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Abstract—A power-efficient wireless switched-capacitor based
stimulating (SCS) system for electrical/optical deep brain stimula-
tion (DBS) is presented. The SCS system efficiently charges storage
capacitors directly from an inductive link and delivers accurately
balanced charge to the tissue, improving the overall stimulator
efficiency. In addition, the decaying exponential stimulus pulses
generated by SCS can be more effective than conventional rectan-
gular and ramp stimuli in activating neural tissue when consuming
the same amount of energy, leading to higher stimulus efficacy. A
4-channel wireless SCS system in 0.35 pm CMOS process achieves
stimulator efficiency of 80.4% with capacitor pairs charged to
+2V, while the decaying exponential stimulus requires equal
or less stimulus energy and injected charge than other stimuli
depending on pulse width to activate the same tissue area. The
SCS system has also been utilized for power-efficient wireless
optogenetic stimulation by periodically discharging capacitors
into high-current micro-LED arrays. Results from acute in vivo
experiments have verified the utility of the SCS system prototype
in both electrical and optical stimulation.

Index Terms—Deep brain stimulation, switched-capacitor based
stimulators, wireless power transfer, inductive capacitor charger,
optogenetics, implantable medical devices, charge monitoring.

I. INTRODUCTION

EEP BRAIN STIMULATION (DBS) has been proven

as an effective therapy to alleviate Parkinson’s disease,
tremor, and dystonia [1], [2]. Traditional DBS devices have used
large primary batteries implanted in the chest area, which need
to be replaced every 2—5 years through surgery [3]. Moreover,
subcutaneous interconnects from batteries pass across the neck
to reach the electrodes implanted deep in the brain, increasing
the risk of mechanical failure due to head motion. Towards a
less invasive head-mounted DBS system, we have utilized an
inductive transcutaneous link to be driven by a behind the ear
(BTE) rechargeable energy source, similar to cochlear implants
and hearing aids, to provide sufficient power to the stimulator
without size, lifetime, and discomfort of chest-mounted bat-
tery-powered traditional DBS [4], [5].
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The next step is adopting aggressive power management
schemes to further improve the DBS efficiency. Voltage-con-
trolled stimulation (VCS) enables power-efficient stimulation.
However, limiting and balancing the stimulation charge are
complicated in VCS because the electrode impedance varies
over time and position [6], [7]. On the other hand, current-con-
trolled stimulation (CCS) provides precise charge control and
safe operation, but it has low power efficiency due to the
dropout voltage across its current sources [8], [9]. Switched-ca-
pacitor stimulation (SCS), proposed in [10], takes advantage of
both high efficiency of VCS and safety of CCS using capacitor
banks to transfer quantized amount of charge to the tissue.
However, that was a simple presentation of the general SCS
idea with no on-chip integration. It also requires an efficient
capacitor charging mechanism directly from the inductive
link to maintain its benefits. In this paper, we present the first
integrated wireless SCS system-on-a-chip (SoC) with inductive
capacitor charging and charge-based stimulation capabilities,
which can improve both stimulator efficiency (before the
electrodes) and stimulus efficacy (after the electrodes) in DBS.

Fig. 1 compares the key blocks involved in the inductive
power flow from the external energy source to the tissue in con-
ventional CCS and the proposed SCS systems, as well as the re-
sulting stimulus waveforms. The CCS requires a rectifier, a reg-
ulator, and an array of current sources to generate a rectangular
current stimulus. Accumulated power losses at each stage result
in poor overall stimulator efficiency, which can be defined as the
stimulator output power over input power from the L,C5 tank.
On the other hand, the streamlined inductively-powered SCS ef-
ficiently charges the storage capacitors directly from the induc-
tive link and delivers the quantized stored charge to the tissue
(series RC), improving stimulator efficiency. In addition, the
proposed SCS is capable of generating a decaying exponential
stimulus by dumping the capacitor charge in the tissue without
wasting additional power. The decaying exponential stimulus
can be equally, if not more, effective in activating the larger
target tissue area compared to the conventional rectangular or
ramp stimuli while consuming the same amount of energy, im-
proving both stimulus efficacy and safety [11], [12].

