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Abstract: Breaking the symmetry between forward- and
backward-propagating optical modes is of fundamental
scientific interest and enables crucial functionalities, such
as isolators, circulators, and duplex communication
systems. Although there has been progress in achieving
optical isolation on-chip, integrated broadband nonrecip-
rocal signal processing functionalities that enable trans-
mitting and receiving via the same low-loss planar
waveguide, without altering the frequency or mode of the
signal, remain elusive. Here, we demonstrate a nonrecip-
rocal delay scheme based on the unidirectional transfer of
optical data pulses to acoustic waves in a chip-based
integration platform. We experimentally demonstrate that
this scheme is not impacted by simultaneously counter-
propagating optical signals. Furthermore, we achieve a
bandwidth more than an order of magnitude broader than
the intrinsic optoacoustic linewidth, linear operation for a
wide range of signal powers, and importantly, show that

this scheme is wavelength preserving and avoids compli-
cated multimode structures.

Keywords: Brillouin scattering; integrated photonics;
nonreciprocity; optical delay.

1 Introduction

Reciprocity is a general concept in optics dictating that a
transmission channel does not change, or is symmetric,
under the interchange of source and receiver [1–3]. There
are, however, different approaches to break this reciprocity,
most commonly by utilizing magnetic materials [4–6]. The
arguably most common devices based on breaking reci-
procity are isolators utilizing magnetic materials. Isolators
based on magnetic materials are passive components and
have large bandwidth and rejection. Chip integration and
material losses, however, are still major challenges despite
the great progress made over the recent years.

Another way to achieve nonreciprocal transmission is
based on temporal modulation [2, 7]. Although this active
method requires some sort of pumping – electrical [8],
optical [9], or acoustic [10] – it offers great potential as it
does not rely on magnetic materials and hence is more
suitable for chip integration with the additional advantage
of being reconfigurable. Nonreciprocal elements, such as
optical isolators and circulators are crucial building
blocks, in particular, for integrated photonic circuits to
protect the laser but also to route counterpropagating
signals and mitigate back-reflections that can arise from
boundaries between multiple elements or are simply
caused by Rayleigh backscattering.

A powerful and versatile way to achieve nonreciprocal
transmission in a small footprint can be realized by
coupling light and mechanical degrees of freedom [11, 12].
This coupling between light and mechanical oscillations is
greatly enhanced in resonant structures which lead to
demonstrations of chip-scale optomechanical isolators
and circulators for optical [13–19] as well as microwave
signals [20–23].

Similarly, stimulated Brillouin scattering (SBS), i.e. the
resonant coupling of optical waves with propagating
acoustic waves in waveguides via optically induced forces
is known to be nonreciprocal [9, 24]. The phase-matching
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condition ensures that only pump and probe waves which
are counterpropagating (copropagating) couple to the
acoustic wave which is mainly longitudinal for backward
SBS (transverse for forward Brillouin scattering) [25]. As
these acoustic waves carry momentum, Brillouin in-
teractions can be used to induce indirect photonic transi-
tions between different optical modes [9, 24, 26].

Numerous experiments have reported nonreciprocity
exploiting Brillouin interactions, including demonstra-
tions in photonic crystal fibers [9], silicon waveguides [27],
and fiber-tip resonators [28–30]. Surprisingly, however, so
far there was no demonstration of Brillouin-based nonre-
ciprocal schemes harnessing backward SBS. In this
approach, the optical wave can couple to a continuum of
acoustic modes that provides enormous flexibility, which
is particularly important for nonreciprocal signal process-
ing schemes that go beyond providing pure signal isola-
tion. Furthermore, large backward SBS gain can be
achieved in small footprint planar integrated circuits [25].

Here, we show a nonreciprocal light storage scheme
based on coherent Brillouin coupling of acoustic and
optical modes to achieve nonreciprocal delay. We experi-
mentally demonstrate that optical pulses that are traveling
simultaneously in the opposite direction, with the same
optical frequency and mode, are not impacted nor do they
impact the storage process. We show that the bandwidth of
the scheme can be broadened beyond the intrinsic acoustic
linewidth – in this demonstration bymore than one order of
magnitude – which was generally thought to be a limiting
factor of SBS-based nonreciprocal schemes. Furthermore,
the scheme depends linearly on the input data pulse
power in the observed range and does neither alter the
frequency nor mode of the incoming data – all important
requirements for practical nonreciprocal devices.

