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(57) Abstract: A convolution circuit includes: a plurality of input oscillators, each configured to: receive a corresponding analog in-
put signal of a plurality of analog input signals; and output a corresponding spiking signal of a plurality of spiking signals, the cor-
responding spiking signal having a spiking rate in accordance with a magnitude of the corresponding analog input signal; a plurality
of 1-bit DACs, each of the 1-bit DACs being configured to: receive the corresponding spiking signal of the plurality of spiking sig-
nals from a corresponding one of the input oscillators; and receive a corresponding weight of a convolution kernel comprising a
plurality of weights; output a corresponding weighted output of a plurality of weighted outputs in accordance with the corresponding
spiking signal and the corresponding weight; and an output oscillator configured to generate an output spike signal in accordance
with the plurality of weighted outputs from the plurality of 1-bit DACs.
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SPIKE DOMAIN CONVOLUTION CIRCUIT

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims priority to and the benefit of U.S. Provisional Patent
Application No. 62/116,858, “A Spike Domain Convolution Circuit,” filed in the United States
Patent and Trademark Office on February 16, 2015, the entire disclosure of which is
incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] The present invention was made with support from the United States Government
under Grant No. HRL0011-13-C-0052 awarded by the Defense Advanced Research Project
Agency (DARPA). The United States Government has certain rights in this invention.

BACKGROUND

1. Field

[0003] Aspects of embodiments of the present invention generally relate to the field of
analog processing and a circuit for performing a convolution operation using pulse domain
signals.

2. Related Art

[0004] Computer vision techniques are frequently used to analyze images automatically
in order to identify objects of interest. These techniques have applications in the control of
autonomous robots (e.g., unmanned aerial vehicles and self-driving cars), semi-autonomous
robots (e.g., a car that automatically detects hazards and alerts a driver or automatically
slows the car in response), target recognition and tracking in military systems (e.g., images
from radar, infrared cameras, and visible light cameras), and quality control in manufacturing
(e.g., automatic visual analysis of products coming off an assembly line for conformance to
standards).

[0005] Image processing techniques are often applied to low level data in order to
identify features for further analysis by higher level algorithms. For example, image
processing can be used to detect high contrast edges within an input image, change the
contrast of particular portions of the image, etc.

[0006] The convolution function is commonly used in image processing for feature
detection. FIG. 1 is a schematic diagram illustrating an example of generating an output
image 120 of size 10 pixels by 10 pixels from convolving an input image 100 of size 14
pixels by 14 pixels with a kernel 110 of size 5 pixels by 5 pixels to detect portions (or
“patches”) 102 of the input image 100 that are similar to the kernel 110 (one of these
patches 102 is shown in dotted lines in FIG. 1). The kernel 110 in this example is a detector
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of vertical edges that are dark on the left side and light on the right side. Different features
can be detected by convolving the input image 100 with various different kernels.

[0007] The output image 120 may be generated by splitting the input image 100 into
overlapping input patches 102. The values of the pixels in each of the input patches 102 are
multiplied by the kernel 110, and the resulting products are added together to generate a
single pixel of the output image 120 corresponding to that input patch.

[0008] As seen in the output image 120, the image processing image has identified
regions in which there is high contrast along a vertical line. For example, the edge between
the right side of small black box in the input image 100 and the white area adjacent it (in
columns 10 through 12 of the input image 100) corresponds to the dark portion in columns 8
and 9 of the output image 120, and the edge between the gray outer border and the white
middle portion of the input image 100 and correspond to the dark portion in column 1 of the
output image 120. Furthermore, the left edge of the black square has a white area to its left.
This is the “opposite” of the kernel 110 and therefore results in the negative white.

[0009] However, implementing the convolution operation can be computationally
intensive (e.g., due to the large number of multiplication operations required) and therefore
may have high power (energy) requirements when implemented on a general purpose
microprocessor. As a result, it may be difficult for a general purpose microprocessor to be
able to meet the cost, power, and/or speed requirements of certain applications.

[0010] Pulse and spike domain processors have been previously developed to
implement generic neural networks, as described, for example, in “Spike domain and pulse
domain non-linear processors” U.S. Pat. No. 7,822,698, the entire disclosure of which is
incorporated herein by reference. Other work involving pulse and spike domain processors
include “Pulse domain encoder and filter circuits” U.S. Pat. No. 7,403,144 and “Spike domain
neuron circuit with programmable kinetic dynamic, homeostatic plasticity and axonal delays”
U.S. Pat. No. 8,996,431, the entire disclosures of which are incorporated herein by
reference.

[0011] In addition, circuits that can perform convolutions in the analog domain using
Gilbert-type analog multipliers (e.g., a Gilbert cell) to perform convolutions, as described in
Cruz, J. M., and L. O. Chua. “A 16 x 16 cellular neural network universal chip: the first
complete single-chip dynamic computer array with distributed memory and with gray-scale
input-output.” Analog Integrated Circuits and Signal Processing 15.3 (1998): 227-237.
However, the circulits in this paper use a power supply of 5V and the accuracy of the
convolutions performed by this design is expected to degrade significantly if scaled to
operate at a low voltage.
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SUMMARY

[0012] Aspects of embodiments of the present invention are directed toward a special
purpose processor for performing spike domain convolution processing and methods of
operating thereof. Embodiments of the present invention are capable of performing the
convolution operation without analog or digital multipliers, thereby allowing high speed and
low power operation with high accuracy.

[0013] According to one embodiment of the present invention, a convolution circuit
includes: a plurality of input oscillators, each of the input oscillators being configured to:
receive a corresponding analog input signal of a plurality of analog input signals; and output
a corresponding spiking signal of a plurality of spiking signals, the corresponding spiking
signal having a spiking rate in accordance with a magnitude of the corresponding analog
input signal; a plurality of 1-bit DACs, each of the 1-bit DACs being configured to: receive the
corresponding spiking signal of the plurality of spiking signals from a corresponding one of
the input oscillators; and receive a corresponding weight of a convolution kernel including a
plurality of weights; output a corresponding weighted output of a plurality of weighted outputs
in accordance with the corresponding spiking signal and the corresponding weight; and an
output oscillator configured to generate an output spike signal in accordance with the
plurality of weighted outputs from the plurality of 1-bit DACs.

[0014] The plurality of weighted outputs may be currents.

[0015] The convolution circuit may further include a summing node between the plurality
of 1-bit DACs and the output oscillator, wherein the plurality of 1-bit DACs are configured to
output the weighted outputs to the summing node, and wherein the output oscillator is
configured to generate the output spike signal in accordance with a signal at the summing
node.

[0016] The convolutional circuit may further include a capacitor coupled between the
summing node and ground.