Optical stimulation of neuronal circuits, known as optoge-
netic stimulation, has rapidly gained popularity as an effective
way to selectively activate genetically-modified neurons using
various light-delivery schemes, including LEDs, because of
their fast, spatially controlled, and minimally invasive modula-
tion of activity in the targeted cell types [13], [14]. However,
LEDs typically require large instantaneous power to emit
sufficient light above the optical stimulation threshold, which is
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Fig. 1. Key power delivery blocks in the (a) conventional current-controlled stimulation (CCS) and (b) proposed switched-capacitor based stimulation (SCS).

a limiting factor in conventional inductively-powered devices
that often have a limited continuous power stream highly
dependent on the coils’ coupling. Moreover, instantaneous load
variations affect the matching condition, further degrading the
inductive power transmission efficiency (PTE) [15], [16]. To
address this limitation, we have utilized the SCS system for
power-efficient optogenetics by periodically discharging the
capacitors into LEDs, providing high instantaneous current to
a micro-LED array.

The rest of this paper, which is an extended version of
[17], focuses on detailed circuit techniques and additional
measurement results to fully describe the overall SCS system,
while providing stimulus waveform analysis and several in vivo
experiment results to demonstrate both electrical and optical
stimulation. Section II presents the proposed wireless SCS
system and its stimulation parameter analysis. Section III de-
scribes the circuit details and design considerations, including
an inductive capacitor charger, a charge monitoring circuit,
and forward/back telemetry. Section IV depicts the SoC mea-
surement results. Section V presents the SCS energy-efficient
stimulus waveform with in vivo electrical stimulation experi-
ments. Section VI describes wireless SCS optogenetics and its
in vivo results, followed by concluding remarks in Section VII.

II. WIRELESS SWITCHED-CAPACITOR STIMULATING SYSTEM

Fig. 2 shows the overall architecture of the wireless SCS
system for head-mounted DBS. The inductive capacitor charger,
adopted and improved from [21], charges four pairs of positive/
negative storage capacitors, C'p1~4 and Cy1~1, sequentially,
while the adaptive capacitor tuner compensates for the reso-
nance capacitance variation during charging [21]. These capac-
itors deliver charge to the stimulation sites, which can be either
microelectrode arrays (MEA) or micro-LED arrays, through ca-
pacitor/channel selectors for electrical or optical stimulation,
respectively. The capacitor and channel selectors, which con-
sist of low-resistance switches to minimize the power loss and
impact on the stimulus shape, control the connections between
storage capacitors and stimulation channels. For biphasic elec-
trical stimulation, the capacitor pairs are alternately connected
to the electrodes, dumping negative and positive charge to the
tissue. A current limiter limits the stimulus amplitude to pre-
vent large current flowing through the tissue. To ensure charge-
balanced stimulation, a charge monitoring circuit measures the

amount of charge injected and withdrawn by observing storage
capacitor voltages, and dynamically changes the stimulus pulse
width to neutralize the residual charge in the tissue. An addi-
tional charge balancing circuit further prevents residual charge
accumulation by shorting electrodes to ground for a predefined
time after stimulation. A power management block, similar to
[21], generates system supply and reference voltages, while a
timing controller provides timing signals for capacitor charging
and charge-based stimulation.

For forward data telemetry, a pulse-position-modulated clock
and data recovery (PPM-CDR) block extracts synchronized data
and clock from an on-off-keying (OOK) modulated coil voltage,
Veorr, setting a 40 bit shift register through a serial-to-parallel
converter (S2P) with an 8 bit preamble, to store stimulation pa-
rameters. Back telemetry through load-shift-keying (LSK) has
been adopted for handshaking during forward telemetry and es-
tablishing a closed-loop power control mechanism by sensing
rectifier output voltage, Vr g, which discrete implementation
was introduced in [18].

The decaying exponential shape of the current stimulus can
be adjusted by changing the stimulation parameters that are set
through forward telemetry. We analyze the decaying exponen-
tial current stimulus with the simplified SCS system and elec-
trodes/tissue model, as shown in Fig. 1(b). The electrodes/tissue
model includes a series Rs and Cp,, which represent the solu-
tion spreading resistance and the double-layer capacitance, re-
spectively [19], [20].