2 Results

The nonreciprocity is induced by an interaction between
two counterpropagating optical modes – here we call them
data ωdata and write/read ωw/r – with a traveling acoustic
mode Ω. To enable efficient coupling from optical to
acoustic waves, the optical write/read and the data pulses
are separated by the frequency of the acoustic wave in the
waveguide, known as the Brillouin frequency shift,

Ω � 2 ⋅ neff ⋅ vac ⋅ λ−1, where neff is the effective refractive
index, vac the acoustic sound velocity in thematerial, and λ
the optical pump wavelength. The waveguide used in this
demonstration is made out of chalcogenide glass and
the corresponding acoustic resonance frequency is
Ω ≈ 7.6 GHz. The underlying physical mechanisms that

couple the two optical and the acoustic waves are elec-
trostriction – the compression of a material in regions of
strong light fields and photoelasticity – the change of
refractive index with material density [31].

Brillouin interactions can be used to store optical data
pulses as acoustic waves on a photonic chip [32]. The op-
tical data pulses are frequency-upshifted from counter-
propagating write and read pulses by precisely the
Brillouin frequency shift Ω. Hence, the optical data pulses
are first depleted by the write pulses and an acoustic wave
is generated and are later retrieved using read pulseswhich
deplete the acoustic wave.

This interaction has not only to fulfill energy conser-
vation ωdata � ωw/r + Ω but also momentum conservation
kdata � kw/r + q. As the momentum q of the traveling
acoustic wave in backward SBS is large, approximately
twice the magnitude of the momentum vectors of the in-
dividual optical modes |q| ≈ 2 ⋅ |kdata| with |kdata| ≈ |kw/r|,
the interaction is only phase-matched in one direction.
Note that the phase-matching condition for exciting an
acoustic wave with a particular pair of counterpropagating
optical pulses can always be fulfilled by matching the
detuning to the Brillouin frequency shift in the waveguide
as opposed to interdigitated transducer–based approaches
that require careful device design and fabrication to ensure
phase-matching is fulfilled [10].

That the Brillouin process is only phase-matched for
data signals traveling in one direction becomes more
evident when looking at the dispersion diagram shown in
Figure 1a, where changing the direction of one optical
mode leads to a phase mismatch Δq. As the interaction
takes place over an elongated length given by either the
length of the waveguide, for the case of continuous wave
(CW) signals, or the length of the optical signal pulse, a
small initial phasemismatch builds up to a largemismatch
over that interaction length as it was shown for the case of
Brillouin interactions that involve multiple optical wave-
lengths [33]. Even in the case of nanosecond (ns) and
subnanosecond pulses, this length scale is in the order of
several centimeters.

How this strict phase-matching condition of the opto-
acoustic Brillouin interaction can be utilized to achieve
unidirectional signal delays is shown in Figure 1b. Optical
data pulses ωdata that propagate from the left through the
waveguide are transferred to acoustic phonons via a Bril-
louin interaction induced by counterpropagating write
pulsesωwandare subsequently retrievedusing readpulses
ωr [32, 34, 35], whereas optical pulses that travel in the
opposite direction are neither effected by the write, the
read pulses nor the acoustic wave that stores the original
optical pulses ωdata. The phase-matching condition

76 M. Merklein et al.: On-chip broadband nonreciprocal light storage



between the optical modes and the traveling acoustic wave
ensures that there is no interaction, even for the extreme
case when the counterpropagating optical pulses are in the
same optical waveguide mode, at the same frequency and
optical power.

Data pulses that are transferred to the acoustic domain
accumulate a large delay because of the five orders of
magnitude difference in velocity between the acoustic and
optical waves. The accumulated delay of the optical signal
can hence be approximated by the time difference between
the writing and the retrieving operation. Thus, the delay of
the optical signal can be continuously tuned within the
acoustic lifetime of the acoustic phonon that is given by the
material properties of the chalcogenide glass and is in the
order of 10 ns [32].

