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Abstract

We have built a 16-tap, 7-bit, 200MHz, mixed-signal FIR
filter that consumes 3mW at 3.3V. The filter uses p-channel
synapse transistors to store the tap coefficients; electron tun-
neling and hot-electron injection to modify the tap weights;
digital registers for the delay line; and multiplying digital-to-
analog converters to multiply the digital delay-line values
with the analog tap weights. The measured bandwidth is
225MHz; the measured tap multiplier resolution is 7 bits at
200MHz. The total die areais 0.13mm?; we can readily scale
the design to higher bit resolutions and longer delay-lines.

Fig. 1. The layout. The filter is 450um wide and 295um high in a

. triple-metal, double poly, 0.35um process available from MOSIS.
Introduction

There is an ever-present need for low-power, high-
throughput signal-processing chips. Digital-signal processing
(DSP) chips, athough immensely popular, tend to be large
and power hungry; specia-purpose applications still employ
custom digital VLSI circuitry. Nonetheless, even custom solu-
tions require significant die area and power consumption (1).
This is mainly as a consequence of the digital adders and
multipliers. Although analog circuitry can implement arithm-

A. Filter Architecture
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etic functions with low power and area, these circuits present o = i
other problems such as offsets, error accumulation, and noise bas flemm -
sensitivity. In particular, offsets and signal attenuation make it
difficult to implement long tapped delay lines. B. Weight Cell

We have developed a new mixed-signal approach to signal- Vo
processing that exploits the strengths of new devices called = T
synapse transistors (2) to enable high-throughput, low-power,
scaleable VLS| circuits. We have built a FIR filter using this
technology that employs digital delay lines, synapse transis-
tors for weight storage and updates, and mixed-signa hard-
ware for compact, low-power arithmetic units. Our 16-tap
FIR filter, shown in Fig. 1, operates at 200 MHz with 7-bit
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accuracy, consuming less than 3mW. The die areais 0.13mm?
in a0.35um process.

TheFilter

Fig. 2(A) shows the filter architecture. Because analog de-
lay lines are difficult to implement in VLSI, we use a 7-bit
digital delay line to shift the input signal across the filter taps.
The delay line employs TSPC D flip-flops (3) and uses a 1's
complement code to simplify the multiplier design.

Fig. 2. Thefilter. Part (A) shows the top-level architecture. We use a
7-bit digital delay line and store the tap on analog weight cells. We
implement the multipliers using differential multiplying digital-to-
analog converters (MDACs). The chip output is a differential cur-
rent, comprising the sum of the currents from the 16 MDACs. Part
(B) shows the weight-storage circuit for a single tap. We store the
tap weight magnitude on p-channel synapse transistors, and the sign
on a static latch. The weight magnitude can be changed using select-
able tunneling and injection circuitry.

Central to our approach are the synapse transistors thaalog converter (MDAC) (5). We use 16 MDACs—one for
store the tap weights. Synapse transistors are EEPROM-li&ch delay-line tap. We sum the current output from the 16
devices that afford nonvolatile analog storage, allow bidire8ADACs by connecting them to common output wires.
tional updates, and offer resolutions exceeding 12 bits (4).Fig. 2(B) depicts a weight cell. We used a 2-segment
The synapse transistor outputs a current that is proportionaM®AC, so we use two identical synapse transistors with a
the weight magnitude. We store the sign in a static latch. common floating-gate in each cell. We have a common bias

We multiply the synapse-transistor current by the digitahput, for all 16 cells, that sets the output current range; this
delay-line values using a differential multiplying digital-to-feature lets us trade power for performance and resolution.
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Fig. 3. Convolution of a square-wave input with uniform tap coeffi-
cients. We set all the tap weights to the same positive value, applied

a square-wave input with a 50% duty cycle and clockx 32 period,

and converted the chip’s differential current output to a single-end
voltage using the oscilloscope as a 500hm differential transimped-
ance amplifier. Each step represents the contribution of a single
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synapse transistor to the output. These data provide a rough measure

of tap-weight uniformity; other measurements, taken on an anal
memory cell (4), indicate that synapse-transistor storage can exc

12-bit resolution. The overshoot is clock feedthrough.

We write the weights selectively using electron tunneling and
hot-electron injection (2). Both mechanisms can be active
during filter operation.

We show the contribution of each tap weight to the filter
output in Fig. 3. We show the filter's bandwidth (output am-
plitude versus clock frequency) in Fig. 4; the filter maintains
its performance for clock rates to 225MHz. Finaly, we used
the filter to compute correlations in a DS-CDMA decoding
application (6); we show the resultsin Fig. 5. We measured a
42.6dB dynamic range for asingle user signal.

Conclusion

We have built a 16-tap FIR filter that uses synapse transis-
tors for analog weight storage and concurrent weight updates.
This approach alows us to use mixed-signal arithmetic units,
resulting in a compact, high-speed, low-power design. Be-
cause we use a digital delay line, we can scale our solution to
a larger number of taps (>>16). On a DS-CDMA decoding
application, our filter demonstrated an input dynamic range of
42.6dB, enabling us to scale up to 128 taps (up to 128 users).
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Fig. 4. Output amplitude versus frequency. We set all tap weights to
the same positive value, applied a maximum-amplitude impulse (a
pulse whose width was the clock period, with 1/32 duty cycle), and
measured the output settling time (into a 500hm load) as we
clocked the pulse from tap to tap.
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B. Chip output, with data-recovery strobe
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Fig. 5 Application to DS-CDMA decoding. We applied a 100Mbps
CDMA-like input to the filter, comprising two bit streams encoded
using orthogonal bases. We set the tap weights to decode the shown
basis. Part (A) is the input bit stream and the basis we used to en-
code it. Part (B) is the filter output and the strobe pulse we used to
recover the data. Part (C) is the reconstructed data, for 64 (superim-
posed) experiments, showing the logic-level variance at the output.
We used the oscilloscope as a differential 500hm transimpedance
amplifier, low-pass filter, and track-hold, and reconstructed the out-
put data in software using the oscilloscope measurements.
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