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S1 Detailed description of Brillouin scattering

In the following, we describe the underlying dynamic of stimulated Brillouin scattering (SBS)
using Fig. S1. A more detailed description can be found in References (/—4). The coincidence

of the two counter-propagating optical fields aprone at frequency wprobe and apump at frequency



Wpump = Wprobe + §2 in the waveguide creates an interference pattern. Through the effect of
electrostriction, the interference pattern excites a traveling acoustic wave b. As the density
variation is connected to the optical refractive index n of the medium, the optical waves are
thus exposed to a moving Bragg-grating-like refractive index pattern. This causes an inelastic
scattering of the apump into the probe wave ap,ohe and the acoustic wave b which then enhances

the interference, substantiating the stimulated nature of the process.

S2 Extended illustration of the experimental setup

The extended experimental setup used for both the single and dual-frequency study is shown in
Fig. S2. The setup is fed with a pair of lasers to simulate the frequency-multiplexed input. The
separation between the two frequency channels w; — w9 ~ 3 GHz is set by tuning the individual
wavelengths of the lasers. For the single-wavelength study the setup was the same, but only one
of the two lasers was used.

Each laser’s output is split using a 50:50 coupler. One half is then used for the nonlinear
activation function, whereas the other serves as a seed for the optical pump branch. The in-
put power of the nonlinear activation function is controlled by a voltage-operated attenuator
(VOA). In the dual-frequency experiment a second VOA is used for each of the two lasers,
ensuring independent control of optical power for each of the frequency channels. The two fre-
quency channels are combined using a 50:50 coupler. Their combination forms the activation
function input, which will undergo the desired nonlinear transformation. The coupler acts also
as splitter, feeding its input to the bottom and the middle branches of the setup which constitute
the nonlinear activation function.

The (dual-frequency) signal in the lower branch serves as the input for the 2"¢ stage Brillouin
amplifier based on a 100 m long highly nonlinear fiber (HNLF).

The (dual-frequency) signal in the middle branch is first up-shifted by the Brillouin fre-



quency of the HNLF fg = 9.730 GHz (corresponding angular frequency €2 = 27 fg) with an
optical IQ-modulator, which is configured to operate as a single-sideband modulator (SSBM).
The resulting frequency up-shifted signal gets amplified by the 1% stage Brillouin amplifier
based on a 20 m long HNLF. After that, it serves as the pump for the 2" stage Brillouin ampli-
fier.

The top branch of the setup provides the optical pump for the 15 stage Brillouin ampli-
fier. Thus, it is seeded with the original laser combination, up-shifted by twice the Brillouin
frequency and amplified by two cascaded Erbium-doped fiber amplifiers (EDFA). The first one
acts as a pre-amplifier to seed the second high-power EDFA. Between the two EDFAs we apply
a fixed value attenuator to comply with the input power limitations of the high-power EDFA. It
is followed by a 1 nm bandpass filter to reduce the amplified spontaneous noise (ASE) level. A
circulator isolates the EDFA from possible light backreflection and could be replaced with an
optical isolator. The output power of the top branch is controlled with a third VOA for precise
and quick tuning.

The output of the second Brillouin amplifier (2"¢ stage) forms the output of the nonlinear
activation function. It is detected with a WaveAnalyzer (5) that performs a frequency-selective

measurement.

S3 Dual channel input-output reference

Fig. S3 shows linear input-output dynamic for both frequency-multiplexed channels when the
EDFA is turned off. It provides a reference for the Fig. 5 of the manuscript. Power in both

channels is swept.



S4 Numerical study details

In a unidimensional waveguide (optical fibre) the equations governing SBS process can be writ-
ten in terms of pump and probe optical power. Although these equations allow for an analytical
solution (6), we follow the numerical approach discussed in (2). We solve the set of equations

(1) in the conservative limit (no absorption):

% = —gh P 1
v - m
G2 = —gbPP,,

where P, = P;(z) and P, = P,(z) are the pump and the probe power measured along the fiber
length = (Fig. S4), correspondingly, which means that following the conventions introduced in

Section I of the main text,

{Pl(L) = Ppump (2)

P2(0> =P

Fig. 2 C of the main text presents the results of solving (1) with boundary conditions (2).

SS Reducing the required power

In order to reduce the CW power required to pump the first Brillouin amplifier and therefore
enhance the overall energy efficiency of the activation function, one can choose a longer waveg-
uide and/or a waveguide with higher optoacoustic gain g. This will have two effects on the
activation function.