Owing to the phase-matching condition of the Bril-
louin interaction, the coupling between optical and
acousticwave only occurs for a certain pair of opticalwrite/
read and data pulses. Optical data pulses that are simul-
taneously propagating through the waveguide from the
opposite side are neither transferred to the acoustic wave
by the write pulses, nor do they interact with the acoustic
wave present in the waveguide and hence do also not

influence the stored data pulses. The counterpropagating
signals could be data pulses that are simultaneously
transmitted/received in the opposite direction through the
same waveguide or could simply originate from back-
scattering in the photonic circuit.

2.1 Experimental setup

The simplified experimental setup is shown in Figure 2 (a
detailed scheme and description can be found in Section 4).
A CW distributed feedback laser is split into two paths, the
data and the write/read path. The data signal is shifted by
the Brillouin frequency shiftΩ of the waveguide. Afterward,
the CW signals in both arms aremodulated into short pulses
using a multichannel arbitrary waveform generator and
electro-optic intensity modulators. The data signal is split
using a 50/50 coupler. One part of the signal is combined
with the write/read arm and coupled to the nonlinear
chalcogenide waveguide. The other half passes through an
additional 50/50 coupler, to ensure that the path length of
both data signals aswell as their optical power is the same in
both arms, and is coupled to the chalcogenide chip from the
opposite side. On both sides of the chip circulators are used
to separate input and output. Two narrowband filters
(bandwidth ≈ 3 GHz) are used to separate the data signal
from the pump signal and fast photodetectors (band-
width > 10GHz) anda fast oscilloscope (bandwidth > 10GHz)
are used to detect the data pulses. A cross-section of the
chalcogenidewaveguides is shown in the inset of Figure 2. A
rib structurewith a cross-section of 2200× 850nm2 is used to
reduce losses caused by sidewall roughness. The chalco-
genide glass is surrounded by silica glass to ensure
confinement of the optical as well as the acousticmode [36].
For details on the fabrication of the acousto-optic wave-
guides, see Section 4. The simulated dispersion of the
waveguide for both optical modes (forward and backward)
is around −200 ps/nm/km. Although it is larger than in
standard single-modefiber, for the length of the chip (22 cm)
and the bandwidth of the pulses (around 4 pm), the signal
distortion from dispersion is negligible.

2.2 Nonreciprocal Brillouin light storage

Figure 3a shows the transfer of an optical data pulse ωdata

to an acoustic wave by a counterpropagating write pulse
ωw (black curve; full-width half-maximum ≈ 1 ns). The
depleted optical signal is shown in red (Figure 3a). Around
90% of data pulse depletion could be achieved, whereas
a simultaneously counterpropagating data pulse

Figure 1: Basic principle and phase-matching diagram.
(a) Dispersion diagram for backward Brillouin scattering illustrating
the phase-matching condition for data pulses propagating in
opposite directions. (b) Optical data pulses that are coupled from
the left side into the waveguide are converted to acoustic phonons
and experience a delay. Optical data pulses that are coupled
simultaneously from the opposite side in the waveguide do not
experience any conversion and hence are not delayed.
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(copropagating to the write pulses) is not impacted by the
acoustic wave generated in the depletion process (inset
Figure 3a). The black curve in the inset shows optical data
pulses transmitted in the counterpropagating direction,
whereas there is no data transferred to the acoustic wave.
The red dashed curve in the inset of Figure 3a shows the
counterpropagating optical data pulses while the data
traveling in the opposite direction is depleted and trans-
ferred to a traveling acoustic wave. Both curves perfectly
overlap. In the current experimental implementation, the
depletion efficiency of 90% was mainly limited by power
constraints and can in principle reach almost full conver-
sion of the optical pulse to the acoustic wave. Figure 3b
shows the fast Fourier transform (FFT) of the optical input
data pulses demonstrating that the bandwidth of the op-
tical data pulses that can be successfully depleted and
transferred to the acoustic domain can greatly exceed the
intrinsic Brillouin linewidth of 30MHz. The dashed lines in
Figure 3b indicate the full-width half-maximum of the FFT
of the data pulses.

