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Abstract—Neuromorphic photonics is a promising research
field due to its potential to tackle the limitations arising from the
bottleneck of the von-Neumann computation architecture.
Inspired by the characteristics and behavior of the biological
brain, photonic neural networks are touted as a solution for
solving complex problems that require GHz operation at low
latency and low power consumption. An essential building block
of such a neural network is a low-complexity multiply-
accumulate operation, for which efficient functional
implementations in the optical domain are sought for. Towards
this direction, we present a synaptic receptor that functionally
integrates weighting and signal detection. This optical multiply-
accumulate operation is accomplished through a monolithic
integrated semiconductor optical amplifier and reflective electro-
absorption modulator, which together serve as a colorless
frequency demodulator and detector of frequency-coded signals.
Moreover, we show that two spike trains can be simultaneously
processed with alternating signs and detected as a weighted sum.
The performance of the proposed synaptic receptors is further
validated through a low bit error ratio for signal rates of up to 10
Gb/s.

Index Terms—Optical signal detection, Neural network
hardware, Neuromorphic photonics, Synaptic receptor

I. INTRODUCTION

Since the birth of the Information Age about half a century
ago, the growth of data processing and generation is
accelerating exponentially while current digital electronic
computing architectures are hitting the brick-wall for further
hardware scaling [1-3]. The longing for a new evolutionary
step in the computing ecosystem has triggered scientists to
learn and adopt how the human brain processes information.
The human brain is considered as a natural biological
computer that is able to learn, analyze and decide. It does so
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with short time delay and high energy efficiency, when
compared to a digital computer [4]. Over the past few decades,
the artificial neural network (ANN) has emerged as a powerful
model to simulate the functional brain network [5]. With the
demonstration of a successful coding algorithm for solving
complex problems, tremendous efforts have focused on the
development of intelligent machines based on ANNs [6-9].

Underpinned by currently available and rapidly maturing
circuit integration technologies, photonics can bridge the gap
between the human neuronal system and the conventional
computer architecture. Marrying a bio-inspired ANN and
photonic broadband technology gives birth to an emerging
field so-called neuromorphic photonics. By utilizing the high
speed, large bandwidth and massive parallelism of photonic
devices, an optical neural network offers the possibility to
break the limitation of conventional microelectronics, thus
enabling low-latency multiply-accumulate (MAC) operations
in a complex system that is destined for fast signal processing
at GHz information rates [10].

Accomplishing efficient processing by optical means
requires a set of operations equivalent to those of a neural
network. This includes an architecture with a synaptic
interconnect between neurons, which performs weighted
summation and non-linear thresholding [11]. Earlier
demonstrations in the field of neuromorphic photonics have
focused on the linear MAC operation in a neural network,
such as shown for a reconfigurable circuit based on a Mach-
Zehnder interferometer (MZI) mesh [12, 13]. Although such a
circuit is considered to be flexible when it comes to an
expansion of its size, it is conceived for operation at a single
wavelength, for which the phase control is limited to rather
small kHz to MHz rates. Another approach is a fast coherent
detection employing free-space optics that permit the scaling
to a large number of neurons [14]. However, such an ANN
implementation experiences scaling problems arising from
phase instability and aberration, which motivate subsequent
works to focus on integrated systems. One of such photonic
integrated networks has been realized by dedicating different
wavelengths to different input signals while using the
wavelength-specific transfer function of micro-ring resonators
to yield a compact weight bank [15]. Apart from its
compatibility with wavelength division multiplexing (WDM),
the summation of positive and negative weights necessitates
the use of both, drop and pass-through ports of the resonator,
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Fig. 1. (a) Architectural overview of the synaptic interconnect and principal operation of weight tuning with (b) positive and (c) negative sign, including also the
possibility to set the magnitude of the weight, as sketched for the extreme case (d) of having zero magnitude. (e) Proposed synaptic receptor based on SOA-

REAM and (f) device employed in the experiment.
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Fig. 2. Comb-like SOA-REAM emission spectrum indicating a periodic FM-
to-IM conversion function and corresponding extinction characteristics.

in combination with a balanced photodetector. Alternative
methods have been proposed on more specific integration
platforms, such as shown for phase-change materials on
optical waveguides. In this scheme the synaptic weight can be
controlled by changing the number of optical pulses sent
through the waveguide [16, 17]. However, the use of an
auxiliary external probe laser is not desired for a highly
integrated ANN application.