Firstly, this will reduce the minimum pump power required to transition from the sponta-
neous to the stimulated regime. For a conventional Brillouin amplifier (such as the 1°* stage in
our scheme) this value corresponds to the “turn on” of the amplifier. For the 2" stage amplifier
in our scheme this would correspond to the transition point between the linear regime and the
exponential growth (“no SBS” - “SBS”) observed in Fig. 4 of the main text. This power can be

expressed approximately as Equation (3) (4).



: 3)

with the effective interaction length L.g = (1 — exp (—alL)) /«, the optical loss «, the effect
of copolarized light X' = 3/2 (7), and the peak Brillouin gain ¢. In our case, we can assume
oannee = 0.28km™, gunir = 1.25 W 1m~! (8), which yields Py, = 1.26 W and P, =
256 mW for the first and the second Brillouin amplifier, respectively.

Secondly, a higher gain-length product will reduce the amount of pump power required to
achieve gain values similar to those demonstrated. In the simplest case, the gain of a Brillouin

amplifier can be written as in Equation (S.4).

Jamp = eXp(gLeﬂPpump - aL) (4)

with the intrinsic Brillouin gain ¢ and the waveguide length L. Accordingly, the pump power
Pyump can be reduced by increasing the Brillouin gain g and L.g. This can be achieved by using
a chalcogenide fiber or an integrated waveguide, such as a rib chip or, alternatively, a photonic
crystal fiber (9, 10).

The current HNLF-based design with the first Brillouin amplifier length L = 20 m offers
1010810 (Gamp) ~ 54 dB gain when driven with P, = 500 mW.

In a chalcogenide waveguide, given the experimentally demonstrated parameters gass =
500W'm™!, apeg = 1.2km ™! and chip length of Lpss = 0.2m (9, 11), the same gain can be
achieved with 24.5 % less pump power required: Ppymp ass =~ 0.38 W. Note that chip designs
with gass as high as 750 W~ m~! have been shown experimentally, however with a shorter

waveguide length (/2).



S6 Latency of the activation function

The latency of the optoacoustic nonlinear activation function (the minimal delay between two
consecutive pulses) Tnar is defined by the combination of the equilibrium time of the system
Teqi and the time-of-flight 7.

The equilibrium time is required to ensure the perfect overlap between the pump and the
probe (with regard to the 2" stage) pulses, hence Teq; = negr/co - (Lunir, + LENLF, + Ldevices; )s
where ¢, 1s the speed of light, n.s is the effective refractive index of the fiber, Lynrr, and
Lunrr, are the lengths of the 15° and the 2°d stage fibers, Levices; 18 the accumulated length of
the devices (such as the SSBM) and the connecting fibers the pump pulse has to traverse.

The time-of-flight is required by the optical input pulse to reach the end of the activation
function. It can be formally defined as 7rop = nefr/Co - (LunLF, + Ldevicesy )s Where Lieyices, 18
the accumulated length of the connecting fibers in the probe pulse path.

In total, the latency of the activation function with regard to the variation of the input is
TNAF = Teqi+TTor. We estimate the lengths of the connecting fibers and devices to be Lqevices, =
15m and Lgevices, &~ 10m. This gives us total equilibrium time 7.; ~ 648 ns and the time-of-

flight 7,r ~ 528 ns, yielding overall latency Tnap ~ 1.2 ps.

S7 Fit results

In order to proof the similarity of the obtained activation function shapes we fit the measurement
data with a Leaky ReL.U, sigmoid, and quadratic function. Firstly, we fit the function defined
in Equation (5) using the function OPTIMIZE.CURVE_FIT of the PYTHON package SCIPY (/3).
The corresponding fit parameters are shown in Equation (5). The fit errors are extracted by

taking the square root of the diagonal elements of the covariance matrix. Note that we rounded



the error of the parameter F, up to match the significant digits.

my (Pn — Fy) +b, Py < B
mQ(Pin_PO)+b> PinZPO

?

LeakyReLU(P,) = {
&)

Py=-1384+£0.79, b= —-19.65+0.98, m; =1.03£0.02, mg=1.42+£0.02.

The next curve, obtained at an EDFA power of 31.3 dBm, is fitted with SIGMOID o (P,,) (see
Equation (6)). The corresponding fit parameters are shown in Equation (6). Note that we

rounded up the error of the parameter b to match the significant digits.

a
1+ exp(—b(Pn — R))

o(P) +ec,
(6)

Py=-1280+£0.20, a=54.76+1.18, b=0.12+0.01, c¢= —36.92+0.70.
The last curve in Fig. 4 A of the main text, obtained at an EDFA power of 32.4 dBm,
is fitted with a QUADRATIC function, formed by the saturation of the Brillouin process for

increased input powers. Equation (7) shows the fit results. Note that we rounded the error of

the parameter a up to match the significant digits.

f(IDm) - aPli + bRn + ¢,
(7)

a=-—0.02+£0.01, b=0.32£0.01, c=1491+£0.07.