This extension of the bandwidth by more than one
order of magnitude beyond the intrinsic acoustic linewidth
is enabled by the ultrahigh Brillouin gain provided in
chalcogenide waveguides which is about two orders of
magnitude larger than in standard silica single-mode fiber.
The strength of the interaction is usuallymeasured in terms
of Brillouin gain G which gives the amplification of the
Stokes wave for a given pump power P and is proportional

to ∝ exp(g Leff P), with g � g0 ⋅ A
−1
AO given by the Brillouin

gain coefficient g0 and the acousto-optic area AAO, and Leff
being the effective length. If the pump is broadened
beyond the 30 MHz intrinsic linewidth of the Brillouin
interaction,more overall pumppower is required. As in this
experiment, the effective length Leff is limited to the inter-
action length of the counterpropagating short pulses (cm –

tens of cm range), a large gain factor g is required to ach-
ieve broad bandwidth operation. For our chips, the Bril-
louin gain coefficient was previously measured to be
g0 ≈ 0.715 × 10−9 m/W and the acousto-optic area
AAO ≈ 1.5 μm2 that leads to the approximately two orders of
magnitude increase in the Brillouin factor g [37].

Figure 2: Schematic experimental setup.
Continuous wave (CW) laser, continuous
wave distributed feedback (DFB) laser;
50/50 fiber coupler; SSB, single-sideband
modulator; IM, intensity modulator; AWG,
multichannel arbitrary waveform gener-
ator; Amplifier, erbium-doped fiber ampli-
fier; BP, bandpass filter; PD, photodetector.
Inset: cross-section of the chalcogenide rib
waveguide embedded in silica.

Figure 3: Nonreciprocal pulse depletion.
(a) Conversion of an optical data pulse (black curve) to acoustic
phonons (red curve) while a simultaneously counterpropagating
data pulse is not impacted (black and dashed red curve in inset). (b)
Fast Fourier transform (FFT) of the input data pulse.
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The broad bandwidth is one main advantage of the
resonator-free waveguide-based Brillouin approach.
Although the intrinsic linewidth of the optoacoustic inter-
action is given by the phonon lifetime for a single fre-
quency CW optical pump the Brillouin response can be
broadened by using a broad bandwidth optical pump
where the bandwidth of the Brillouin response is then
given by the bandwidth of the optical pump itself. The
intrinsic Brillouin gain is in this case distributed over the
bandwidth and hence the absolute maximum Brillouin
gain is reduced accordingly for a given input power.

After demonstrating the nonreciprocal depletion of
optical data pulses, we now show that we can retrieve the
data back from the acoustic to the optical domain, even in
the presence of counterpropagating pulses, and hence
unidirectionally delay optical signals relative to the reg-
ular transit time of the waveguide. Figure 4a shows
experimental measurements of a 1 ns long optical data
pulse that is delayed by 4 ns when propagating in one
direction in the waveguide, whereas an optical data pulse
simultaneously propagating in the opposite direction
with the same optical frequency and optical mode is not
interacting with the Brillouin storage process or the
acoustic wave present in the waveguide (Figure 4). The
transit time of the chip is around 1.8 ns and hence our
measured delay would equate to an increase in the group
index by a factor of about 2.2. As a proof-of-principle
demonstration, we only show a pulse delay of 4 ns;
however, we note that the delay is given by the arrival
time difference between the write and the read pulses and
hence can continuously be tuned. As the phonon expo-

nentially decays as e−2t/τA , with τA being the acoustic
lifetime, the readout efficiency decreases for longer stor-
age times. The phonon lifetime in ourwaveguide structure
is mainly limited by the properties of the chalcogenide
material. Much longer phonon lifetimes have been shown
in acoustic resonators that hence could achieve longer

storage times, however, at the expense of the bandwidth
[29, 38, 39]. Furthermore, the shape of the pulses is
challenging to be maintained in resonator-based acoustic
light storage with the spatial extent of the pulses
exceeding the circumference of the resonators.