Here we assume that storage capacitors, Cx and Cp, are
charged to target voltages, Vrn and Vpp, respectively, and
Cpp is discharged to 0 V. When C'y is connected, the stimu-
lation current, Ig77ar, flows to the tissue through electrodes.
During the negative stimulation (cathodic) phase, Vo, Vepr,
and Isrrar can be expressed as

1
Ven(t) = Vrx — o /ISTIM(t) dt )]
1
Vep(t) = m— [ Tsrma(t) dt ©)
DL .
Ven(t) — Vep(t
Istmu(t) = ex( )Rs coL(t)
Von — (& + i) fISTIM(t) dt
- 3)

Rs
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Fig. 2.

Then, Is7ra can be derived further as
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Rs ! ( (CP CoL Rg
VN t
= CXT
Rs P CpCpr, R
Cr+CpL
\% t
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From (4), the peak stimulation current, Isrras Peak
(=Vrn/Rs), and the time constant of decaying exponen-
tial, 7, can be partially adjusted by changing the target charging
voltage, Vrn, and the number of storage capacitors connected
in parallel to the tissue (=Cx x n), respectively. The cathodic
phase period, T, can also be controlled through forward
telemetry, enabling flexible shapes of decaying exponential
current stimulus, as shown in Fig. 1(b). The positive stimulation
(anodic) phase current can be adjusted in the same way with
Vrp, Cp, and Tp parameters. Since the stimulus shape is also
affected by Rg and C'pp, it is required to know the impedance
range of the electrode and tissue interface to estimate the peak
amplitude and time constant of decaying exponential stimuli
generated by the SCS system.
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Overall architecture of the integrated wireless SCS system for head-mounted DBS.

III. CIRCUIT DETAILS AND DESIGN CONSIDERATIONS

A. Inductive Capacitor Charger

Since capacitor charging efficiency is a dominant factor in
the overall stimulator efficiency, we utilized the power-efficient
inductive capacitor charging mechanism in [21] plus two newly
added safety features for the SCS application. These features are
the dual-voltage control capability and optional reset function.
Fig. 3 shows the schematic diagram of the improved 4-channel
inductive capacitor charger. One of the receiver coil terminals,
Voorr, is followed by a series charge injection capacitor, Cs,
which provides an input voltage, Vi, to Cpy and Cyy through
switches Py and Ny, respectively. Cpy and Cyy are alternately
charged depending on Voo rr variations as shown in Fig. 4. For
example, when Vooyr increases and Vix is less than Viopy,
both switches are off, and Vi follows Voorr. When Viy ex-
ceeds Vo p1, P1 turns on by its active switch driver, DRV p, and
connects Vi to Cp1, holding V;n relatively constant around
Verpi. Since Veoorr keeps increasing, the voltage difference
across C'g generates a relatively constant charging current, Io gz,
into the positive storage capacitors,Cp; . In other words, C's op-
erates like a current source and charges C'py without dissipating
power. The negative storage capacitor, C'y1, is charged the same
way when Vorp decreases. This reduces the switching loss
that would otherwise result from charging a capacitor with a
voltage source and significantly improves the capacitor charging
efficiency through an inductive link [22]. Moreover, the control
circuitry for the charger consumes a negligible amount of power
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Fig. 3. Schematic diagram of the 4-channel dual-control inductive capacitor charger.
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Fig. 4. Simplified voltage and current waveforms for capacitor charging.

compared to high capacitor charging power because it mainly
operates in a digital mode with very small static current.

The improved charger benefits from the additional safety fea-
tures, dual-voltage control capability provided by comparators,
CMPp and CMPy, and a 5 bit dual-output DAC to guarantee
that Vo p1 and Vo1 are separately charged to reach their target
voltages, Vrp and Vi, respectively. Otherwise, even small
residual voltage mismatch between C'p; and Cx1 can be ac-
cumulated over long-term stimulation periods and saturate ei-
ther Verpy or V1. There is also a reset function that can op-
tionally discharge C'py and C'y; before charging. While the
4-channel capacitor charger operates sequentially, the end-of-
charge (EOC) switch connects Vi to GND after charging. In
addition, the adaptive capacitor tuner, adopted from [21], au-
tomatically compensates for variations of the secondary reso-
nance capacitance during charging.