[0017] Each of the input oscillators may include: a transconductance amplifier having an
input terminal configured to receive the analog input signal and an output terminal coupled to
an accumulating node; a capacitor coupled between the accumulating node and ground; a
first reset switch coupled between the accumulating node and ground; a comparator having
a non-inverting input coupled to the accumulating node and an output coupled to a
corresponding one of the 1-bit DACs; and a first delay including: an input coupled to the
output of the comparator; and an output configured to control the first reset switch.

[0018] Each of the input oscillators may further include: a second reset switch coupled
between the accumulating node and the first reset switch; and a second delay including: an
input coupled to the output of the comparator; and an output configured to control the
second reset switch.
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[0019] Each of the 1-bit DACs may include: a first current mirror having a gain of 1
including a first terminal and a second terminal; a second current mirror having a gain of 1
including a first terminal coupled to the first terminal of the first current mirror and a second
terminal; a third current mirror having a gain greater than 1 including a first terminal and a
second terminal coupled to the second terminal of the second current mirror; a bottom
differential pair coupled to a current source and configured to receive a reference voltage
and the corresponding weight; a first upper differential pair coupled to the bottom differential
pair, the first current mirror, and the second current mirror; and a second upper differential
pair coupled to the first upper differential pair, the bottom differential pair, the first current
mirror, and the second current mirror.

[0020] Each of the 1-bit DACs may include: an auxiliary circuit including: a first input
terminal configured to receive the corresponding weight; a second input terminal configured
to receive the corresponding spiking signal; a first output terminal configured to output an
absolute value of the corresponding weight; and a second output terminal configured to
output a plurality of control signals; and a DAC core including: a first current mirror; a second
current mirror; a plurality of current controlled current sources configured to be controlled by
the absolute value of the corresponding weight; and a plurality of control transistors
configured to be controlled by the control signals, the plurality of control transistors being
coupled between the first and second current mirrors and the plurality of current controlled
current sources.

[0021] The output oscillator may include: an input low pass filter having a first terminal
coupled to the 1-bit DACs; a transconductance amplifier having an input terminal coupled to
a second terminal of the input low pass filter and an output terminal coupled to an
accumulating node; a capacitor coupled between the accumulating node and ground; a first
reset switch coupled between the accumulating node and a reset voltage; a comparator
having a non-inverting input coupled to the accumulating node and an output coupled to a
corresponding one of the 1-bit DACs; and a first delay including: an input coupled to the
output of the comparator; and an output configured to control the first reset switch.

[0022] The convolutional circuit may further include an output low pass filter coupled to
an output of the output oscillator.

[0023] Each of the spiking signals may include a plurality of pulses, wherein the spiking
rate corresponds to a time between adjacent ones of the pulses.

[0024] Each of the weighted outputs may be a current.

[0025] Each of the spiking signals may include a plurality of pulses, wherein the spiking
rate corresponds to a time between adjacent ones of the pulses, and wherein each of the
weighted outputs has a positive current during a pulse of a corresponding spiking signal and
a negative current during the time between adjacent ones of the pulses.

[0026] The analog input signals may correspond to an image.
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[0027] According to one embodiment of the present invention, a method for convolving a
plurality of analog input signals with a kernel represented by plurality of weights includes:
converting the analog input signals to a plurality of corresponding spiking signals, each of
the spiking signals having a spiking rate; supplying the spiking signals and the weights of the
kernel to 1-bit DACs to generate weighted outputs; integrating the weighted outputs to
generate an integrated weighted output; controlling an output oscillator based on the
integrated weighted output; and generating an output spike signal from the output oscillator,
the output spike signal having an output spiking rate corresponding to a convolution of the
analog input signals with the kernel.

[0028] The method may further include applying a low pass filter to the output spike
signal.

[0029] Each of the spiking signals may include a plurality of pulses, and the spiking rate
may correspond to a time between adjacent ones of the pulses.

[0030] Each of the weighted outputs may be a current.

[0031] Each of the spiking signals may include a plurality of pulses, wherein the spiking
rate corresponds to a time between adjacent ones of the pulses, and wherein each of the
weighted outputs has a positive current during a pulse of a corresponding spiking signal and
a negative current during the time between adjacent ones of the pulses.

[0032] The analog input signals may correspond to an image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The accompanying drawings, together with the specification, illustrate exemplary
embodiments of the present invention, and, together with the description, serve to explain
the principles of the present invention.

[0034] FIG. 1 is a schematic diagram illustrating the output from convolving an input
image with a kernel to detect vertical edges in the input image.

[0035] FIG. 2 is a schematic diagram illustrating an embodiment of the present invention
in which two layers of spiking oscillators perform image convolution.

[0036] FIG. 3 is a schematic diagram of a convolution module for generating a single
output pixel according to one embodiment of the present invention.

[0037] FIG. 4A illustrates a waveform of the spiking signals generated by an input
oscillator according to one embodiment of the present invention.

[0038] FIG. 4B illustrates a waveform of the current pulses generated by the 1-bit DACs
according to one embodiment of the present invention.

[0039] FIGS. 5A and 5B schematically illustrate the connections between the input
oscillators, the 1-bit DACs, and the pixel values of a current patch of the input image
according to one embodiment of the present invention.
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[0040] FIG. 6A is a circuit diagram of an input oscillator according to one embodiment of
the present invention.

[0041] FIG. 6B is a circuit diagram of a transconductance amplifier of an input oscillator
according to one embodiment of the present invention.

[0042] FIG. 6C is a circuit diagram of a delay according to one embodiment of the
present invention.

[0043] FIG. 6D is a circuit diagram of an input oscillator that includes two switches and
two delays according to one embodiment of the present invention.

[0044] FIG. 6E is a circuit diagram of a second delay according to one embodiment of
the present invention.

[0045] FIG. 7 is a circuit diagram of 1-bit DAC according to one embodiment of the
present invention.

[0046] FIG. 8A is a schematic diagram of a 1-bit DAC according to one embodiment of
the present invention.

[0047] FIG. 8B is a circuit diagram of a DAC core according to one embodiment of the
present invention.

[0048] FIG. 9A is a circuit diagram of an output oscillator circuit according to one
embodiment of the present invention.

[0049] FIG. 9B is a waveform diagram illustrating a typical waveform at the summing
node according to one embodiment of the present invention.

[0050] FIG. 9C is a waveform diagram illustrating an output waveform from the output
oscillator according to one embodiment of the present invention.

[0051] FIG. 10 is a set of waveform diagrams illustrating the waveforms at the output of
three input oscillators, at the summing node, at the internal capacitor of the output oscillator,
and at the output of the output oscillator in a simulation of a circuit according to one
embodiment of the present invention.