Conversely, in the here-demonstrated delay scheme,
the pulse shape is maintained (Figure 4a). The input data
pulse and the delayed data pulse in Figure 4a are
normalized to visually emphasize that point and show the
similarity in the pulse shape as it is a common practice for
fiber-based optical pulse delay techniques [35, 40–44]. The
readout efficiency of this measurement was around 20%
after a delay of 4 ns. Here, the efficiency is slightly below
the record of 32% after a delay time of 3.5 ns reported
previously [32], which can be accounted to overall power
limitations of the experimental setup due to simulta-
neously counterpropagating signals.

While the data pulses are stored and delayed in one
direction, simultaneously counterpropagating data pulses
are not delayed (Figure 4b). The black curve in Figure 4b
shows an optical pulse when there is no delay applied to
the data that travels in the opposite direction, whereas the
dashed red curve shows the optical pulse for the casewhen
the counterpropagating channel is delayed via coherent
transfer from optical to acoustic and back to the optical
domain. Here, the data pulses are not normalized to
emphasize that there is neither a change in amplitude nor
shape of the pulses. The counterpropagating data pulses
do not interact with the acoustic mode present in the
waveguide from the delay process of the data pulses
propagating in the opposite direction nor do they distort
the storage process of these pulses. Hence, we show that
the nonreciprocal pulse storage scheme enables full
duplex signal processing. It also shows that potential back-
reflections which can occur in complex integrated circuits
that consist ofmany discreet components are not distorting
the delay process.

Figure 4: Nonreciprocal light storage.
(a) Optical data pulses (black trace)
propagating in one direction are delayed by
4 ns (red trace), whereas (b) simultaneously
counterpropagating data pulses are not
impacted (black trace shows transmitted
data without delay applied to the
counterpropagating signals, red dotted
trace shows transmitted data while
counterpropagating data are stored). Note
that the readout efficiency of the pulses
presented in (a) is around 20% and the data
pulses are normalized to visualize the pulse
shape before and after the storage process.
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A crucial metric for nonreciprocal devices in general,
which is particularly important for optical signal processing
applications, is the linearity of the scheme. The linearity
ensures that information encoded in the amplitude is
maintained during the signal processing operation. Figure 5
shows that the Brillouin-based nonreciprocal delay scheme
is linear over a wide range. The coupled power of the input
data pulses in Figure 5 is varied by an order of magnitude
from −10 to −20 dBm average optical power and we observe
a linear relationship between input and output amplitude.
We confirm that the same is true for the counterpropagating
data channel (Figure 5b). The second inset, Figure 5c, shows
that the depletion of the original data pulses which are
transferred to the acoustic wave is approximately constant
in the measured data power range.

3 Conclusion and outlook

We showed a nonreciprocal delay scheme based on the
coherent interaction of photons with traveling acoustic
phonons. The phase-matching underlying this process en-
sures that only optical data pulses traveling in a distinct
direction are delayed.We showed that the bandwidth of this
scheme is not limited to the intrinsic linewidth of the opto-
acoustic interaction, but can, in fact, be much broader
approaching the GHz regime. Furthermore, we demon-
strated that the scheme depends linearly on the input power
and does neither convert the optical mode nor the wave-
lengthof the signal. Hence, it opens apathway to full duplex
signal processing architectures that can greatly reduce size,

weight, and power requirements. The delay time is contin-
uously tunable as it is given by the difference in the arrival
time of the readout pulse with respect to the write pulse
within the phonon lifetime [32]. Recently, however, it was
proposed and experimentally shown that the storage time
can be extended by refreshing the acoustic phonon with
optical pulses [45] overcoming said limitation.

Our demonstration of delaying an optical signal while
another optical signal at the same frequency is counter-
propagating shows the immunity of the here-presented
delay scheme to detrimental back-reflections common in
complex integrated photonic circuits that are composed of
a multitude of optical elements. In the context of phased
array antennas and beam steering elements, inducing
nonreciprocal delays could enable new ways of separating
transmitted and received signals.