B. Charge Monitoring Circuit

For accurately charge-balanced biphasic stimulation, we have
utilized the charge monitoring circuit shown in Fig. 5. This cir-
cuit utilizes a capacitive-feedback amplifier to integrate the dis-
charged voltage variations from storage capacitor voltages, Vo p
and Vv, during stimulation to detect the amount of negative
and positive charges transferred to tissue. A charge monitoring
signal, S¢as, stays at 0 before stimulation, while amplifiers A
and A, operate as buffers, storing their offset voltages in C5.
When the negative stimulation starts first with Scpy at 1 for
a predefined period, A; becomes a capacitive-feedback ampli-
fier, and A, operates as a comparator, while their offsets are

cancelled through C'5. The sensing voltage, Vs g, decreases as
Ve increases in this period. When V- p discharges for positive
stimulation, Vs g increases again. When the amounts of Vs g
decrement and increment are equal, Sca; becomes 0 again, and
the positive stimulation stops to ensure that the net injected and
withdrawn charges are zero.

C. Forward/Back Data Telemetry

Fig. 6 shows the schematics of the OOK demodulator and
PPM-CDR circuit. In the OOK demodulator, V-orr is con-
verted to a half-wave through P, and P53 to prevent overvoltage
across a following diode-connected rectifying transistor, P.
Then, the envelope of Voo s is extracted through P4 and a hys-
teresis comparator, As, to provide a pulse-position-modulated
(PPM) signal, Sppjys. Inthe PPM-CDR, Sppay is converted to
the clock signal, CLK, after passing through a frequency divider
(DFF;). CLK controls the timing and amplitude of Vppas
by alternately charging and discharging C~ through current
sources, Iy and I3, respectively. If positioning ratio among
three pulses of Sppyy is 7:3, I charges C7 for longer time, and
Vppar exceeds a reference voltage, Vrppa, during CLK = 1.
Then, a demodulated signal, Sppp, is sampled in DFF,,
leading to DAT A = 1. On the contrary, when the positioning
ratio is 3:7, Vppys does not reach to Vrppa during CLK =1,
resulting in DAT A = 0. Since the stimulation parameters are
set only once and the OOK pulse width is narrow (3 us), the
OOK-PPM offers a simple but robust programming method
without significantly affecting the system power efficiency.

In addition, the LSK back telemetry has been utilized for the
closed-loop power control to accommodate with a wider range
of mutual coil arrangements. An external power transmitter (Tx)
in Fig. 2 increases the transmitted power by default with an ad-
justable step size unless detecting the back telemetry data. Then,
the Vr g sensing circuit in Fig. 7 compares a portion of positive
rectifier output voltage, Vrpcp, from the power management
block to a reference voltage, Vrgrs. When Vegop exceeds a
certain threshold, the sensing block sends short (1.5 us) back
telemetry pulses, Spr, to the LSK block at 500 Hz, closing the
switch across the secondary coil, L. The resulting voltage in-
crement across the primary coil, L1, is detected by the external
LSK sensing block, and the power Tx adaptively decreases the
transmitted power until no more back telemetry pulses are re-
ceived. This will keep Voorr amplitude and rectifier output
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voltages at desired levels in the presence of coil misalignments
and distance variations.