S8 Polynomial Degree Study

In order to quantify the nonlinearty of our activation functions, we fit our data with polynomials

f(z) = apz"+a,_12" ' - - -+ a2+ ag of degree n. The minimal required polynomial degree n



Table S1: Polynomial fit results for the data shown in Figure S5. The units of the fit parameters
are dropped as the fit function does not represent a real physical entity.

Function as x 10° as x 10° as x 102 aq ao
Qudratic —1.66 £ 0.04 0.324 0.01 14.91 £ 0.07
Sigmoid —1.14+ 0.06 —4.40+ 0.22 1.024 0.02 841+ 0.14

LeakyReLU —-3.73+0.22 —-2.014+ 0.11 —-183=£0.13 149+ 0.01 0.64=+ 0.06

required to sufficiently represent our measured data, quantifies the nonlinearity of the activation
function. We analyze the nonlinearty of our Leaky ReLLU, Sigmoid, Quadratic function. There-
fore, we fit the data with polynomials of different degrees and check whether the fit represents
the data well. As long as the chosen degree is not sufficient, we increase it until we find the
minimal degree that achieves a sufficient agreement with our data. The fits are done with the
function NUMPY.POLYFIT.

Figure S5 shows the results for different activation functions. The corresponding fit param-
eters are listed in Table S1. The polynomial fit confirms that our Quadratic function represents
a polynomial of degree 2. The Sigmoid function requires a polynomial of degree 3 to be fitted
well. The highest degree requires our LeakyReLLU function. With a polynomial of degree 4 it is

possible to parameterize the rich nonlinearties of the curve.

S9 Fit Results in Linear Scale

In Figure 5 of the main text, we discuss the dynamics of our activation functions when represent-
ing the data in units of mW instead of dBm. Therefore, we fit the data either with polynomials,
f(z) = apa™ + ap_12™" -+« + a1 + ag, or with a rational function, f(z) = P(z)/Q(x) =
(Pr™ + P12t prr+po) / (@™ + @uo12™ -+ gz + 1). Note that Q(x) # 0 Vr
due to the definition ¢y = 1.

In addition, we perform the fits selectively for a low input power regime (£, < 1 mW) and



Table S2: Polynomial fit results for the data shown in the insets of Figure 5 of the main text
(P < 1mW). The units of the fit parameters are dropped as the fit function does not represent
a real physical entity.

Function asy ai aop

“LeakyReLU” 1.24x10°4+0 229x 1071+ 0 9.65 x 1075+ 2.65 x 107°
”Sigmoid” 207 x10'+0 779x107'+0 —511x107*+ 2.44 x 10~*
”Qudratic” —4.71x102£0 257x102°£0 —544x 10724 1.63 x 1072

Table S3: Polynomial fit results for the data shown in Figure 5 of the main text (P, > 1 mW).
The units of the fit parameters are dropped as the fit function does not represent a real physical
entity.

Function ay x 102 as x 10 s aq a
“LeakyReLU” —0.25 +0.04 0.204+£0.04 1.424 0.08 —0.284+ 0.03
”Sigmoid” —2.02 £0.40 3.80+£0.51 —-270£0.20 10.61+ 0.20 —-1.02=+ 0.05

a high power regime (7, > 1 mW). The reason for this is the rich dynamic of the measurement
data.

Table S2 lists the fit parameters for the low input power regime (P;n < 1 mW). Note that
we set the errors of the parameters in Table S2 to zero if they are significantly lower than the
value of the corresponding parameter itself. Table S3 lists the polynomial fit parameters for
the high power regime (P;n > 1 mW). The parameters of the rational function fit used for the
“Quadratic” curve are shown in Table S4. Note that g, = 1 due to the definition of the rational

function.

Table S4: Rational function fit results for the ”Quadratic” data shown in Figure 5 of the main
text (P, > 1mW). The units of the fit parameters are dropped as the fit function does not
represent a real physical entity.

D2 Or g9 p1Orq; Po Or qo
P(x) 444+ 097 254+ 035 465+ 1.17
Q(a:) 96.3 + 10.8 1




S10 Machine Learning Pipeline

We implement the digital neural network using TENSORFLOW (v.2.16.1) (/4). We train the
three-layer neural network for 2500 epochs for the vowel recognition task and for 5000 epochs
for the spiral task. For both cases, we use an Adam optimizer and a cross-entropy loss. We
employ 70 % of the corresponding dataset for training and 15 % for validation and testing re-
spectively.

