope internal clock.

We also test our time-reversal scheme using an input sig-
nal composed of 22 Gaussian pulses with frequencies stepped
by 2MHz from 20 to 0 MHz (see Fig. 4). A comparison of
the spectrograms confirms that the output reproduces the fre-
quency steps. The demonstrated bandwidth largely exceeds the
Jr=AF/T=2.8 MHz limitation that would have been ob-
served with previous photon echo-based approaches [11,12,17].
The 50-MHz cutoff is caused by the photodetector, effectively
limiting the time-reversal bandwidth in this demonstration.

To time-reverse broadband signals, the control fields must
span a broader spectral range. Increasing the chirps span AF
while keeping their duration 7" constant reduces the density of
energy deposited by the control fields on each spectral class of
ions, leading to a 1/AF attenuation of the echo field. This loss
can be mitigated by increasing 7, provided it remains shorter

—
T

e
o
T

e
=)
T

S - SEE
AF = 20MHz
s AF = 30MHz
A AF = 40MHz
0 2 4 6 8 10 12 14
Chirp duration T' (ps)

=
-

S —

Echo amplitude
(arb.units)

e
o

Fig. 5. Effect of the chirp span and duration on the echo am-
plitude revealing the presence of instantaneous spectral diffusion.
Symbols: amplitude of the measured echo envelope. Lines: theoreti-
cal behavior given by Eq. (5) (see text for details), with a beam waist
wo =45 pm (solid line), adjusted to the experimental data using a
unique vertical scaling factor for each waist value. The uncertainty
on the determination of the waist wy, is reflected as dashed lines.

than T,. However, increasing the total energy deposited in the
sample eventually reduces the echo field amplitude due to in-
stantaneous spectral diffusion (ISD) [22]. More specifically, the
homogeneous linewidth is increased proportionally to the volu-
mic density of ions which were promoted to a different state. We
use the formalism developed in [23] to express the effective ho-
mogeneous linewidth: I'y, =T, + ‘6’250 |An,|, where B;gp isa
material-dependent coefficient and |An,| is the volumic density
of ions that have been promoted to a different electronic state. In
the case of two fields of duration T addressing a spectral interval
AF at the center of an inhomogeneously broadened absorption
profile, this expression can be rewritten as:

1 _
Uhepr= T, +Tygp(1—erT), (3)
where
Brsplions AF 2ma¢p T;
FISD _ P1SD"ions - and cr= Azr;l, (4)
T inh Nions

with a the absorption coefficient and ¢ the photon surface flux.
In Tm:YAG, f;gp = 2.4 x 10712 Hz.cm? [23]. With a 0.5% Tm
concentration, ¢ =400 m™!, and n,,,, = 6.9 x 102> m™3. With
$=32x10** m2.s7! and AF =40 MHz this yields T ;5 =
124 kHz and ¢y = 60.7 kHz. In the limit of weak pulses (c7T «
1), we simplify this expression: 1—e €77 = cyT. The photon
echo field amplitude is directly affected by the effective homo-
geneous linewidth:

leZWIIZFh.eff ~
AF
where t, is the time between the input signal and the beginning
of the control field &, (7). To verify this, we use our architecture
to time-reverse a signal composed of a single Gaussian pulse
sent t;, =3 ps before the first control field and study the evo-
lution of the echo amplitude when the chirp span AF and the
chirp duration 7 are varied (Fig. 5). We find that the results align
well with the model (Eq. (5)): the echo linearly grows with 7,
then reaches a maximum around 7" =~ 5 ps and then decays. This
confirms the significant contribution of ISD to the effective ho-
mogeneous linewidth and the corresponding difficulty to reach
large bandwidths for the time-reversal scheme.

Discussion. Through these examples, we have shown that
our fully analog, photon-echo-inspired architecture enables the

T
‘5echo| o 7e*27”12FISDCTT’ (5)
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faithful retrieval of the time-reversed radio-frequency field.
Aside from a gradual output signal envelope decay due to deco-
herence, the input signal’s amplitude and phase signatures are
well recovered. In addition, the time-reversal scheme is compat-
ible with 10-ps-long signals and operates with latency times of
a few tens of us. Note that the duty cycle of our time-reversal
processor is inherently limited (~0.1%) by the long atomic
population decay time.

While this time-reversal scheme is promising, the need for a
cryogenic apparatus may appear as a strong deterrent for appli-
cations, especially when dealing with multiple receivers. Never-
theless, the four-wave mixing nature of the photon echo process
enables simultaneous processing of multiple signals using an
angular multiplexing approach, allowing for inherent scalability
with minimal added complexity or power consumption [16].

The ISD-based limitation on the time-reversal processing
bandwidth can be mitigated by reducing the dopant concentra-
tion. However, compensating for the resulting loss in optical
depth requires longer samples, which, in turn, limits the avail-
able Rabi frequency. In that context, guided photonic platforms
offer a promising alternative to bulk crystals, potentially en-
abling zero beam divergence and enhanced light-matter inter-
action over several mm [24]. Notably, the pursuit of efficient
photon echoes over large bandwidths aligns with ongoing efforts
in developing broadband quantum memories [25,26].

Conclusion. In this work, we have demonstrated a success-
ful proof-of-principle of low-latency, fully analog time-reversal
of radiofrequency fields. This process is based on a modified
version of three-pulse photon echo and leverages the spectro-
scopic properties of a cryogenically cooled rare-earth ion-doped
crystal. Although this demonstration operates within a limited
bandwidth, constrained technically by the detection and funda-
mentally by instantaneous spectral diffusion, it validates several
key features, namely, the ability to time-reverse frequency- and
phase-modulated signals, the compatibility with ps-scale sig-
nals, and a latency less than 100 us. The phase-preserving
property validates this work as the first analog approach that
could be practically applied to wave refocusing in complex me-
dia, in contrast to previous analog time-reversal schemes which
were only able to handle amplitude-modulated signals [9-11].
Combined with the low achieved latency, this work opens new
perspectives for real-time focusing of radiofrequency waves in
dynamic complex media.
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