[0052] FIG. 11 is a schematic diagram illustrating the simulated output of a circuit
according to one embodiment of the present invention.

[0053] FIG. 12 is schematic diagram illustrating experimentally measured waveforms
generated by a chip according to one embodiment of the present invention.

[0054] FIG. 13A is a test input image supplied to a chip according to one embodiment of
the present invention during an experimental run.

[0055] FIG. 13B is a convolution kernel supplied a chip according to one embodiment of
the present invention during an experimental run.

[0056] FIG. 13C is an ideal convolution output between the test input image of FIG. 13A
and the convolution kernel of 13B.
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[0057] FIG. 13D is a convolution output generated by a chip according to one
embodiment of the present invention that was supplied with the test input image of FIG. 13A
and the convolution kernel of FIG. 13B during an experimental run.

[0058] FIG. 13E is an error image representing the difference between the ideal output
shown in FIG. 13C and the experimental output shown in FIG. 13D according to one
embodiment of the present invention.

[0059] FIG. 13F is a histogram of the error for all the pixels of the second experimental
output image according to one embodiment of the present invention.

DETAILED DESCRIPTION

[0060] In the following detailed description, only certain exemplary embodiments of the
present invention are shown and described, by way of illustration. As those skilled in the art
would recognize, the invention may be embodied in many different forms and should not be
construed as being limited to the embodiments set forth herein. Like reference numerals
designate like elements throughout the specification.

[0061] As discussed above, FIG. 1 is a schematic diagram illustrating an example of
generating an output image 120 of size 10 pixels by 10 pixels from convolving an input
image 100 of size 14 pixels by 14 pixels with a kernel 110 of size 5 pixels by 5 pixels. The
output image 120 may be generated by splitting the input image 100 into overlapping input
patches 102. The values of the pixels in each of the input patches 102 are multiplied by
corresponding values of the kernel 110, and the resulting products are added together to
compute the value of the pixel of the output image 120 corresponding to that input patch
102. As such, generating each pixel of the output image 120 requires one multiplication
operation for each pixel of the kernel 110 (in this example with a 5 pixel by 5 pixel kernel,

5 x 5 = 25 multiplication operations) along with addition operations to sum the results (in this
example, there are 25 products, and therefore 25 -1 = 24 addition operations are performed
to sum these values). In practical systems, the input image, output image, and kernel may
be much larger than the example shown here and the number of operations increases more
than linearly with the sizes of the input image, output image, and kernel size. A general
purpose microprocessor is not designed with these types of workflows in mind, and therefore
will typically be configured to perform these operations one at a time (e.g., serially) in a
power inefficient manner, thereby making it difficult to scale such systems for use with larger
inputs and outputs.

[0062] As such, embodiments of the present invention are directed toward a circuit
configured to perform the convolution operation using a reduced amount of power. In
particular, embodiments of the present invention can be used for technologies with small
power supplies and have higher accuracy than comparable analog circuits, using less
circuitry than digital circuits. In one experimental embodiment, the core circuit uses 260 pJ
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per pixel and operates at 1 MHz, producing the correct convolution result with less than 2%
error. In more detail, embodiments of the present invention compute a convolution using a
circuit based on an input layer of spiking oscillators (or input oscillators) connected to an
output layer of spiking oscillators (or output oscillators), where the connections 230 include a
set of 1-bit digital to analog converters (DACs).

[0063] Circuits according to embodiments of the present invention can be used as a
building block of an image processing pipeline. The signals transmitted between
components are spiking pulse signals that have only two voltage levels and that are efficient
for current CMOS processes with low voltage supplies. These spiking pulse signals can be
transmitted using less wiring than when transmitting digital signals. For an analog spiking
signal, only one wire is used to transmit information with multiple bits of resolution.

[0064] FIG. 2 is a schematic diagram illustrating a circuit 200 according to an
embodiment of the present invention in which two layers of spiking oscillators perform image
convolution of multiple patches 102 of an input image 100 in parallel. In the example shown
in FIG. 2, the input layer 210 includes N input oscillators 300 (in this example, 25 input
oscillators, and therefore N is 25) which receive external inputs /n that correspond to the
intensity of N pixels of the input image 100 and which output voltage spikes. In FIG. 2, one
patch 102 of the input image 100 is shown with shaded pixels, where the patch 102 has M
pixels (in this example, the patch 102 is a 3 pixel by 3 pixel portion and therefore M is 9).
These external inputs /n control the spiking rate of the input oscillators 300, where the spikes
are voltage signals having binary amplitude. The nine input oscillators 300 associated with
the patch 102 are shaded in FIG. 2. For the sake of clarity, FIG. 2 omits additional circuity for
supplying the input data to the input layer 210 and for reading out the result from the output
layer 220.

[0065] The spikes generated by the N input oscillators 300 are supplied to an output
oscillator 500 (or multiple output oscillators) of the output layer 220. Each of the L output
oscillators receives inputs from M connections 230 (in the example shown in FIG. 2, L is 9),
where each of the M connections 230 includes a 1-bit DAC which applies a corresponding
weight w to the spike to generate a weighted current pulse, where the M weights correspond
to the kernel 110 (in the example shown in FIG. 2, a 3 by 3 kernel is used and therefore
there are 9 weights).

[0066] In more detail, each of the DACs corresponds to one of the pixels of the kernel
and each DAC is programmed with a weight (w) corresponding to the intensity of the
corresponding pixel of the kernel. As such, each of the DACs outputs a response based on
the spikes received from the input oscillators 300 and its weight (w). A 1-bit DAC according
to embodiments of the present invention is simpler to implement and more energy efficient
than comparative analog multipliers (such as a Gilbert cell) or digital multipliers (such as a
general purpose microprocessor).
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[0067] The weighted current pulses are summed to control an output oscillator (or output
spiking oscillator) 500 of the output layer 220. The signals generated by the output spiking
oscillators 500 correspond to the result of convolving the input patch 102 with the kernel 110.
As seen in FIG. 2, the M connections from the shaded input oscillators associated with patch
102 are all connected to the same output oscillator (e.g., the shaded center output
oscillator).

[0068] In one embodiment, L is slightly smaller than or equal to N. In one embodiment,
M is smaller than each of L and N. In one embodiment, the total number of connections 230
in the circuit is MxL.

[0069] For the sake of convenience, additional connections 230 between the input
oscillators 300 of Layer 1 and the output oscillators 500 of Layer 2 are not shown in FIG. 2.
For example, a group of nine input oscillators 300 of Layer 1 that include the first two rows of
shaded oscillators and the row of three oscillators directly above may be connected through
additional connections 230 (with corresponding weights) to the output oscillator 500 directly
above the shaded center output oscillator shown in FIG. 2. In some embodiments, these
connections 230 are substantially independent of the connections shown in FIG. 2 and the
circuit may concurrently supply signals to all of the output oscillators 500 in parallel.