4 Materials and methods

4.1 Experimental setup for nonreciprocal light storage

A layout of the experimental setup is shown in Figure 6.
As a laser source, we use a narrow-linewidth distributed feedback

laser (TerraXion NLL) with a wavelength of around 1550 nm. The laser
signal is divided into two arms, the data and the write/read arm. The
data signal is up-shifted in frequency by the Brillouin frequency shiftΩ
via a single-sideband modulator. A single laser source is used to avoid
relative drift of the data and the write/read arm. Two intensity modu-
lators connected to a multichannel arbitrary waveform generator are
used to chop the CW laser signals in both arms into a pulse stream. The
write/read pulses are amplified via an erbium-doped fiber amplifier
(EDFA) and afterward pass through a nonlinear fiber loop. The
nonlinear fiber loop only transmits the write/read pulses and sup-
presses any background present from the laser or amplifier between the
pulses as only the pulses have a high enough intensity to induce a
nonlinear phase shift in the fiber loop. Hence, only the pulses are
transmitted and the low-intensity background is reflected by the loop. A
second EDFA after the loop boosts the signal to peak powers of several
Watts. To minimize the effect of white noise, bandpass filters with a
bandwidth of around 0.5 nm are implemented after every amplification
step by the EDFAs. The one-laser setup, the low-noise EDFA combined
with filtering, and the nonlinear loop are all used in the setup to
maximize the signal-to-noise ratio that ensures the highest efficiency of
the storage process with the least amount of distortions. The write and
read pulses are coupled into the photonic chip using lensed fibers and
the average coupled on-chip power was around 7 dBm.

The data signal is split with a 50/50 coupler and coupled from
both sides into the photonic chip with an average power of
around −10 dBm. From one side, the write/read pulses are combined
with the data pulses and coupled via the same lensed fiber into the
chip. Additional 50/50 couplers are used in the data path tomake sure
the data pulses and the write/read pulses overlap in the middle of the
waveguide. Circulators are used on both sides of the chip to route the
transmitted data signal to a two-channel fast oscilloscope. Two

Figure 5: Linearity of nonreciprocal light storage.
(a) Linear amplitude response of the delayed optical data pulses.
Inset (b) shows the linearity of the counterpropagating data pulses,
whereas inset (c) shows the depletion of the data pulses for different
input amplitude levels.
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narrowband filters with a bandwidth of 3 GHz are used before the fast
photodetectors (bandwidth 12 GHz) to filter residual write/read pulses.

4.2 Storage medium

The storage medium for the nonreciprocal light storage is a chalco-
genide rib waveguide [37, 46]. The chalcogenide As2S3 thin film of
around 850 nm is deposited on a thermal oxide silicon wafer with a
variation of the film thickness below 5% [47]. Photolithography is used
to pattern the waveguide structures which are etched into the thin film
using inductively coupled plasma dry etching with a mixture of CHF3,
O2, and Ar. The dimensions of the rib structure are 850 nm by 2.2 μm
with a 50%etchdepth and an overall length of 22 cm. Thewaveguide is
arranged in a spiral to reduce the overall footprint to around 16 mm2.
The bend radius of the spiral is around 200 μm to ensure that there is
no additional bending loss introduced for the fundamental optical
mode as well as the acoustic mode.

The chalcogenide glass As2S3 is sandwiched between a silica
substrate and a silica top-cladding to ensure guiding of the acoustic as
well as the opticalmode [36]. The difference in refractive index of silica
n ≈ 1.4 and the chalcogenide rib waveguides n ≈ 2.4 guarantees tight
confinement of the optical mode, whereas the difference in sound
velocity of around 3400 m/s prevents leakage of the acoustic mode
into the substrate or cladding which enables strong overlap between
the two respective modes. The silica top-cladding is deposited using
sputtering.

Light is coupled in and out of the chip using lensed fibers with a
roughly 2 μm focus spot size. The coupling loss per facet is around
4 dB. The polarization is adjusted so light is coupled into the funda-
mental TE mode of the waveguide which is the mode with the lowest
loss.
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