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%Neural interface implants are revolutionizing neuroscience research, especially in brain-
< machine interfaces and neuromodulation therapies. Miniaturizing implants can
I significantly reduce their invasiveness and prevent them from impeding natural behaviors
< due to size or tethering. However, device miniaturization brings new challenges when
gthe implant needs to support power-intensive applications like optical stimulation. These
z\challenges arise from the power Rx (e.g., a coil) receiving a limited amount of power
\Ddue to its small size. Hence, the recently demonstrated miniature implants can only
S support a single neural interface modality, either stimulation or neural recording [1-4].
STo bridge this gap, we designed a miniature neural interface implant for simultaneous
Zoptical stimulation and neural recording. The ASIC of the implant incorporates a linear
2 charging switched capacitor stimulation (LC-SCS) structure that can deliver peak pulses
gof 12mA to the LED with 95% charging efficiency while reducing the off-chip components
—required by the ASIC to one small capacitor. This innovation facilitates both device
S miniaturization and wireless power transmission. The ASIC also employs an artifact-
Rtolerant frontend design, in which a CT-AZM directly digitizes neural signals with a peak
= SNDR of 81.9dB and a dynamic range (DR) of 83.7dB. This innovative frontend ensures
wreliable neural recording, even in the presence of artifacts up to 400mVpp.
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§Figure 33.9.1. shows the conceptual view of the miniature neural interface device
©implanted on a desired brain surface. In the miniature implant, the ASIC, one off-chip
ocapamtor LED, electrode, and the Rx coil (L;) are assembled on a substrate board. A
M144MHz 3-coil inductive link with its Tx coil (L;) and resonator (L,) placed outside the
5 S body can deliver sufficient power in the near-field to the implant at 18% power transfer
B,efficiency (PTE) without surpassing the SAR limit. This inductive link is also used for
§ bidirectional data transmission between the ASIC and the data Rx. In the ASIC, a rectifier
< converts the AC input (Vo) to a DC voltage (Vgyp), Which is further regulated to V.
oThe LC-SCS drives LED with current pulses to apply optical stimulation. The pulse pattern
mcam be adjusted based on stimulation parameters decoded from the 00K-modulated Vg,
'through forward data telemetry. The CT-AZM can simultaneously sample recorded
&signals in the presence of artifacts. The digitized data produced is routed to the
~backscatter-based data Tx, which then wirelessly transmits the data to the external data
oRx for data recovery and display.
E/)
g >InFig. 33.9.2, traditional stimulation architectures like constant current simulation (CCS)
Cand switched capacitor stimulation (SCS) have low charging efficiency and require a high
cusupply voltage (Vgyp) that is larger than LED’s forward voltage [1]. While the voltage-
:o)boosted SCS (VB-SCS) mitigates the need for high Vg, it necessitates multiple large
2 0ff-chip capacitors, challenging device miniaturization [5]. The LC-SCS incorporates a
'53x charge pump (CP), elevating the LED driving voltage (Vigp) to 3xVsye. In the GP, the
Snon-overlapping (NOV) clocks (@ and ®,) converted from CLKg,, drive the CP power
wstage, in which two identical CP cells (Cell,. and Cell;g,-) Operate in a time-interleaved
%manner. Each cell employs serial-parallel topology due to its high efficiency. Moreover,
=to efficiently drive the switches in the CP cell, a self-gate-driven mechanism is
Bimplemented which is to use the top plate voltage of the flying capacitor (Cy,), Voyo, in
‘gone CP cell to power the gate driver in the other CP cell. Specifically, when Celly- is
oconnected in parallel configuration, Vg, 150- =3 Veyp powers the gate driver in Cellg, in
S contrast, when Cell,g- is in parallel connection, Vouao- =3 Vsyp POWers the gate driver in
OCeIIm Moreover, the LC-SCS employs a linear capacitor charger to regulate the charging
*current reducing the loading on inductive link. During the charging phase (®;), the CP
m
m continuously charges the off-chip storage capacitor (Cg) with a small constant current
= through the linear charger. During the stimulation phase (®s), Cs dumps its charges to
QLED, generating high instantaneous LED current (/.g). LC-SCS achieves high charging
efficiency thanks to its current charging mechanism. In addition, since the charging
current is under control, this charging mechanism prevents large Vgye drops caused by
the loading effect. Hence, the capacitor at the Vg, node can be reduced to the order of
nF, allowing for on-chip implementation.