[0070] For the sake of convenience, embodiments of the present invention will be
described in more detail below with respect to a convolution module 400 that includes one
output oscillator 500 (e.g., where L is 1) together with a set of M 1-bit DACs 600 (as shown
in FIG. 3, discussed in more detail below) receiving corresponding weights W,_y (weights w;
through wy). The circuit shown in FIG. 2 has a regular spatial structure and can be
implemented, for example, using an array of N identical input oscillators 300, an array of L
identical convolution modules, associated wiring, and associated input and output circuitry.
[0071] However, embodiments of the present invention are not limited thereto and, in
some embodiments of the present invention, the structure described in more detail below
may be adapted to control multiple output oscillators 500 in parallel. For example, multiple
groups of M 1-bit DACs 600 may be used in parallel and the groups of 1-bit DACs may be
coupled to different ones of the output oscillators.

[0072] FIG. 3 is a schematic diagram of a convolution module 400 for generating a
single output pixel according to one embodiment of the present invention. As shown in FIG.
3, input oscillators 300 receive input signals /n corresponding to the values of the input
image 100 and supply spiking signals x to corresponding ones of the 1-bit DACs 600.

[0073] FIG. 4A illustrates a waveform of a j-th spiking signal x; of the spiking signals x
generated by a j-th input oscillator 300j in response to a j-th input /n; according to one
embodiment of the present invention. As seen in FIG. 4A, the waveform is binary valued,
having voltage V| or V. Each of the spikes 10 of the j-th spiking signal x; has voltage Vy and
a pulse width PW (the pulse width may be set to be a particular value based on, for example,
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noise characteristics of the circuit). The signal /n supplied to the input oscillator 300j controls
the length of the period T between adjacent pulses (example circuits for implementing the
input oscillator 300j will be discussed in more detail below). A higher input signal /n results in
a shorter period T. In the example shown in FIG. 4A, the input signal /n increased over time
t, and therefore the later period Ti.1 is shorter than the earlier period T;.

[0074] In response, the 1-bit DACs 600 supply weighted current pulses / to a summing
node 410, which controls the spiking rate of its corresponding output oscillator 500. FIG. 3
shows the M input oscillators (from among the N total input oscillators 300) that are coupled
to a single output oscillator 500 via the M connections 230. As such, the input signals /n are
labeled /n4, In,, . Inm, the spiking signals x produced by the input oscillators are labeled x;,
X2, .. Xm, and the weighted current pulses (or weighted outputs) are labeled iy, iz, . im.
[0075] In more detail, each of the 1-bit DACs 600 receives a spiking signal x from a
corresponding one of the input oscillators 300 along with a weight w from among M weights
W corresponding to the kernel. Each of the M 1-bit DACs 600 produces a corresponding
current pulse signal / (e.g., M current pulse signals i, i, . . ., i), where the spike rate of the
current pulses is controlled by the rate of the spiking signal x (e.g., the rate at which the
spikes 10 arrive) and the amplitudes of the current pulses is controlled by the value of the
weight w.

[0076] As such, the 1-bit DACs 600 effectively compute the product of the input signal
(as encoded in the spike rate of the spiking signal x) and the weight w and therefore
implement the multiplication operations of the convolution between the input image and the
kernel.

[0077] In addition, because the weighted outputs of the 1-bit DACs are currents,
supplying these output currents to the common summing node 410 has the effect of
summing the output currents due to Kirchhoff’'s current law. As such, embodiments of the
present invention can sum the weighted contributions of the input signal weighted by the
kernel without the M—-1 addition operations that would be used in a comparative system.
[0078] FIG. 4B illustrates a waveform of one of the current pulse signals generated by
the 1-bit DACs 600 according to one embodiment of the present invention. In particular, FIG.
4B illustrates the current pulse signal jj generated by the j-th 1-bit DAC g; in response to the
j-th spiking signal x;. As seen in FIG. 4B, the pulses 20 of the current pulse signal j have the
same pulse width PW as the spiking signal x; and the same periods T; and T, between
pulses. During a pulse 20 of the current pulse signal / (e.g., while / is non-zero), the
magnitude of the current is /4 and between pulses (e.g., while / is 0), the magnitude of the
current is /5 (as seen in FIG. 4B, /, is a positive current and /5 is a negative current, but
embodiments of the present invention are not limited thereto), where 1, and Iz are defined as:
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Ig=8-w

where a and 8 are constants and where, in one embodiment, 8 = —0.25a. The shaded area
in the pulse corresponds to the total charge associated with the pulse or the total charge
associated with the period between pulses.

[0079] The current pulse signals / are summed together at a summing node 410, which
can be a simple wire connection of the outputs of the 1-bit DACs 600 (e.g., due to Kirchhoff’s
current law). As described in more detail below, the summing node 410 may be coupled to a
capacitor which sums the charge from weighted pulse signals / from the 1-bit DACs 600. As
such, the accumulation of the charge from the weighted pulse signals / corresponds to the
summing of the products in the convolution function. The summed voltage at the summing
node 410 is used to control the spiking rate of output oscillator 500, which generates an
output spike signal z. The spiking rate (or spiking frequency) of the output spike signal z
corresponds to the result of the convolution operation. An output low pass filter 420 may be
used to calculate an analog signal with the average of the spike signal z (e.g., an average
value of the spike signal z over a time window).

[0080] In some embodiments of the present invention, an asynchronous digital buffer
430 (e.g., a chain of inventers) may be used to output the spike signal z. In some
embodiments of the present invention, an analog output buffer 440 (e.g., an operational
amplifier) may be used to output the analog signal from the output low pass filter 420.

[0081] As noted above, FIG. 3 illustrates a convolution module 400 computing the
convolution for one output pixel of the output image based on a patch of pixels of the input
image. According to one embodiment of the present invention, the circuit 200 includes a
single convolution module 400, and where computing the convolution of the input image with
the kernel includes supplying the values of the pixels of the patches of the input image to the
convolution module 400 one patch at a time to generate values of the output image, one
output image pixel at a time.

