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A 4-Channel 0.23mm? Voltage-to-Time Converter
AFE with 3.7uVrms Noise and 480n1V Galvanic
Impulse Uplink

Mehdi Bandali', Morgan Riley?, and Benjamin C. Johnson'

Abstract—We present a 4-channel 15 kS/s Voltage-to-Time
Converter (VTC) analog front-end (AFE) with a 0.49,W
impulse-based galvanic uplink for a peripheral nerve interface.
Multiple, low-noise, high-data-rate channels are needed to sense
compound action potentials and measure their conduction ve-
locity as they propagate down a peripheral nerve. To achieve
high energy efficiency for these constraints, the AFE encodes
and transmits data with time-domain charge-balanced impulses
through an implantable galvanic link. Each channel consists
of an integrator with charge-based sampling and amplification
for rapid multiplexing. A shared VTC encodes the amplitude-
domain outputs of each integrator into differential time-domain
impulses. Since the timing can be synchronized with stimulation,
this AFE achieves instant artifact recovery after rail-to-rail
stimulation events. We designed this AFE in a 180nm CMOS
process, and the simulation results show an SNDR of 60dB and
noise of 3.7,V rms. Thanks to the new galvanic uplink protocol,
this front-end only consumes 11.28; W/ including wireless data
transmission for four channels.

Index Terms—Analog front-end (AFE), Neural recording,
Voltage-to-time converter (VTC), Galvanic interface, Bidirec-
tional neural interfaces, Wireless implant

I. INTRODUCTION

Deeply implanted wireless bidirectional peripheral neural
interfaces will enable on-demand patient-specific therapeutic
electrical stimulation. Ideally, these devices are miniaturized
into an active extraneural nerve interface that is minimally
invasive and placed at the target site. Also, an energy-efficient,
high data rate uplink is desirable for back-and-forth com-
munication with a wearable for closed-loop processing of
electroneurogram (ENG) signals. ENG signals contain rich in-
formation related to function and dysfunction within the body.
However, decoding ENG signals with an extraneural interface
is exceptionally challenging due to the large number of fibers
within each nerve and the low signal-to-noise ratio (SNR).
Decoding these signals requires multiple sensing channels for
spatial selectivity and a high sample rate for velocity selective
recording [1]-[3].
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Fig. 1. Wireless peripheral implantable recording system with galvanic
impulse uplink.

We previously showed that a galvanic interface is an
efficient approach for deep-implant uplink protocol [2]. In
heterogenous tissue (22mm of muscle, 20mm of fat, 2mm
of skin), the link had only 36dB of loss with a 3mm im-
plant. Here, we present a novel 4-channel VTC-based analog
front-end (AFE) that enables a wireless time-domain galvanic
uplink. Due to the use of memoryless charge-based sampling,
this front-end achieves instant artifact recovery and fast settling
time while achieving high linearity [4]. We utilize a chopping
technique to reduce flicker noise, kT/C noise, and die area.
Fig. 1 shows a conceptual figure of the system that wraps
around the sciatic nerve [1], and sends galvanic time-domain
impulses to the wearable for data acquisition. Overall, this
solution achieves low noise, small die and system area, high
linearity, instant artifact recovery, and fully-differential sensing
across the electrodes.
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Fig. 2. The concept of digital and time encoded wireless data transition for
an implanted galvanic link.
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II. TIME-BASED DATA TRANSMISSION FOR A GALVANIC
INTERFACE

One method of sending data through a galvanic interface
is to use a Manchester-encoded digital link to ensure that the
interface is safely charge-balanced [5] (Fig. 2). However, this
method results in a constant current draw through the galvanic
interface since the output pulse needs to be either one or zero.
Using a small window of the sample time for data transmission
can reduce TX power consumption by transmitting data faster;
however, this requires a faster clock which increases system
power consumption. For example, [6] has a pulse width of
500ns. Assuming that the electrode’s spread resistance (R)
is 30082 [7], the protocol transmits 10 bits of data with a
sample rate of 15 kS/s, and the system uses a supply voltage
of 1.2 V, the power consumption of the Manchester encoded
protocol with four recording channels would be 720pW. To
improve this, time-encoded data telemetry makes the data rate
independent of the resolution. Here, the AFE encodes neural
data in the delay between two impulses. As we show in Fig. 2,
there are only two pulses per channel regardless of resolution.
In the wearable, a time-to-digital converter (TDC) converts
the time-encoded data into the digital domain. This technique
results in much fewer pulses for equivalent information and
places most of the processing burden on the wearable that has
relaxed size and power constraints.