We evaluate each network for three different learning rates [ € {0.001, 0.0005, 0.0001}. In
order to ensure reproducibility, we set the random seed of the python packages TENSORFLOW,
NUMPY, and RANDOM at the beginning of each run. In total, we train each network with ten

different seeds: 1, 3, 6, 8, 13, 30, 88, 99, 101, 1996.

S11 Training dynamics for the vowel classification task

Fig. S6 shows the training dynamics of the different models. The error band narrowing for
higher training epochs of our LeakyReLU function indicate that these models seem to converge
faster. For example, the error band of the networks with the digital sigmoid function also

narrows, however has not yet reached a steady state regime as the study of our LeakyReLLU.

S12 Training dynamics for the spiral classification task

The training dynamics for all sweeps are shown in Fig. S7. Compared to the training dynamics
of the vowel classification task shown in Fig. S6, we can observe that the error band is larger
and does not decrease for higher training epochs. This shows the sensitivity of the task to the
chosen hyperparameter. In particular, the network trained with our quadratic function shows
two validation accuracy levels. As a consequence, an extended hyperparameter optimization

could improve the performance of the networks equipped with our activation functions.

10



S13 Frequency batching for wavelength division multiplex-
ing operation

As indicated in Fig. S8 an optical pump can in principle interact with two frequency channels.
However, this fact leads to competing Brillouin interaction which prevents a channel indepen-
dent operation of the optoacoustic activation function. Fig. S9 shows a configuration with such
a competing Brillouin interaction for a wavelength division multiplexing operation with a chan-
nel seperation w,,. Here, the optical input at wy would amplify and attenuate the target and
it’s twin channel, respectively, since both channels are separated to the pump by the Brillouin
frequency (2.

The introduction of frequency batches suppresses those unwanted twin interactions and en-
sures a frequency selective operation of the optoacoustic activation function (see Fig. S10).
Each frequency batch is separated by a batching frequency wpaien # ! - wen, [ € N. The minimal
value for wpyien 18 determined by the intrinsic Brillouin linewidth I'g: wpaten, > I'g. Due to
the missing twin channel (see Fig. S10), the optical weight can only interact with the target
channel. Moreover, no frequency batching is required if one choses the channel seperation to

be wa & [2Q/k — Tp, 2Q/k + Ty, Vk € N.
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Fig. S1: Illustrated of the SBS feedback mechanism Initially, light waves wprobe and apumyp, Scat-
ter off acoustic phonons b, experiencing a frequency shift known as Brillouin frequency (). The
interplay between the incident and backscattered light fields generates a dynamic interference
pattern in motion. Electrosriction then translates this pattern into a mobile density wave, chang-
ing the refractive index n of the medium due to the photoelastic effect. This resulting density
wave augments scattering efficiency, enabling a stimulated process.
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Fig. S3: Dual-frequency operation with the EDFA turned off.
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Fig. S4: Brillouin process in an optical fiber. P is the probe wave, P; is the pump wave.
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Fig. S5: Polynomial fit of the measured activation functions. The corresponding fit parameters
are shown in Table S1.
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Fig. S6: Training dynamics of the vowel task. The dashed line shows the mean behavior. The
corresponding standard deviation is illustrated as an error band.
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Fig. S7: Training dynamics of the spiral task. The dashed line shows the mean behavior. The
corresponding standard deviation is illustrated as error band.
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Fig. S8: Dispersion diagram with two optical pump-probe pairs, which a separated by twice the
Brillouin frequency 2. As a result, two Brillouin process are induced. Firstly, the pump with
frequency wy interacts with its corresponding probe field at frequency wy — 2. Secondly, the
pump field also interacts with the probe field at wy + €2.
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Fig. S9: Wavelength division multiplexed operation of the nonlinear activation function with-
out frequency batching. The different frequency channels are separated by w.,. For the shown
configuration, a pump wave would interact with two input probe channels because each is sepa-

rated by the Brillouin frequency (2 to the pump. The Brillouin process would amplify the target
channels whereas the twin channel would be attenuated.
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Fig. S10: Wavelength division multiplexed operation of the nonlinear activation function with
frequency batching. The different frequency channels are separated by wg,. As the batches are
separated by a batching frequency wpaten 7# [ - wen, [ € N, an optical pump interacts only with

the target probe channel.
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