[0082] FIGS. 5A and 5B schematically illustrate the connections the input oscillators
300, the 1-bit DACs 600, and the pixel values of two different patches of the input image 100
according to one embodiment of the present invention. In the example shown in FIG. 5A,
sizes of the input image 100, kernel image, and output image are 14 pixels by 14 pixels
(14x14), 5 pixels by 5 pixels (5%5), and 10 pixels by 10 pixels (10x10), respectively (the
same sizes as those of the example of FIG. 1). However, embodiments of the present
invention are not limited thereto. As seen in FIG. 5A, the 196 pixels of the 14x14 input image
are “unrolled” into a single column (or vector or column vector) of values, grouped by row. In
addition, as seen in FIG. 5A, a first patch including pixels 1 through 5 of rows 1 through 5 of
the input pixels (as denoted by the pixels highlighted in black) are supplied to the 1-bit DACs
(via the input oscillators) in order to compute the convolution of the first patch with the kernel
(represented by the weights w;_»s).
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[0083] FIG. 5B is substantially similar to FIG. 5A, with the difference that it illustrates a
second patch of the input image 100 being supplied to the 1-bit DACs 600. In particular, the
second patch includes pixels 2 through 6 of rows 1 through 5 (as denoted by the pixels
highlighted in black) are supplied to the 1-bit DACs 600 via input oscillators 300 to compute
the convolution of the second patch with the kernel.

[0084] According to another embodiment of the present invention, multiple convolution
modules 400 may operate in parallel to compute convolutions of different patches of the
input image in parallel. For example, if there were two convolution modules, then one
convolution module may be used to process patches from the upper half of the image and
the other convolution module may be used to process patches from the lower half of the
image. Similarly, if there were three or four convolution modules, each may be used to
process patches from separate portions of the image. Furthermore, in some embodiments,
there are sufficient convolution modules such that each output pixel can be calculated from
corresponding patches of the input image in parallel.

[0085] FIG. 6A is a schematic diagram of an input oscillator 300 (e.g., j-th input oscillator
300j) according to one embodiment of the present invention. As shown in FIG. 6A, the input
oscillator 300 includes a transconductance amplifier (gi,) 310, a capacitor 330, a switch 340,
a comparator 350, and a delay element 360. The transconductance amplifier 310 receives
an input signal /n; from the input image (e.g., an analog value corresponding to the value of
the pixel of the input image) and has an output terminal coupled to an accumulating node
332. The accumulating node 332 is coupled to the non-inverting input of the comparator 350.
In addition, the capacitor 330 is coupled between the accumulating node 332 and ground,
and the switch 340 is coupled between the accumulating node 332 and ground, in parallel
with the capacitor 330. The inverting input of the comparator 350 is supplied with a threshold
voltage Vy, (e.g., a constant voltage higher than ground), and the output of the comparator
350 is coupled to the delay 360, which controls the operation of the switch 340. The switch
340 is maintained in an open state (an “off’ state) until triggered by a signal from the delay
360.

[0086] When the transconductance amplifier 310 receives the input signal /n;, it outputs
a current jinpuj to the accumulating node 332. The transconductance amplifier 310 produces
a positive current whose value depends on the voltage of the input signal /n;. Larger currents
iinputj @re generated when the voltage of the input signal /n; is higher.

[0087] The current jinputj is @accumulated in the capacitor 330, which has a capacitance
Cin and which acts as an integrator. As charge accumulates in the capacitor 330, the voltage
at the accumulating node 332 increases (e.g., monotonically), where the rate of increase
depends on the amplitude of the input signal /n;. When the voltage at the accumulating node
332 exceeds the threshold voltage Vy, the comparator 350 is triggered and begins to output
a positive pulse having the high voltage V4. The high voltage Vy output of the comparator
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350 triggers the delay 360. When the output of the delay 360 goes high, it causes the switch
340 to close, thereby resetting the capacitor 330 and pulling the voltage of the accumulating
node 332 to ground. Pulling the voltage of the accumulating node 332 to ground has the
effect of ending the positive pulse because the voltage at the non-inverting input has fallen
below the threshold voltage Vi, so that the comparator 350, instead, begins to output the low
voltage V| until the voltage at the accumulating node 332 again exceeds the threshold
voltage Vy,. As such, the delay 360 controls the pulse width PW of the signal (see FIG. 4A)
and the magnitude of the input signal /n; controls the period T between spikes 10 of the
output x;. In some embodiments, the pulse rates are in the range from 10 MHz to 40 MHz.
[0088] FIG. 6B is a schematic diagram of a transconductance amplifier 310 of an input
oscillator 300 (e.g., the j-th input oscillator 300j) according to one embodiment of the present
invention. As seen in FIG. 6B, according to one embodiment of the present invention, the
transconductance amplifier 310 includes three transistors. A first transistor M3 of the
transconductance amplifier 310 is an N-type (or N-channel) MOSFET having a first electrode
coupled to a node 312, a second electrode coupled to ground, and a gate electrode coupled
to the input 314 to receive input signal /n;. A second transistor M4 of the transconductance
amplifier 310 is a P-type (or P-channel) MOSFET having a first electrode coupled to a
voltage source 316, a second electrode coupled to the node 312, and a gate electrode
coupled to the node 312. A third transistor M5 of the transconductance amplifier 310 is a P-
type MOSFET with a first electrode coupled to the voltage source 316, a second electrode
coupled to the accumulating node 332, and a gate electrode coupled to the node 312.
[0089] FIG. 6C is a schematic diagram of a delay 360 according to one embodiment of
the present invention. As shown in FIG. 6C, the delay 360 includes four transistors which
make up two inverters 362 and 364. A first P-type transistor M9a of the first inverter has a
first electrode coupled to a voltage source 316, a second electrode coupled to an internal
node 366, and a gate electrode coupled to the output of the comparator 350. A first N-type
transistor M10a of the first inverter has a first electrode coupled to the internal node 366, a
second electrode coupled to ground, and gate electrode coupled to the output of the
comparator 350. The first P-type transistor M9a and the first N-type transistor M10a together
form the first inverter 362. A second P-type transistor M9b of the delay has a first electrode
coupled to the voltage source 316, a second electrode coupled to the switch 340 via output
node 360, and a gate electrode coupled to the internal node 366. A second N-type transistor
M10b of the delay has a first electrode coupled to the switch 340 via output node 369, a
second electrode coupled to ground, and a gate electrode coupled to the internal node 366.
The second P-type transistor M9b and the second N-type transistor M10b together make up
a second inverter 364.

[0090] FIG. 6D is a schematic diagram of an input oscillator 300j’ that includes two
switches and two delays 360 and 380 (e.g., a first delay and a second delay, respectively)
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according to one embodiment of the present invention. FIG. 6B is substantially similar to the
input oscillator 300j of FIG. 6A except for the addition of a second delay 380 and a second
switch 342. The second delay 380 may be used to tune the pulse width PW of the input
oscillator 300, because the pulse width is determined by the maximum of the two delays
produced by the first and second delay elements 360 and 380.