III. ARCHITECTURE AND CIRCUIT DESIGN

Two approaches have been presented for implementing a
VTC-based neural AFE: voltage-controlled oscillator (VCO)
based VTCs [8] and sample and evaluation-based VTCs [9].
Although VCO-based VTCs can achieve high linearity with
mixed signal feedback techniques, this creates major chal-
lenges in wireless recording circuitry since it increases the data
rate and complexity of the system [10]. [9] presented a neural
recording system that encoded neural data in time-domain
pulses and used a capacitive link for data transmission. While
pulse width modulation reduces the data rate requirement in
an implantable recording system, it will alias electrode thermal
noise and be susceptible to stimulation artifacts.

We present a VTC-based AFE co-designed with a galvanic
interface to enable a high data rate and energy-efficient wire-
less link. Overall, this solution achieves low noise, small die
and system area, high linearity, instant artifact recovery, and
fully-differential sensing across the electrodes.

Fig. 3 shows the architecture and circuit details of the AFE.
Each channel contains an integrator and a nonoverlapping
clock generator and shares the VTC and pulse encoder (ENC)
with the other channels. To enable memoryless charge-based
sampling in this integrator, an auto-zero (AZ) clock is used to
reset the integrator before every integration window. Charge-
based sampling enables intrinsic anti-aliasing characteristics
since the integrator has a sinc transfer function and a band-
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Fig. 3. Circuit architecture of the 4-channel VTC-based AFE.
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Fig. 4. Front-end timing diagram. The timing is interleaved for all four
channels.

width of 0.44/Ts [11]. Here, T is the sample time (integra-
tion window).

The chopping technique mitigates flicker and kT/C noise
using double integration with opposite polarities [12], [13],
maintaining a small size for the input devices in the Gm-
cell NMOS: W/L = 8 x 2.8um/4um, PMOS: W/L = 8 x
4.7um/2pm) and input capacitors, Cac = 4pF'. Utilizing a
current reuse topology for the Gm-cell improves overall g,,, /I
and the integrator gain which is Gy X Ts/Cine = 120V/V
with Gy = 10uS and Cy,,r = 5.28pF. To achieve fast settling
for the chopping switches, the down-modulation switches are
placed at low-impedance nodes inside the Gm-cell [14]. We
used a folded cascode to drive the integrator output to satisfy
the output swing requirements (1.2Vpp fully differential).

Fig. 4 shows the timing operation of the integrator. For
clarity, the timing diagram shows only two channels. To
multiplex the VTC between the channels, the input clocks
of the four channels are shifted by 90° with respect to
each other. The repetition rate of the VTC is four times the
repetition rate of the integrators to process all channels in
every 1/F, cycle. The voltage-to-time conversion for each
channel happens in two steps. First, the integrator integrates
the charge on the capacitors during a Ts cycle using the
charge-based sampling technique. In the next step, the charges
are transferred to C'gy a7, = 1pF capacitors and discharged
using current sources Igy ar, = 200nA (Fig. 3 and Fig. 5).
The time difference between the output ramps (Out;,:4+ and
Out;ni—) crossing the reference voltage (0.25 V) determines
the delay between ®1 and ®2 pulses. These signals control
the galvanic uplink interface in Fig. 1 [2]. The delay between
®1 and P2 pulses can range between —2.363us to +2.363us
to represent the front-end’s input voltages that can range from
-5mV to +5mV. The total gain of the front-end is 472.6ps/uV.