In this work, we demonstrate an integrated synaptic receptor
for the weighting of frequency-coded signals with information
rates up to 10 Gb/s. A semiconductor optical amplifier (SOA)
is used to form an active detector cavity that performs a sign-
and magnitude-tunable frequency-to-intensity conversion for
the received signals, which are then detected by a reflective
electro-absorption modulator (REAM). We further show that
the spectrally periodic and comb-like demodulation function
of the cavity is compatible with the simultaneous processing
of multiple synapses at different wavelengths. Therefore, the
monolithically integrated SOA-REAM receptor is able to
perform wideband demodulation and detection, as
experimentally demonstrated for a linear MAC operation
performing weighing and summation of two spike trains with
a spectral detuning of 23 nm. We extend our initial study [18]
by further proving the successful integration of detection
functionality within the synaptic receptor cavity.

The paper is organized as follows. Section II covers the
fundamental idea of frequency-coded synapses in view of
integrating weighting functionality with a SOA-REAM as a
synaptic receptor. Section III discusses the experimental setup,
while Section IV presents a characterization of the synaptic
receptor and elaborates on its reception performance. Section
V reports on the integration of photodetection functionality

with the synaptic receptor. Finally, Section VI summarizes the
work and concludes with an outlook for further improvement.

II. SYNAPTIC RECEPTOR FOR FREQUENCY CODED SIGNALS

A. Setting Sign and Magnitude for Weighted Detection

The linear operation of MAC is basically at the heart of
optical neurons, where signals traversing a synaptic
interconnect are weighted and linearly summed. In this work
we propose a frequency-coded signal representation in this
interconnect, which is introduced in Fig. 1(a). We accomplish
weight assignment during the frequency-to-intensity
demodulation process, as exemplarily highlighted in Fig. 1(b-
d). This translation of a frequency modulated (FM) signal to
an intensity modulated (IM) signal before frequency-agnostic
photodetection requires a comb-like transfer function Tem.mv,
whose periodicity can be exploited for a simultaneous
weighting of multiple input signals. In this regard, we use an
amplified cavity comprising of a SOA with pronounced gain
ripple, further comprising of a REAM for integrated weighted
photodetection (Fig. 1(e)). The wavelength-selective gain
spectrum can be expressed through the transfer function 71« for
signal detection according to [19]
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where R is the residual front facet reflectivity, Gsa and deam
are the SOA gain and the EAM loss, vin is the optical
frequency of the input signal and FSR is the free spectral range
of the SOA-REAM cavity.

The artificial ripple in the spectral response will serve the
demodulation of the frequency-coded synapses. In Fig. 1(a),
the FM demodulator as part of the synaptic receptor leads to a
weight setting w; for a given wavelength channel A;. This
setting depends on the spectral alignment of 4; relative to the
comb-like transfer function Temam = T The alignment is
governed by tuning either the comb or the wavelength of the
input signal s;. Since the SOA gain ripple supports operation
over a wide optical bandwidth, allowing us to facilitate
multiple wavelength channels, the weighted addition of all
present emitters will be received by the photodetector, by
virtue of the wide optical bandwidth of the photodiode.
Therefore, the SOA-REAM cavity can be used as a colorless
demodulator, whereas the term “colorless” does not refer to a
wavelength-agnostic behavior but instead relates to the fact
that multiple channels can be spectrally processed with the
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Spike Emitter

Fig. 3. Experimental setup to evaluate the reception performance of the
synaptic receptor and to perform simultaneous weighing and summation of the
signals from two different spike emitters.

same transfer function 7., owing to its periodic transmission
property.