[0091] FIG. 6E is a schematic diagram of the second delay 380 according to one
embodiment of the present invention. As shown in FIG. 6E, the second delay 380 includes
five transistors making up a first inverter 382 and a second inverter 384. The second inverter
384 of the second delay 380 includes two of the five transistors of the second delay
(transistors M9c and M10c) and is substantially the same as the second inverter 364 of the
first delay 360 shown in FIG. 6C and therefore discussion of the second inverter 384 of the
second delay 380 will not be repeated herein.

[0092] The first inverter 382 of the second delay 380 includes the remaining three
transistors of the second delay 380. A P-type transistor M6 of the first inverter has a first
electrode coupled to a voltage source 316, a second electrode coupled to an internal node
386, and a gate electrode coupled to the output of the comparator 350. A first N-type
transistor M7 of the first inverter has a first electrode and a gate electrode, both of which are
coupled to the internal node. A second N-type transistor M8 of the first inverter has a first
electrode coupled to the second electrode of the first N-type transistor, a second electrode
coupled to ground, and a gate electrode coupled to a line supplying a bias voltage V,. The
bias voltage V, may be used to tune the speed of operation of the inverter, thereby
controlling the timing of the inverter, and allowing control over the pulse width of the pulses
generated by the input oscillator 300j.

[0093] FIG. 7 is a circuit diagram of 1-bit DAC 600 according to one embodiment of the
present invention. As shown in FIG. 7, the 1-bit DAC 600 includes a current source 602,
three differential pairs of transistors, and three current mirrors 612, 614, and 616, where the
first and second current mirrors 612 and 614 have a current gain of 1 and the third current
mirror 616 has a current gain of A. The first current mirror 612 is coupled to the second
current mirror 614 and the third current mirror 616 is coupled to the second current mirror
614. The transistors in the top two differential pairs 622 and 624 are used as switches, a first
reference voltage V. is supplied to the gate electrodes between the top two differential
pairs, and the pulse input x; is supplied to the other gate electrodes of the top two differential
pairs 622 and 624. The top differential pairs 622 and 624 are both coupled to the first and
third current mirrors 612 and 616. The bottom differential pair 626 is coupled between the
bottoms of the top two differential pairs 622 and 624 and the current source 602. A second
reference voltage V. is supplied to one of the gate electrodes of the bottom differential pair
626 and the weight w; is supplied to the other gate electrode of the bottom differential pair
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626. The output corresponding to j is taken between the third current mirror 616 and the
second current mirror 614

[0094] FIG. 8A is a schematic diagram of a 1-bit DAC 600’ according to one embodiment
of the present invention. As shown in FIG. 8A, the 1-bit DAC 600’ in one embodiment
includes a DAC core 800 and an auxiliary module 802. The auxiliary module 802 takes the
pulse input x; from the input oscillator and the weight w; to produce a set of signals 804,
including |wj| (the absolute value of the weight w;) and control signals V,, Vg, V¢, and Vp
(denoted as Va4 . . ., Vp in FIG. 8A). The control signals Va, Vg, V¢, and Vp are binary signals
having value corresponding to one of the four combinations of the logic value of the input x;
(high V4 or low V) and the sign (positive or negative) of the weight w;. For a given input and
weight, only one of the four signals V,, Vg, Ve, and Vp will be in the ON state. The four
control signals may be generated by logic circuitry in the auxiliary module 802.

[0095] The control signals generated by the auxiliary module 802 are supplied to the
DAC core circuit 800, which generates the current pulse output j; in response.

[0096] FIG. 8B is a circuit diagram of a DAC core 800 according to one embodiment of
the present invention. As shown in FIG. 8B, the DAC core 800 includes four voltage-
controlled current sources implemented by transistors M11, M12, M13, and M14 and current
mirrors CM1 and CM2 controlled by the weight signal |wi|. Control transistors M15, M16,
M17, and M18 are used to implement the switches at the outputs of the four current sources
and are controlled by the signals V,, Vi, V¢, and Vp such that, at any given time, only one of
the switches is turned on.

[0097] FIG. 9A is a circuit diagram of an output oscillator circuit 500 according to one
embodiment of the present invention. The output oscillator circuit 500 is substantially similar
to the input oscillator circuit 300j, with the exception of a summing node 410 and an input
low pass filter 510 located in front of the transconductance amplifier 310. Therefore,
description of substantially similar components will not be repeated herein. The summing
node 410 is coupled to the M 1-bit DACs 600 coupled to this output oscillator circuit 500 and
may be implement using a simple wire merging. The low pass filter 510 includes an
integration capacitor 512 having capacitance C;; and coupled between the summing node
410 and ground. In some embodiments, the low pass filter includes a resistor 514 having
resistance Ry and coupled between the summing node 410 and a bias voltage source
Vsumsb-

[0098] FIG. 9B is a waveform diagram illustrating a typical waveform at the summing
node 410 according to one embodiment of the present invention. As seen in FIG. 9B, the
waveform at the summing node 410 is an analog signal having an amplitude that depends
on the areas of the pulses in the incoming currents i, iz, . . ., in. When the input currents
have large positive values (as opposed to negative values), then the voltage at the summing
node increases. The resistor 514 may be used to provide “leakiness” in order to drain the
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capacitor 512 so that the accumulated values do not become too large. In another
embodiment of the present invention a switch is used in parallel with the capacitor instead of
(or along with) the resistor 514. The switch in such embodiments acts as a reset switch in a
similar manner to the switch 340 coupled in parallel with the capacitor 330 coupled to the
accumulating node 332 internal to the oscillator.

[0099] FIG. 9C is a waveform diagram illustrating an output waveform from the output
oscillator 500 according to one embodiment of the present invention. As seen in FIG. 9C, the
output waveform z is a pulse type signal having the same amplitude (V) and pulse width
(PW) as the input oscillators 300. The cycle times (To, Toz, . . . .) encode the value of the
signal (e.g., the voltage) at the summing node 410. Larger voltages at the summing node
410 result in shorter cycle times T, and smaller voltages at the summing node 410 result in
longer cycle times T,.

[00100] As discussed above with respect to FIG. 3, the resulting output pulses z may be
supplied to an asynchronous digital buffer 430 to output the spike signal z. Alternatively (or
in addition), the resulting output pulses z may be supplied to an output low pass filter 420 to
integrate the pulses to generate an analog signal, which can then be buffered by an analog
output buffer 440 (e.g., by an operational amplifier).