Figure 33.9.3 shows the AZM-based direct digitizing frontend. The CT-AZM realizes a
2"-order noise shaping (NS) using a linearized Gm-C filter followed by a NSSAR
quantizer. To eliminate input DC offsets, the AZM employs an AC-coupled input. The
feedback signal, reconstructed by a CDAC, is subtracted from the input signal at the input
of the Gm-C integrator. The produced residue signal with a small swing is then integrated
by the Gm-C filter. Since the Gm-C serves as the primary integrator, its linearity

dominates the DR of the AZM. To improve the Gm-C’s linearity, a high-gain folded-
cascode amplifier is implemented to boost Gm, enhancing the Gm value to approach a
constant value of 1/Rs. The NSSAR quantizer samples the Gm-C output while performing
the 2" integration. Compared to the SAR quantizer [6], the NSSAR quantizer exhibits
higher energy efficiency as its inherent integration function enables the NSSAR to achieve
quantization noise suppression similar to that of the SAR quantizer while using smaller
quantization bits. Moreover, since the NSSAR is a DT quantizer, it will not introduce extra
excess loop delay (ELD), eliminating extra feedback or feedforward circuits for ELD
compensation. In addition, the NSSAR features a parasitic-insensitive active integrator,
ensuring superior NS performance.

In the optical stimulation measurements (Fig. 33.9.4), even with a low Vg of 1.25V, Cg
can be fully charged, the voltage across Cg, V, reaching the CP’s output voltage (Vguag)
of 3.6V. When the stimulation starts, the LC-SCS discharges Cg within a short time,
delivering current pulses with 2ms pulse width at 0.5Hz to the LED. The current limiter
sets the peak /g, to 12mA, resulting in the peak output light intensity of 10.5mW/mm?,
which is well above the optical stimulation threshold. After each stimulation, the charger
in the LC-SCS continuously charges Cg with 12pA current until the onset of the next
stimulation, resulting in \/; linear increasing during the charging phase. The CP together
with the linear charger achieves a high measured peak charging efficiency of 90.1-95%
at different charging currents. The charging efficiency is defined as the stored energy in
Cs over the input energy of the CP. Smaller charging current results in higher charging
efficiency but longer charging time. The peak charging efficiency is measured when
charging Cg takes the maximum tolerable charging time. LC-SCS can deliver /¢, tunable
within 1.5 to 12mA, corresponding to the measured peak light intensity of 1.625 to
10.5mW/mm?. Figure 33.9.5 shows the measured SNDR and DR of the CT-AZM. With a
400mVpp, 2.03kHz sinewave applied to the CT-AZM, the output power spectral density
(PSD) indicates a peak 81.9dB SNDR within 10kHz bandwidth. The measured SNDR vs.
input amplitude shows 83.7dB DR with a full scale of 1V. The power consumption of the
CT-AZM is 9.8uW. These measurements reveal that the CT-AZM can provide 173.8 FoMpg
and tolerate artifacts up to 400mV,,.

To verify the functionality of the miniature neural interface implant, in vivo experiments
were conducted on 2 anesthetized Sprague Dawley rats with AAV-m Cherry virus injected
in their primary visual cortex (V1). After cortical neurons expressed light-sensitive
channelrhodopsin-2 (ChR2), subjects received unilateral stimulation on the left V1 lobe.
The prototype of the miniature implant has a size and weight of 4x4x2.5mm?® and 18mg
(Fig. 33.9.6). The ASIC and the single off-chip capacitor were mounted on the top of the
substrate. The substrate also carried one blue LED and one pad for electrode assembly
on its backside. L; was wound around the ASIC after coating the ASIC and its bonding
wires. A power amplifier wirelessly delivered power to the miniature implant through the
144MHz 3-coil inductive link. The miniature implant drove the LED with a 3ms pulse
train at 1Hz and 12mA /¢, and simultaneously recorded local field potentials (LFPs) from
the left V1 lobe at 800um depth through a penetrating tungsten electrode. Digitalized
LFP data, wirelessly received by the data Rx, was recovered for data analysis. Compared
to the baseline (LFPs without stimulation), the light-evoked LFPs showed higher
amplitude and PSD, indicating the effectiveness of optical stimulation. In addition, the
transient LFPs showed that the miniature implant successfully recorded the desired LFPs
in the presence of artifacts. Figure 33.9.7 shows the ASIC micrograph in 0.18um standard
CMOS and a benchmarking table.