At the galvanic interface, two electrodes are used on the
TX side to generate the galvanic impulse. These electrodes
transfer the ions across the tissue. Two electrodes receive the
waveform on the RX side. The ENC uses an overlap protection
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Fig. 5. The VTC timing diagram.

circuit to ensure ®1 and 2 do not overlap and short VDD and
VSS. In this case, neural data are encoded in the pulse width
of the first impulse instead of the delay between impulses. The
VTC also encodes the sign of the input data using the order
of the impulses (up, down OR down, up) (Fig. 5). In Fig. 5,
CHO has an output value above the mid-scale and CHI has
an output value below the mid-scale. The VTC consists of
two pairs of degenerated current mirrors for high linearity and
low noise, and asynchronous comparators. The comparators
consist of two stages. The first stage functions as a pre-
amplifier and the second stage of inverters enables a high gain.
A RST input is used in the comparator to ensure that the initial
condition of the comparator is not correlated with its input.
The triode reset switch source degenerates the input device to
increase linearity. In order to mitigate the mismatch effects,
we designed the layout of all the analog circuitry including
the gm cell, folded cascode, comparators, and current mirrors
with an interdigitated method.

In contrast to [9], this front end uses a different set of
capacitors for voltage-to-time conversion than sampling to
enable the evaluation of the current channel while the next
channel is sampled. With charge-based sampling paired with
coordinated stimulation and recording [4], this front-end can
withstand rail-to-rail stimulation artifacts and instantly recover.
Fig. 6 shows the chip micro-graph and layout of this 4-channel
front-end that we designed using 180nm CMOS technology.
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Fig. 6. The chip micro-graph and layout.
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Fig. 7. The SNDR versus peak-to-peak input.
IV. RESULTS

The noise of this VTC-based front-end will present as a
timing jitter caused by various noise sources, dominated by
the Gm-stage. To simulate this effect, we performed repet-
itive transient noise simulations and calculated the standard
deviation of the output to be 1.75 ns. This corresponds to a
total input-referred noise of 3.71V,.,,s. The digital and analog
power consumption per channel were 17.26nW and 2.8uW,
respectively. Fig. 7 shows the SNDR versus the peak-to-peak
input. The effective number of bits (ENOB) was 9.6 at a
10mVp-p input. To evaluate the spike-sensing capability, we
used extracellular prerecorded data from the hippocampus
region of a rodent [15]. Fig. 8 shows representative time-
encoded pulses and the reconstructed amplitude domain signal
output that accurately tracked the neural data input.

To evaluate artifact mitigation capability, we combined a
100Hz 10mVp-p sinusoidal signal with a stimulation pulse
that had a 130Hz repetition rate, 2665 pulse width, and 1.2V
amplitude. Fig. 9 shows that the front-end instantly recovered
after each stimulation pulse.

V. CONCLUSION

We presented a VTC-based analog front-end for peripheral
nerve recording applications. This front-end encodes and trans-
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Fig. 9. The test bench for evaluating artifact mitigation capability.

mits data in the delay between two impulses with opposite
polarities to relax the data rate requirement and power con-
sumption in the galvanic link. We designed this front end for a
galvanic interface and ensured electrical safety by consecutive
galvanic impulses with opposite polarity to ensure charge
balance. In addition to enabling a high data rate and a power-
efficient data transmission protocol, this front-end achieved a
small area, low noise, low power consumption, high artifact
tolerance, and instant artifact recovery which are critical in
a closed-loop neuromodulation system. Table I compares this
work with state-of-the-art. Our work achieves the best noise
performance in this table and is the only work to have artifact
cancelation capability while having comparable power, area,
and linearity.
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TABLE I
THE COMPARISON TABLE

Specs [6] [16] This
JSSC ISSCC work
2022 2020
Tech(nm) 40 180 180
Supply(V) 1.1 1.5 1.2
Num. CH 2 1 4
Power/CH (uW) >14.1 0.74 2.82
Area/CH(mm?) >0.16 0.0323 0.06
BW/CH (kH z) 0.18-0.95 7.5
ENOB 5 9.6
IRN (nV/\/H=z) >72.35 172.98 42.72
Artifact None None Instant
cancellation artifact
recovery
TX interface Galvanic Optical Galvanic
TX protocol Event-driven Symbol Time
delta-encoded interval encoded
impulses modulation | impulses
TX power (uW) 1.2 (With 125X 0.49 (Full
data compression) data rate)

[1

—

[2

—_

[6

[}

[7

—_

[8

—

[9

—

[10]

[11]

[12]
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