[00101] Simulated results

[00102] FIG. 10is a set of waveform diagrams illustrating the waveforms at the output of
three input oscillators 3004, 300,, and 300,, at the summing node 410, at the internal
capacitor 332 of the output oscillator 500, and at the output (z) of the output oscillator 500 in
a simulation of a circuit according to one embodiment of the present invention. The
waveforms show 1 us of operation. The traces labeled x4, x», and x3 show the signals
produced by three of the input oscillators 3004, 300,, and 3005 (at high, low, and medium
spike rates, respectively), the trace labeled vi,; shows the signal produced at the summing
node 410 (which was reset at time 0 to a fixed value), the trace labeled V,sc shows the signal
produced at the internal node of the output oscillator 500 (e.g., at the non-inverting input of
the comparator 350), and the trace labeled Out, shows the output spike signal of the output
oscillator 500. The Out, trace contains the convolution value.

[00103] The simulated power consumed by the circuit is 1.86 mW, and the simulated
power of the major subcomponents include: 0.26 mW for a single convolution module, 1.03
mW for an array of twenty-five input oscillators, and 0.57 mVW for the output buffer.

[00104] FIG. 11 is a schematic diagram illustrating the simulated output of a circuit
according to one embodiment of the present invention. FIG. 11 is substantially similar to FIG.
1, but further includes an image of the final output image 130 of the circuit 200. As can be
seen, the final output 130 closely matches the ideal output 120, thereby confirming that the
circuit design performs as intended.

[00105] Experimental results
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[00106] A chip based on the circuit design described above was fabricated on a 90 nm
process. The fabricated chip includes twenty-five input oscillators, twenty-five 1-bit DACs,
and one output oscillator. The twenty-five input oscillators convert twenty-five analog input
signals into twenty-five pulse signals. The fabricated chip occupies 2.3 mm x 2.3 mm and
has seventy-two pads: twenty-five pads corresponding to the twenty-five analog inputs and
an additional twenty-five pads to supply the analog weights W to the 1-bit DACs.

[00107] In one experiment, an input image of size 14 x 14 pixels was supplied to the chip
for processing. The values of the intensities of one patch of the input image, with size 5 x 5
pixels, were provided to the chip via the twenty-five analog input pads. Concurrently, the
weights W of the kernel 5 x 5 pixel kernel were supplied to the chip via the twenty-five
analog weight pads. Each input patch was applied to the chip for 1 us and the resulting
output was recorded. To process the entire image, the patch was sequentially shifted across
the input image (e.g., one pixel at a time from left to right in each row and repeating for all
rows from top to bottom). For this image example, one hundred patches were sequentially
supplied to the chip to process the entire input image.

[00108] FIG. 12 is schematic diagram illustrating experimentally measured waveforms
generated by a chip according to one embodiment of the present invention. As seen in FIG.
12, the input image 106 is of a small black square of size 5 x 5 pixels surrounded by a white
border and the 5 x 5 pixel kernel 112 includes two columns of white pixels on the left, a
column of gray pixels in the center, and two columns of black pixels on the right. The upper
portion of FIG. 12 illustrates the processing of a first input patch 102A on the left side of the
black square. The first input patch 102A closely resembles the kernel 112. Because of the
similarity between the first input patch 102A and the kernel 112, the chip outputs a signal at
a high rate, which is mapped to a light (e.g., white) pixel in the output image 132 of the chip.
In contrast, the lower portion of FIG. 12 illustrates the processing of a second input patch
102B on the right side of the black square. Because the second input patch 102B is quite
different from the kernel 112, the chip outputs a signal at a high rate, which is mapped to a
dark (e.g., black) pixel in the output image 132 of the chip. (Note that this is the inverse of,
for example, FIGS. 1 and 11, in which portions of the input image that are similar to the
kernel are mapped to dark or black pixels in the output region, and portions of the input
image that are different from the kernel are mapped to light or white pixels in the output
image. This inversion of the output is done for consistency of conventions used in image
processing literature. However, embodiments of the present invention are not limited
thereto.)

[00109] The experimental outputimage 122 in FIG. 12 shows the image that was built by
the chip in response to the one hundred input patches. For each input patch the chip was
reset and, as described above, each input patch was input to the chip for 1 us. The spike
rate of the Out, signal was measured by measuring the instantaneous cycle time of the pulse
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signal 0.8 us after each reset and image patch update using a digital oscilloscope controlled
by a computer. The experimental output image 122 is 10 x 10 pixels in size and each of the
100 pixels is in gray scale. Light pixels indicate low spike rates and dark pixels indicate high
spike rates.

[00110] The circuit was tested again on a larger image. FIG. 13A shows the input image
104, which has a size of 512 x 512 pixels. FIG. 13B shows the convolution kernel 114 of
size 5 x 5 pixels that was applied during the test.

[00111] FIG. 13C shows a plot of an image of the ideal output convolution 122 of the
input image 104 of FIG. 13A with the kernel 114 of FIG. 13B, where the ideal output
convolution 122 was generated using ideal equations.

[00112] FIG. 13D shows the convolution output 134 experimentally measured from the
chip when sequentially supplying the chip with patches from the input image 104 of FIG. 13A
and the kernel 114 of FIG. 13B. The convolution output image 134 shown in FIG. 13D has
size 508 x 508 pixels and was generated by supplying patches of the input image 104 to the
chip one patch at a time, in a manner similar to that described above with respect to FIG 12.
The gray level value of each pixel represents the spike rate of the pulse signal produced by
the chip at about 0.8 us after the chip was reset and supplied with the input image patch.
Like in FIG. 12, the output images in FIGS. 13C and 13D are inverted when compared to
FIGS. 1 and 11 in that regions of higher similarity (e.g., lower output spike rates) are mapped
to lighter output pixels and regions of lower similarity (e.g., higher output spike rates) are
mapped to darker output pixels.

[00113] FIG. 13E shows an error image 136 representing the difference between the
ideal output 122 shown in FIG. 13C and the experimental output 134 shown in FIG. 13D
according to one embodiment of the present invention. FIG. 13F is a histogram 138 of the
error for all the pixels of the convolution output image 134 according to one embodiment of
the present invention. As seen in FIGS. 13E and 13F, the experimental output 134 is quite
close to the ideal output 122. In addition, the standard deviation of the error is 1.72% of the
full range, which is the error expected by transistor-level simulations of ideal computations.
[00114] The experimentally measured power consumption of the chip is 1.62 mVW, which
is slightly better (about 13% lower) than the simulated value.

[00115] As such, embodiments of the present invention provide a circuit and a method for
performing a spike domain convolution. In contrast to related circuits, embodiments of the
present invention can be performed without the use of analog or digital multipliers and
instead uses 1-bit DACs with variable gain to perform the multiplication operations. The 1-bit
DACs use significantly less power than analog and digital multipliers. As such, embodiments
of the present invention can perform accurate convolutions with about 3 orders of magnitude
less energy than a general purpose microprocessor. In addition, embodiments of the present
invention achieve better accuracy than comparative fully analog convolution circuits and use
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less physical area than digital implementations, thereby providing low energy usage per
computation and high operation speed.