The spectral alignment of the FM signal to the comb
transfer function is illustrated in Fig. 1(b-d) for various weight
settings. Depending on the spectral allocation of the mark (v,
vs, v6) and space (vi, v3, vs) bit of the FM signal, the resulting
IM signal can be assigned to a positive (+) or negative (—)
weight. This is accomplished through selecting the
corresponding FM tributary, such as v, in case of a positive
weight. The magnitude of the weight is tuned through the
relative alignment of the FM tributaries with respect to the
comb function Trmm. A high extinction and thus the largest
magnitude is obtained by maximally suppressing one of the
tributaries while passing the other, as sketched in Fig. 1(b) for
the positive (v2 passes, v; suppressed) and in Fig. 1(c) negative
(v3 passes, v4 suppressed) cases. For the sake of completeness,
it shall be stressed that a zero magnitude for the weight occurs
when both tributaries experience the same transmission during
FM-to-IM conversion, as shown for vs and v in the setting
denoted as N in Fig. 1(d).

Practically, the sign and magnitude of the weight can be set
through detuning the comb function via several parameters
that cause a change of the optical density within the SOA-
REAM cavity, as will be characterized shortly. The extreme
case of inverting the sign while retaining maximal magnitude
can be accomplished straightforwardly by shifting the transfer
function by half of its FSR.

In a synaptic interconnect with many emitters and a single
synaptic receptor, a spectral alignment at the emitter side
might be more convenient. This alternative approach is backed
by the availability of low-complexity tunable lasers [20-22].

B. Synaptic Emitter and Receptor

The synaptic emitter is required to encode its signals in
optical frequency. Since a modulation of laser current
generally leads to a variation in optical frequency [23], the
adiabatic chirp property of a directly modulated laser (DML),
which describes a linear optical power dependence of the
refractive index, can be exploited to generate the FM signals
traversing the synaptic interconnect. These FM signals have
their mark bits blue-shifted relative to their space bits, yielding
the FM-specific signal spectrum with the two aforementioned
tributaries (v, and v;). For the specific application in an ANN,
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Fig. 4. Spectral detuning of the SOA-REAM transfer function related to (a)
SOA and EAM biases, and (b) temperature and optical input power.

this frequency coding can be translated as a signal
representation where the mark bit represents an active synapse
(i.e., a spike is emitted) at frequency v», while the space bit
corresponds to an inactive synapse at v; (i.e., emitter at rest
with no spike being emitted). These two spectral components
of the FM signal play an important role in setting the sign of
the detected signal, which is done by suppressing the
tributaries through the periodic transfer function of the
detector, as shown in Fig. 1(b-d).

The synaptic receptor, which is the main scope of this work,
is shown in Fig. 1(f). The front facet of SOA is partially
reflective, while the end facet of REAM is highly reflective.
Consequently, the feedback at both facets of the SOA-REAM
cavity part leads to the formation of a gain ripple with Fabry-
Perot characteristics as intended for the purpose of FM-to-IM
conversion. The SOA-REAM had a length of ~470 um, which
results in a FSR of 0.55 nm. The corresponding transfer
function for the used L-band SOA-REAM is reported in Fig.
2. It shows a moderate contrast between maximum and
minimum transmission points, leading to a peak extinction of
4.73 dB (Fig. 2; ®). The gain spectrum of the SOA has a 3-dB
optical bandwidth of 23.75 nm. Therefore, the optical comb
function of the SOA-REAM can support 43 synapses,
considering that the spacing is determined by the FSR of 0.55
nm. The EAM itself plays an important role in optical
communications not only for transmitting, but also for
receiving optical signals [24]. Its operation is based on the
Franz-Keldysh effect, yielding an absorption spectrum that
can be efficiently shifted by applying an electric field. A rather
low driving voltage can induce a high intensity extinction ratio
for optical modulation or support broadband photodetection.
Towards the latter, the co-integrated SOA serves as an optical
pre-amplifier for the EAM photodiode. Thus, the monolithic
integration of SOA and REAM can serve as a colorless
demodulator and detector.

