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Abstract We find that a commonly-used distributed feedback laser diode (DFB-LD) can work as a graded-
potential-signaling photonic neuron. Through theoretical and experimental demonstration, DFB-LDs are
proved useful for three graded-potential-signaling-based neuromorphic processing applications of the pattern
recognition, the single-wavelength implementation of spike timing dependent plasticity (STDP), and the
sound azimuth measurement. The pattern recognition with a full-width-at-half-maximum (FWHM) of 1 ps

is realized in the experiment.
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1 Introduction

Neuromorphic photonics, as a competitive candidate for the next-generation information processing sys-
tem, is expected to achieve a brand-new framework by endowing the photonic platform with biological
plausibility [1]. Neuromorphic photonics is hopeful owing to the pipelining nature of photonics with
high speed, wide bandwidth, and low energy dissipation, while the electronic counterpart is bandwidth-
limited and sensitive to the crosstalk [2-5]. Towards a neuromorphic photonic network and/or processor,
a photonic neuron serves as a fundamental element to extract information from the high-density synap-
tic inputs. Numerous studies focus on the photonic implementations on the neural excitability of the
action-potential-signaling mechanism, such as by lasers with saturable absorber or optical injection [6,7].
Evidenced by biological neural networks, there are mainly two mechanisms for neurons to contact with
others, the graded potential and the action potential [8]. The action potential of a spiking neuron is con-
stant in amplitude as an all-or-none response, while the amplitude of the graded potential depends on the
input intensity exemplified by the excitatory postsynaptic potential (EPSP) [9]. As a result, it is compre-
hensible that the graded potential can convey more information in a given period than the action potential
owing to its continuously varying nature [10]. However, it is not suitable for long-distance transmission
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for the sensitivity to noise. As the features of the graded-potential-signaling neurons, the responsivity
and exponentially-decaying rate dominate the communication with neighbor neurons [11]. Currently, few
studies focus on the photonic neuron employing graded potential and its processing functions.

In this paper, we study the properties of temporal integration and pulse facilitation in a distributed
feedback laser diode (DFB-LD). Its dynamics in response to different input conditions is investigated
by rate equations. We theoretically and experimentally demonstrate the applications to neuromorphic
information processing with DFB-LDs, including the pattern recognition, the spike timing dependent
plasticity (STDP) implementation, and the sound azimuth measurement. It is noted that the STDP
implementation with a DFB-LD is based on one wavelength, needless of wavelength conversion or optical
filters compared with other methods [12-15].

2 Principle and simulation

The dynamics of a DFB-LD is governed by rate equations, revealing the interaction between the carrier
density and the photon density. The parameter values used in the simulation are comparable to those
in [16]. We apply different input conditions for studies of the graded-potential-signaling-based properties
and neuromorphic processing applications with DFB-LDs. The input can be expressed as

It)y=a1-g(t—71)+az-g(t — 1) +as-g(t—T13), (1)

where g(t) is the Gaussian-like pulse function. a and 7 represent the amplitude and the center moment,
respectively. The DFB-LD features graded output when a and 7 vary.

As demonstrated in [17], the graded-potential-signaling property is basically observed by a single
input pulse with varying amplitudes. For the temporal integration and pulse facilitation properties,
they can be explored via multiple input pulses with the same amplitude. The time interval is shorter
than the relaxation time of the DFB-LD for the accumulation behavior of the excited carrier. The
temporal integration property enables a neuron to accumulate the input pulses that are temporally close
enough [18]. The pulse facilitation is a property that enhances the response to the input pulse when it
closely follows a previous one [19]. Note that the time interval for observing the temporal integration
property is shorter than that for the pulse facilitation property. Besides, the spatiotemporal pattern
carries both the spatial information by the amplitudes of pulses and the temporal information by the
order of pulses [20]. Pattern recognition is a basic ability for a neuromorphic photonic network [21].