Acknowledgement:

This work is supported in part by the NSF ECCS awards 2151788 and 2239915. The
Authors would like to acknowledge the TSMC University Shuttle program for chip
fabrication.

References:

[1]Y. Jia, et al., “A mm-Sized Free-Floating Wirelessly Powered Implantable Optical
Stimulating System-on-A-Chip,” ISSCC, pp. 468-469, 2018.

[2] M.M. Ghanbari, et al., “A 0.8mm? Ultrasonic Implantable Wireless Neural Recording
System with Linear AM Backscattering,” /ISSCC, pp. 284-285, 2019.

[3] J. Lee, et al., “Neural Recording and Stimulation Using Wireless Networks of
Microimplants.” Nat. Electron. vol. 4, pp. 604-614, Aug. 2021.

[4] C. Lee, et al., “A Miniaturized Wireless Neural Implant with Body-Coupled Data
Transmission and Power Delivery for Freely Behaving Animals,” /SSCC, pp. 340-341,
2022.

[5] L. Zhao, et al., “A Wireless Implantable Opto-Electro Neural Interface ASIC for
Simultaneous Neural Recording and Stimulation,” /EEE CICC, 2023.

[6] H. Chandrakumar and D. Markovi¢, “A 15.2-ENOB 5-kHz BW 4.5- yW Chopped CT
AZ-ADC for Artifact-Tolerant Neural Recording Front Ends,” /EEE JSSC, vol. 53, no. 12,
pp. 3470-3483, Dec. 2018.

Authorized licensed use mited 1o: Umversdy Of Texas at Austn. Downloaded on Fugusf 2,2021 at 22.28.43 UTC from IEEE Xp Ore. Restrictions apply.

558 « 2024 IEEE International Solid-State Circuits Conference

979-8-3503-0620-0/24/$31.00 ©2024 |EEE



ISSCC 2024 / February 21, 2024 / 4:50 PM

Bonding Wires
ASIC

[}

Capacitor

{ o |

||
Of-Chip LED N octrode

Miniature Neural Interface Implant
;

Lt
L. :
<+—Rx Coil ,T\
\
RECOIdInQDaOa| Poler/” 1~ Stim.
A _/Parameters
Y2
Substrate

Board

\
|
'
'
'
'
'
'
'
'
'
|
|
'
'
'
'
'
'
'
'
'
'
|
'
'
'
'
|

Recording

I
I

H

| End
! User
'

|

|

I

\

Wireless Implantable Neural Interface ASIC

Backscattered-Based Data Tx

Forward Data Telemetry

Digital
Control

Loo | Ve

LSK Mod

5=
On-chip Cap

Registers

T

I IR

3
3x Charge Pump
o ®
R
a-Ln Charger
-chip Cap:
o Jorctocs:

NSSAR
Quantizer

LC-scs

Feedback
CDAC Direct Digitizing Neural
Recording ADC

Neural Signals (~mV)

e
—&®
t

Stimulation Artifacts
V)

(-2

>3V
Inductive | Vsur Vieo=Vsue
Link
CsI &

Prior Art: Constant Current Stimulation
(ccs)

+ Precise leo control
- Poor charging efficiency

- Requires a large Cs to compensate Vsue drop
~ Requires high supply voltage

Inductwe Vsuv

Cs<I CszI

+ Precise lieo Control
- Moderate charging efficienc:

~ Requires multiple large Cs to compensate Vsup drop

~Requires high supply voltage

Prior Art: Switched Capacl!or Stimulation
(Cs

Vieo=2xVaue
A eo=2xVsus
Vs “

fsu

S
Link
IO %
s

i y‘%r
Switched Capacitor Stimulation =
(VB-SCS)

Vieo=Vsue

;