III. EXPERIMENTAL SETUP

Figure 3 shows the experimental setup to evaluate the
reception of frequency-coded synapses with the proposed FM-
to-IM converter. Two upstream spike emitters at 1576 and
1599 nm are connected to the downstream synaptic receptor.
Since no L-band DML was available, each emitter consisted
of a pair of Mach-Zehnder modulators (MZM) to generate an
FM signal through complementary intensity modulation of the
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Fig. 5. Spectra of signal and spike train reception of SOA-REAM with different weighing processes (a) positive sign, (b) zero magnitude, and (c) negative sign.

1599

Fig. 6. Simultaneous reception of weighted spike trains summed by the
synaptic receptor (B) where the constituent wavelength channels at 1576 and
1599 nm are weighted negatively (N) and positively (P), respectively.

FM tributaries at A and A+AL, respectively — corresponding to
v, and v; in Fig. 1(b-d). The complementary outputs are
combined with a 50/50 splitter and the difference AA between
the two optical sources for the same wavelength channel is
fine-tuned to the comb function so that AL = FSR/2. An
arbitrary waveform generator (AWGQG) is used to drive the
modulators with two sets of waveforms. The first is a spike
train with 100-ps spike width and a duty cycle of 1/16. The
timing parameters of this spike train is conceived to leave
enough room for time-interleaving of a second spike train that
is spectrally allocated along the comb function. The second
waveform is a 10 Gb/s pseudo-random bit sequence for bit
error ratio (BER) measurements. The resulting intensity
extinction ratio for the generated FM signals is 0.72 dB and
their constant-power output is -1 dBm (U and L in Fig. 3).

The synaptic receptor includes the SOA-REAM and a
polarisation controller (PC) to compensate for the polarisation-
dependent response of the EAM. In this first experiment, a
PIN receiver is added as an external photodetector. Finally, the
demodulated synapses are digitized through a real-time scope.
For the purpose of BER measurements, we included a variable
optical attenuator (Ay) to change the received optical power
(ROP) at the downstream receptor.

IV. RESULTS AND DISCUSSION

A. Weight tuning and simultaneous summation of signals

The weight of the proposed receptor is determined in both,
sign and magnitude, by the relative spectral alignment of the
input signal to the comb transfer function of the SOA-REAM.
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Fig. 7. BER performance of the SOA-REAM serving as a colorless
demodulator for frequency-coded synapses.

The characterization of the spectral tuning of the comb
function is reported in Fig. 4 for several parameters that
induce a variation in the optical density of the SOA-REAM
cavity. This includes SOA and EAM biases (Fig. 4(a)),
temperature and input signal power (Fig. 4(b)). The
characterization results are shown as the spectral detuning of a
local comb resonance around 1585 nm, which is in the middle
of the gain spectrum. In the case of varying SOA bias current,
the local resonance is blue-shifted until the threshold of ~95
mA is reached. To accomplish a sufficiently high cavity gain
is then linearly red-shifted at a response of 1.34 GHz/mA (e in
Fig. 4(a)). For the EAM bias we see a linear dependence on
the bias voltage at a detuning of 9.94 GHz/V (e in Fig. 4(a)).
The detuning further shows a rather large temperature
sensitivity with a response of 22.5 GHz/°C (m in Fig. 4(b)).
We found the optical input power affecting the resonance by a
spectral shift of -155.6 GHz/mW (A in Fig. 4(b)) in the range
between -13.6 dBm (~0 mW) and -3.7 dBm (~0.4 mW). Given
the small variation in delivered optical power for synaptic
interconnects with defined optical budget, this detuning could
be compensated through initial receptor calibration.