STDP is a form of synaptic plasticity in biology, which models the potentiation or depression of the
synaptic weight (denoted as Aw) by the time interval between the presynaptic pulse and postsynaptic
pulse (denoted as At = tpost — tpre) [22]. The Aw can be expressed as [22]

—At/rT
A — { Atel=a¢/ 7>, At >0, @
— Aot/ At <0,

where AT (A7) and 7 (77) are the amplitude and time constant of the potentiation (depression) process,
respectively. Here we propose a single-wavelength implementation of STDP by a DFB-LD, needless of
extra wavelength conversion or optical filters compared with other methods [12-15]. The presynaptic pulse
and postsynaptic pulse are received by a DFB-LD with a weight denoted as wpre and wpest, respectively.
Note that wpye is set to be smaller than wpest. In the case of At > 0 (At < 0), the largest peak (peak
difference) of the output is used for deriving the positive (negative) Aw. In response to random input
cases (i.e., At > 0 or At < 0), the STDP implementation by a DFB-LD is capable of determining the
correct Aw.

Two DFB-LDs are employed in an ear-mimicking scheme for the sound azimuth measurement. While
the architecture of the sound azimuth measurement scheme is inspired by [21, 23], we employ DFB-LD
for faster operation time scale from millisecond to microsecond. Two DFB-LDs receive the pulses from
the left ear and the right ear with a complementary weight distribution (i.e., w;/we for left-ear pulse
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Figure 1 (Color online) (a) The analytical model for the sound azimuth measurement. S and O are the sound source
and the center point, respectively. 0 is the sound azimuth. L represents the distance between ears and center point. R is
the distance from S to O. ¢ and D are intermediate variables. (b) Experimental setup for the graded-potential-signaling-
based properties and neuromorphic processing applications with DFB-LDs. AWG: arbitrary waveform generator; DFB-LD:
distributed feedback laser diode; VOA: variable optical attenuator; B-PD: balanced photodetector; OSC: oscilloscope.

and wy/w; for right-ear pulse). The time interval between the pulses implies the clue for sound azimuth,
which is the receiving delay between the left and right ears (denoted as Rd) (see Figure 1(a) for the
analytical model). We make use of exponentially-decaying function to model the output of a DFB-LD
to g(t). The output difference between two DFB-LDs at the time when the second pulse arrives can be
described as

AS =wq - Sy - (eia'Rd — 1) + wsy - Sy - (1 — eia'Rd), (3)

where Sy and «a are the amplitude and decaying rate, respectively. In a consequence, we can obtain
the sound azimuth information by the measurement of AS. Recently, a scheme of the sound azimuth
measurement is demonstrated by the VCSEL-SA-based photonic spiking neuron [24]. In addition to
this similar architecture adopted, the distinct encoding and decoding schemes result in a spike-timing-
difference indication of the sound azimuth, different from the AS we use. As the foregoing discussion, the
graded-potential-based scheme is more susceptible to the amplitude noise with decreased measurement
accuracy. However, in an acceptable range of noise and accuracy, the DFB-LD-based scheme may provide
an easily-accessible and low-cost solution.

The experimental setup for the graded-potential-signaling-based properties and neuromorphic pro-
cessing applications with DFB-LDs is shown in Figure 1(b). Note that the setup for sound azimuth
measurement is to double the original one. The input is provided by an arbitrary waveform generator
(AWG, Keysight M8195A). A DFB-LD (Emcore-Ortel, 1751A-35-BB-FC-10) is driven by a laser diode
controller (Thorlabs, 1TC4001) with an external modulation bandwidth of 150 kHz. Subsequently, a
variable optical attenuator (VOA) is adopted to adjust the input optical power of a pair of balanced pho-
todetectors (B-PD, fsphotonics, FS-PD-B-2030). At the end, an oscilloscope (Keysight, DSO-S 804A)
monitors the output in the electrical domain.