[00116] Embodiments of the present invention may be implemented, for example, as an
application specific integrated circuit (ASIC) or as a component of a digital signal processor
(DSP).

[00117] While the present invention has been described in connection with certain
exemplary embodiments, it is to be understood that the invention is not limited to the
disclosed embodiments, but, on the contrary, is intended to cover various modifications and
equivalent arrangements included within the spirit and scope of the appended claims, and
equivalents thereof.
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WHAT IS CLAIMED IS:
1. A convolution circuit comprising:
a plurality of input oscillators, each of the input oscillators being configured to:
receive a corresponding analog input signal of a plurality of analog input
signals; and
output a corresponding spiking signal of a plurality of spiking signals, the
corresponding spiking signal having a spiking rate in accordance with a magnitude of the
corresponding analog input signal;
a plurality of 1-bit DACs, each of the 1-bit DACs being configured to:
receive the corresponding spiking signal of the plurality of spiking signals from
a corresponding one of the input oscillators; and
receive a corresponding weight of a convolution kernel comprising a plurality
of weights;
output a corresponding weighted output of a plurality of weighted outputs in
accordance with the corresponding spiking signal and the corresponding weight; and
an output oscillator configured to generate an output spike signal in accordance with
the plurality of weighted outputs from the plurality of 1-bit DACs.

2. The convolution circuit of claim 1, wherein the plurality of weighted outputs are
currents.
3. The convolution circuit of claim 2, further comprising a summing node between the

plurality of 1-bit DACs and the output oscillator,

wherein the plurality of 1-bit DACs are configured to output the weighted outputs to
the summing node, and

wherein the output oscillator is configured to generate the output spike signal in
accordance with a signal at the summing node.

4. The convolutional circuit of claim 3, further comprising a capacitor coupled between
the summing node and ground.

5. The convolutional circuit of claim 1, wherein each of the input oscillators comprises:

a transconductance amplifier having an input terminal configured to receive the
analog input signal and an output terminal coupled to an accumulating node;

a capacitor coupled between the accumulating node and ground;

a first reset switch coupled between the accumulating node and ground;

a comparator having a non-inverting input coupled to the accumulating node and an
output coupled to a corresponding one of the 1-bit DACs; and
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a first delay comprising:
an input coupled to the output of the comparator; and
an output configured to control the first reset switch.

6. The convolutional circuit of claim 5, wherein each of the input oscillators further
comprises:
a second reset switch coupled between the accumulating node and the first reset
switch; and
a second delay comprising:
an input coupled to the output of the comparator; and
an output configured to control the second reset switch.

7. The convolutional circuit of claim 1, wherein each of the 1-bit DACs comprises:
a first current mirror having a gain of 1 comprising a first terminal and a second
terminal;

a second current mirror having a gain of 1 comprising a first terminal coupled to the
first terminal of the first current mirror and a second terminal;

a third current mirror having a gain greater than 1 comprising a first terminal and a
second terminal coupled to the second terminal of the second current mirror;

a bottom differential pair coupled to a current source and configured to receive a
reference voltage and the corresponding weight;

a first upper differential pair coupled to the bottom differential pair, the first current
mirror, and the second current mirror; and

a second upper differential pair coupled to the first upper differential pair, the bottom
differential pair, the first current mirror, and the second current mirror.

8. The convolutional circuit of claim 1, wherein each of the 1-bit DACs comprises:
an auxiliary circuit comprising:
a first input terminal configured to receive the corresponding weight;
a second input terminal configured to receive the corresponding spiking
signal;
a first output terminal configured to output an absolute value of the
corresponding weight; and
a second output terminal configured to output a plurality of control signals;
and
a DAC core comprising:
a first current mirror;
a second current mirror;
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a plurality of current controlled current sources configured to be controlled by
the absolute value of the corresponding weight; and

a plurality of control transistors configured to be controlled by the control
signals, the plurality of control transistors being coupled between the first and second current
mirrors and the plurality of current controlled current sources.

9. The convolutional circuit of claim 1, wherein the output oscillator comprises:
an input low pass filter having a first terminal coupled to the 1-bit DACs;
a transconductance amplifier having an input terminal coupled to a second terminal
of the input low pass filter and an output terminal coupled to an accumulating node;
a capacitor coupled between the accumulating node and ground;
a first reset switch coupled between the accumulating node and a reset voltage;
a comparator having a non-inverting input coupled to the accumulating node and an
output coupled to a corresponding one of the 1-bit DACs; and
a first delay comprising:
an input coupled to the output of the comparator; and
an output configured to control the first reset switch.

10. The convolutional circuit of claim 1, further comprising an output low pass filter
coupled to an output of the output oscillator.

11. The convolutional circuit of claim 1, wherein each of the spiking signals comprises a
plurality of pulses, wherein the spiking rate corresponds to a time between adjacent ones of
the pulses.

12. The convolutional circuit of claim 1, wherein each of the weighted outputs is a

current.

13. The convolutional circuit of claim 12, wherein each of the spiking signals comprises a
plurality of pulses,

wherein the spiking rate corresponds to a time between adjacent ones of the pulses,
and

wherein each of the weighted outputs has a positive current during a pulse of a
corresponding spiking signal and a negative current during the time between adjacent ones
of the pulses.

14. The convolutional circuit of claim 1, wherein the analog input signals correspond to
an image.
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15. A method for convolving a plurality of analog input signals with a kernel represented
by plurality of weights, the method comprising:

converting the analog input signals to a plurality of corresponding spiking signals,
each of the spiking signals having a spiking rate;

supplying the spiking signals and the weights of the kernel to 1-bit DACs to generate
weighted outputs;

integrating the weighted outputs to generate an integrated weighted output;

controlling an output oscillator based on the integrated weighted output; and

generating an output spike signal from the output oscillator, the output spike signal
having an output spiking rate corresponding to a convolution of the analog input signals with
the kernel.

16. The method of claim 15, further comprising applying a low pass filter to the output
spike signal.

17. The method of claim 15, wherein each of the spiking signals comprises a plurality of
pulses, and
wherein the spiking rate corresponds to a time between adjacent ones of the pulses.

18. The method of claim 15, wherein each of the weighted outputs is a current.

19. The method of claim 18, wherein each of the spiking signals comprises a plurality of
pulses,

wherein the spiking rate corresponds to a time between adjacent ones of the pulses,
and

wherein each of the weighted outputs has a positive current during a pulse of a
corresponding spiking signal and a negative current during the time between adjacent ones
of the pulses.

20. The method of claim 15, wherein the analog input signals correspond to an image.
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