Figure 5 shows the optical signal spectra for the
demodulated FM signal at 1599 nm at the output of the SOA-
REAM after FM-to-IM conversion. The spectra are presented
for various weight settings and their corresponding detuning
of the comb function. Since there are two emitters and one
synaptic receptor, it was required to perform an independent
spectral alignment for at least one of the two spike emitters by
tuning the temperature or current of its distributed feedback
(DFB) laser source. In addition, the insets in Fig. 5 show the
received spike trains for each weight setting. By suppressing
the optical FM tributary at A+AX or at A, a positive (®) or a
negative () sign can be accomplished for the detected spike
train, respectively. When there is no FM demodulation
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imposed, the received signal has a constant amplitude (=),
equivalent to a zero magnitude of the weight. By detuning the
comb, the magnitude of the weight can be varied, which is
shown for the detected spike trains with reduced amplitude for
a positive ({) and a negative sign (¢).

In addition, two synaptic emitters have been jointly
delivered to the SOA-REAM (Fig. 6). In this scenario, the
1599-nm signal has been chosen to be weighted positively (P),
while the signal at 1576 nm is chosen with a negative sign (N).
When applying both constituent signals at the input of the
SOA-REAM at the same time, the received spike train yields a
correctly summed output (B), as evidenced in Fig. 6. This
result emphasizes the potential of the proposed synaptic
receptor to perform larger MAC operations involving multiple
synapses through exploiting the WDM dimension and the
colorless behavior of the SOA-REAM.

B. Reception performance

The reception performance of the demodulated FM signals
was evaluated in terms of BER measurements. Figure 7 shows
the BER for the two wavelength channels as a function of the
ROP at SOA-REAM. For each of the two channels, results are
presented for a positive (suppressed A+AA) and a negative
(suppressed 1) weight. Comparison is further made with the
reception of an IM signal, meaning that only the FM tributary
at A is modulated at the spike emitter. This case of receiving
an IM signal is equivalent to the ideal case of an infinite
extinction ratio for FM-to-IM conversion.

In general, a low BER can be obtained, despite the finite
contrast in the SOA-REAM comb function and the moderate
extinction for FM demodulation, as mentioned in Section III.
For the first channel at 1576 nm (Fig. 7) we obtained a
reception sensitivity of -10.4 dBm at a BER of 10 after FM
demodulation (m, A), with a negligible difference of 0.1 dB
between the positive and negative weight settings (m, A).
There is a penalty of 3.2 dB with respect to the IM signal (e),
which benefits from the high intensity extinction ratio of the
MZM transmitter as it does not require FM demodulation. For
the second channel at 1599 nm (Fig. 7) the sensitivities are
-14.1 and -9.6 dBm for the positive (0) and the negative ()
weight, respectively, whereas the IM input features a reception

4311 -9 7 5 -3 -1
ROP [dBm]

Fig. 9. BER performance of the SOA-REAM serving as colorless
demodulator and detector of frequency-coded synapses.

sensitivity of -15.3 dBm (o). The improved sensitivity for the
IM signals with respect to the reception of the FM signals is
attributed to the reduced intensity extinction ratio after FM-to-
IM conversion, as it results from the moderate contrast in the
SOA-REAM comb function.