By rate equations, we simulate the graded-potential-signaling-based properties and neuromorphic pro-
cessing applications with DFB-LDs at a bias current of 15 mA. It is mentioned that the full-width-at-
half-maximum (FWHM) of g(¢) is 1 ps. The results are presented in Figure 2. In Figure 2(a), a is set
to be 0.1, 0.5, and 1, respectively. The carrier density and photon density both rise in a graded manner.
Besides, the slope of the rising front of the photon density also increases with a;. The temporal integra-
tion property is given in Figure 2(b). The three input pulses are temporally integrated by a DFB-LD in
the conditions of 79 — 71 =73 — 7 =7 =1 us and a1 = a2 = ag = 0.1. It leads to a stronger response
of the photon density. As shown in Figure 2(c), 7 increases to 1.5 us. The pulse facilitation property is
observed that the responses to latter input pulses are strengthened owing to the previous input pulse. It
supports the pattern recognition ability presented in Figure 2(d), where aj:as:a3 is 5:2:1 or 1:2:5 as two
spatiotemporal patterns with 7 of 1 ps. One pattern (lower panel) leads to a response of the DFB-LD
while the other (upper panel) cannot. Owing to the facilitation provided by previous pulses, the third
pulse causes a greater response of photon density than that in the other case. As a conclusion, the
DFB-LD is sensitive to the order of the input pulses.

The simulation result of the STDP implementation is indicated in Figure 2(e). The presynaptic pulse
and the postsynaptic pulse are generated with varying At and a wpre:wpost of 1:5. We measure the largest
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Figure 2 (Color online) Simulation results of the graded-potential-signaling-based properties and neuromorphic processing
applications with DFB-LDs. The properties of the graded-potential-signaling (a), the temporal integration (b), and the
pulse facilitation (c). The neuromorphic processing applications of the pattern recognition (d), the STDP implementation
(e), and the sound azimuth measurement (f).

peak (peak difference) of the output for potentiation (depression) process. The fitted curve is plotted
for theoretical reference as given in (2), which is matched well by the result of STDP implementation.
The sound azimuth measurement is simulated and presented in Figure 2(f). We test the responses of two
DFB-LDs to the left-ear pulse and right-ear pulse with different Rd and a wq:ws of 1:5. AS of the photon
density and the carrier density are both recorded. Besides, the theoretical curve is given by (3). It is
worth noting that the results by rate equations agree with the theoretical curve in a good consistency.
Consequently, the sound azimuth can be measured by AS.

3 Experimental results
3.1 Properties of graded-potential-signaling, pulse facilitation, and temporal integration

For the observation of the graded-potential-signaling property, we adjust a; for g(¢) with 1 us FWHM
as shown in Figure 3(a). Apparently, the DFB-LD features the graded output pulse. It is found that the
peak-to-peak delay between the input pulse and output pulse decreases with a;. Figure 3(b) presents the
output pulse to an 80-mV input pulse with 15 mA bias current. The consistency between the experimental
result and the exponentially-decaying fitted result verifies (3). Subsequently, we generate three 210-mV
input pulses with 1 us FWHM and varying 7 of 6 ps, 2.5 ps, and 1.5 ps as indicated by Figures 3(c)—-
(e), respectively. In Figure 3(c), each of the input pulses independently induces an identical output
pulse. When 7 is reduced to 2.5 ps in Figure 3(d), the output pulses merge. Note that the peak of the
first output pulse is lower than that of the latter two output pulses. It reflects that the latter output
pulses are facilitated because of the pervious input pulse, demonstrating the pulse facilitation property.
As illustrated by Figure 3(e), when the input pulses become closer, the peaks of the output pulses get
indistinguishable. The input pulses accumulate to cause a larger output pulse. Accordingly, the temporal
integration property is observed. It is noteworthy that the pump trace in Figure 3(c)—(e) is monitored
by the R6 port on the rear panel of the laser diode controller.
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Figure 3 (Color online) Experimental results of the graded-potential-signaling-based properties with DFB-LDs. (a) The
graded-potential-signaling property. (b) An output pulse compared with the exponentially-decaying fitted curve. (c)—(e)
Responses of a DFB-LD to three input pulses with 7 of 6 ps, 2.5 pus (for pulse facilitation property), and 1.5 ps (for temporal
integration property), respectively.
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Figure 4 (Color online) The response of a DFB-LD to the sequential input pattern (a) and the input pattern in reverse
order (b).