Prior Art: Voltage Boosted

+ Precise leo Control

+ Low supply voltage

- Moderate charging efficiency

~ Requires multiple large Cs to compensate Vsue drop

- Vieo=3xVsur o
— 5 e e ]
Ind:;::v! Vi JXP(;P'\:VQE Ve Gy t e & NOV CLK o mn % —
Lid . Generator 3 ? CP Cellsare
Linear Capacior Ultra-low Power Charge Pump. T
s ’ +
o~ L Oscillator Power Stage 20 0F amchip
Linear Charging Switched Capacitor Stimulation (LC-SCS) = = Efficient Sef-Gate-Driven 3 Charge Pump
35V Ver Ve Ve Vawr
3« Charge | Vo o o Viso=dxVaue Yoz
Pump o-o-f—o BN S _ooaVour
Charging Phase Ga - 2 \%g"’“ Vour o Le ?&?\:— i
> °—'g n w T G Vour = 3xVsu
° Csl B $° }_ :{ :{ Vsue
~10 pA constant charg «l b =
WA constant charging cumenly L CP Cell Parallel Connection | _ Series Connection
~3.6V ~36V Veuzce Ve 2 "
3¢ Charge | Ve e NV e T e Spcame  Vouzcte Szcar
Pump o CLKsw Sicario’ CLKsy Stcanr
Stimulation Phase Sscattior Sscarr
o Cs =- Sttt + Sreanr
~10 mA stimulation current B Parallel CPCalis [ cPCell- | P Cells [ CPCellr
Cs only needs to satisfy heodischarge = L
- - - Series ] CP Cellio- | CPCelligos | CP Cellisr | CPCelligo
@ % Negligible glitch
Vaue 13 3 e00
+ Precise l.eo control o 100-
- T T e
lww LT+ _MA +Low supply voltage # W "
@ . Linear + High charging efficiency Veuzcan: L W L Wer
e TN "Increase + Requires only one smaller Cs Veuzcamnr e LYo ave, L Ve
heo — L [1%-mA ! Charge Pump Gate Driven Mechanism

Figure 33.9.1: Conceptual view of the miniature neural interface device and ASIC Figure 33.9.2: Comparison between the prior art, such as CCS, SCS, and VB-SCS,
and the LC-SCS; schematic of the self-gate-driven charge pump.
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Figure 33.9.4: Measurement results of the transient LC-SCS operation, the peak
charging efficiency at different charging currents, and the peak light intensity as a

function of the LED current.
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Figure 33.9.6: In vivo experiment results from two transfected rats, applying optical

the miniature neural interface implant prototype.
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Reference This Work Ieseee asecy NeCrkctonl Iescos
Technology 180 nm 350 nm 65 nm 65 nm 110 nm
Chip Area (mm?) 15 1 025 025 7
‘Supply Voltage (V) 17125 5 1 1 1723
£ Wireless Link RF, 144 MHz RF, 60 MHz US, 1.78 MHz RF, 915 MHz Body Link, 32MHz
% Total Power (mW) 0.27° 1 0.028¢ 0.0300 0.644c
@ Implants Size & Weight | 4x4x25mm’ 18mg |25x25x1.5mm3, 15mg| 3.8x0.84x 0.75mm?, - | 0.65x 0.65 x 0.25 mm3, - 4x8x1mm? -
Cozg‘:m%f:‘,“f‘ep 1 Coil, 1 Capacitor 1 Coll, 3 Capacitors 1US Transducer None 2Eleccer (orPoivera
System Modality Opt. Stim. + Rec. Opt. Stim. Rec. Elec. Sti. / Rec. Rec.
Stim. Topology LC-SCS SCS B ccs .
-
3§ Li'{;“.—,ﬁ;‘g'{,‘g,%, 12136V 5V/5V v I
£ [[Max Stm. Current (mA) 2 0 = 0.025
Max ncss (%) %5 37 . : 5
Topology CT-ATM E NA CT-AIM CT-AIM
Power (4W)/ Channel 98 s 7 32 6
‘Area (mm) ] Channel 015 - i 001 004
2 Supply V) 7 - T T T
g IRN (Vrus) 7 3 53 22 6.6
2 Signal BW (kHz) 70 2 5 05 70
SNDRIDR (dB) CHEH = o EID 523183
Peak Input (mVer) 400 3 20 2 300
FoMswor / FoMor 172211738 . -l 133/- 1731174

Exclude the commonly required off-chip components for neural recording and stimulation. (.g. electrodes, LEDs) ®Measured at maximum stimulation current.
No stimulation function

Figure 33.9.7: Neural interface ASIC micrograph, along with a benchmarking table.
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