V. SYNAPTIC RECEPTOR WITH INTEGRATED DETECTOR

The capability of the SOA-REAM to integrate
photodetection functionality was evaluated in a second
experimental study, for which the setup is presented in Fig. 8.
The generation of the FM signal at A = 1585.57 nm is
conducted through the generation of two optical carriers with
the first MZM biased for carrier-suppressed double-sideband
(CS-DSB) modulation. The two resulting spectral lines at vo
and v; are then spaced by 2fA = 30 GHz (a). A second 1x2
MZM with complementary output ports modulates both lines
with the same pseudo-random bit sequence at a data rate of 2.5
Gb/s. We connected both outputs to an optical 25/50 GHz
interleaver (IL), which passed only one of the IM lines from
each MZM output branch. This line selection is accomplished
through the good suppression of 20.4 and 19.6 dB between
neighbouring odd and even channels (), which ensures a low
crosstalk between the FM tributaries at vy and v;. Therefore,
we obtain a constant-power FM signal with only the tributary
at vi (o) and vy (e) being found in the lower and upper
sideband of the suppressed optical carrier A, respectively ().
The spectrum of the FM signal further indicates a good optical
carrier suppression of 16.8 dB after CS-DSB modulation. It is
important to note that the spectral configuration of the FM
signal, in particular |[v; — vo|, is not only adjusted in view of the
FSR/2 parameter of the demodulating comb function, but also
in trade-off with a good suppression through the even / odd
transmission windows of the IL. Due to this, the spacing
[vi — vo| = 2fa is slightly less than FSR/2. It is worth to note
that the specific FM emitter implementation of this second
experimental study was primarily chosen for a more simplified
handling of the FM configuration and is not a prerequisite for
the proposed synaptic receptor.

The residual IM patterning of the transmitted FM signal had
an extinction ratio of 0.26 dB (J) and the state-of-polarisation
at each of the single-mode fiber ports of the IL was aligned
with a PC to ensure co-polarized FM tributaries at its output.
The signal is boosted with an L-band Erbium-doped fiber
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amplifier (EDFA) and the amplified spontaneous emission
(ASE) peak is filtered with a 1591-nm coarse-WDM (CWDM)
filter.

In this second synaptic receptor configuration, the EAM
now serves as a photodiode. The detected photocurrent of the
EAM is post-amplified with a 50Q low-noise amplifier (LNA)
due to the incompatible EAM interface for co-integration with
a transimpedance amplifier (TIA). The reception performance
has been evaluated through real-time BER measurements as a
function of the ROP.

The FM demodulation of this second synaptic receptor
featured a slightly higher extinction of 4.9 dB, compared to
the synaptic receptor in the first experiment (Section II). The
BER performance, shown in Fig. 9, proves that a low BER of
10 can be achieved. The corresponding reception
sensitivities are -8 and -0.9 dBm for an IM input (®) and the
FM demodulated signals, respectively. The rather high ROP is
explained by the sub-optimal EAM-LNA receiver
configuration, followed by the mode mismatch between the
tapered single-mode fiber and the asymmetric cross-section of
the InP waveguide of the SOA-REAM. The penalties inherent
to the reception of the demodulated FM signals are 7 and 7.2
dB for a positive (m) and a negative (A) weight, respectively.
They are attributed as follows: 3 dB are dedicated to the
suppression of optical power residing in one of the tributaries
(either vo or v;) in case of FM-to-IM conversion, which do not
apply for the IM signal. In addition, a penalty in sensitivity of
2.9 dB applies due to a reduced extinction ratio of the
demodulated IM signal [25]. However, Fig. 9 evidences that
there is no BER floor and the eye diagrams are clearly open
for both, the positively and the negatively weighted input
signal.

VI. CONCLUSION

Neuromorphic photonics is a compelling field, able to
untangle the limitations of current electronic computing
architectures — provided that low-complexity solutions can be
found. Towards this direction, we have experimentally
demonstrated the flexibility that resides in frequency coding at
the synaptic interconnect. We have shown that the monolithic
integration of SOA and REAM can be used as a colorless
synaptic receptor that permits the adjustment of sign and
magnitude to perform linear MAC operations with a
simplified receiver. WDM operation has been proven through
the joint demodulation and detection of two spike trains with a
spectral detuning of 23 nm, thus enabling a highly parallel
synaptic interconnect. Moreover, the integration of detection
functionality with the weight-tunable FM demodulator has
been experimentally demonstrated and confirmed through a
low BER. Our work leaves room for further improvement: A
co-integration of an EAM photodiode and a noise-optimized
TIA can boost the sensitivity of the receptor, while the
seamless co-integration with a non-linear activation function
for a functionally complete optical neuron is left for future
work.
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