3.2 Neuromorphic processing applications of pattern recognition, STDP implementation,
and sound azimuth measurement

The pattern recognition ability of a DFB-LD is tested as shown in Figure 4. The sequential input
pattern consists of three pulses separated by 2.5 us with an amplitude of 50 mV, 100 mV, and 250 mV,
respectively. As displayed by Figure 4(a), the sequential input pattern can induce a greater response of
the DFB-LD, indicating that it can be recognized. In Figure 4(b), there is hardly response to the input
pattern in reverse order, standing for the unsuccessful recognition. The amplitude of pump current in
Figure 4(a) is larger than that in Figure 4(b). It is because the response to the last pulse of the sequential
input pattern is facilitated by the previous pulses. However, this facilitation effect is absent for the input
pattern in reverse order, making the DFB-LD silent.

The results of the STDP implementation by a DFB-LD are presented in Figure 5. With a 125 mV
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Figure 5 (Color online) The experimental results of the STDP implementation by a DFB-LD. The output at (a) At =

—4 ps and (b) At =4 ps. (c) The peak difference and the largest peak dependent on At corresponding to the STDP curve.
The effects on the STDP curve of varying (d) wpost and (e) wpre-

(350 mV) presynaptic (postsynaptic) pulse, the DFB-LD exhibits different outputs when At is —4 us
(Figure 5(a)) and 4 ps (Figure 5(b)), respectively. In Figure 5(c), we plot the peak difference and the
largest peak corresponding to different At. When the pulses grow apart, the peak difference increases to
a limitation (denoted as peak2-peakl), and the largest peak decays to a limitation (denoted as peak2).
Meanwhile, the measured STDP curve is given. We find that the experimental results match well with
the theoretical STDP curve governed by (2). Performed by Figures 5(d) and (e), we investigate the effects
of Wpoest and wpre on the measured STDP curve, respectively. In Figure 5(d), the level of the measured
STDP curve rises with wpes. In Figure 5(e), as wpre increases, the potentiation part is approximately
steady while the depression part degrades. In conclusion, the STDP curve can be adjusted by applied
parameters.

The experimental results of the sound azimuth measurement are shown in Figure 6. In the condition
of a 350 mV (70 mV) input pulse corresponding to wy (wq), we measure AS (i.e., 2nd peak difference)
when Rd = 3 us (Figure 6(a)) and Rd = 4 us (Figure 6(b)), respectively. Also, AS dependent on Rd
is obtained and is then compared with the theoretical curve modeled by (3), showing a good agreement
in Figure 6(c). After the transformation from Rd into the sound azimuth, the sound azimuth can be
determined by AS in Figure 6(d). Consequently, the scheme of sound azimuth measurement by two
DFB-LDs is experimentally demonstrated.

4 Conclusion

We have demonstrated theoretically and experimentally that a commonly-used DFB-LD can work as a
graded-potential-signaling photonic neuron. The temporal integration and pulse facilitation properties
of the DFB-LD are investigated. Additionally, applications to neuromorphic information processing of
the pattern recognition, the STDP implementation, and the sound azimuth measurement based on DFB-
LDs are presented. Future work will focus on the potentially-integrated pattern recognition network
using DFB-LDs [25]. For a given target pattern, the DFB-LD-based STDP module derives the Aw
that is inversely proportional to the timing difference between the spike and the teacher signal in the
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corresponding branch. Thus, the weight can be updated properly employing Aw as an indication.
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