IV. MEASUREMENT RESULTS

A. Chip Micrograph and Measured Waveforms

The 4-channel wireless SCS system was fabricated in the
TSMC 0.35 pm 4M2P standard CMOS process, occupying
12 mm? including pads. Fig. 8 shows the chip micrograph
and floor plan. According to [1], typical DBS parameters for
voltage, pulse width, and frequency are 1-3.5 V, 60-210 us,
and 130-185 Hz, respectively. We designed the SCS system
to have larger range of pulse width and frequency, 16-512 us
and 7.6-244 Hz, respectively, to enable more flexible therapies,
while the peak stimulus voltage is limited to +2 V due to
process constraints. Similar to commercial DBS devices, such
as Activa from Medtronic (Minneapolis, MN), the SCS system
has 4 stimulation channels with 4 pairs of off-chip capacitors
(1 uF, 1x0.5x 0.5 mm® each), which are small enough to
be placed on the opposite side of the chip to minimize the

prototype dimensions. The storage capacitance of 1 uF was
chosen to allow 4 pairs of capacitors to be fully charged at 244
Hz and each transfer charge up to 1.8 1C to the target tissue [1].

Measured waveforms in Fig. 9 show the operation of the
charge monitoring (CM) circuit while changing the storage
capacitor voltages, Vop1 and Vo, and the cathodic phase
period, T. A cathodic-first biphasic stimulation voltage,
Vsrin, flows through a series RC model (500§2 and 1 uF)
for the DBS application [9], [23]. In Fig. 9(a), the cathodic
stimulation is applied for a predefined T of 512 us with a
capacitor pair charged to £2 V, discharging V-1 by 850 mV.
The anodic period, 7, is then dynamically adjusted to 228 ys
by the charge monitoring circuit, discharging the same amount
of AVup; to ensure that injected and withdrawn charges are
neutralized. Similarly, when Ty is 256 ps with a capacitor pair
charged to £0.45 V in Fig. 9(b), the anodic phase lasts for Tp
of 172 us to discharge Viopy by 150 mV, satisfying the charge
balancing requirement.

Fig. 10 shows the overall SCS waveforms focusing on
stimulation with different number of storage capacitor pairs. In
Fig. 10(a), one capacitor pair charged to £2 V provides the stim-
ulation current, Isrras, with a decaying exponential shape. The
stimulus amplitude (4 mA) and time constant (250 us) depend
on the storage capacitors (1 ;+F), electrodes/tissue time constant
(Itg = 5009 and Cpr = 1p4F), and targetVopa (£2 V),
as included in (4). With four capacitor pairs in Fig. 10(b), the
time constant of Igrras increases to 400 us, resulting in a
smaller discharged voltage (280 mV) from each capacitor. It
should be noted that adjusting the number of storage capacitors
can control the time constant of stimulus waveforms, while it
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Fig. 10. Measured waveforms of the overall SCS system, demonstrating the differences between stimulation with (a) one 1 uF capacitor pair and (b) four 1 pF
capacitor pairs.

Fig. 11 shows the measured waveforms of forward/back
data telemetry. In Fig. 11(a), Veorr is OOK-modulated on
the Tx side to become the pulse-position-modulated carrier
signal, Sppas, which is recovered into synchronized 15.6 kbps

can limit simultaneous stimulation over multiple electrodes.
After stimulation, capacitor pairs are sequentially recharged to
their target voltages, while the site is shorted to GND during a
predefined period for additional charge balancing.
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B. Charge Monitoring and Capacitor Charging

In order to verify the accuracy of the charge monitoring
circuit, we measured the discharged voltage mismatch between
negative and positive capacitors, Cy and Cp, for biphasic
stimulation while calculating the residual charge in the tissue.
Fig. 12(a) shows the measured discharged voltage of Cy,
AVen, and the mismatch between discharged voltages of Cy
and Cp, AVey - |[AVepl, during stimulation, while sweeping
capacitor voltages, Vop and Vv, from £0.45 Vto £2 V. We
have tested three chips, which showed similar performance.
The discharged voltage mismatch from the chip with median
values was measured between 14 mV and 22 mV. Fig. 12(b)
shows the calculated residual charge, AQg7rras, vs. Vop n in
the tissue after stimulation, which is derived from

AQgriv = |QnEG

— Qpos = |[CnAVex| — CpAVep
(%)

where ( v ¢ and Q po s are the injected and withdrawn charges
during negative and positive stimulation, respectively, calcu-
lated from the measured discharged voltages, AV and AV p
in Fig. 12(a), while C and Cp are assumed to be 1 uF. The
maximum residual charge is 22 nC with a cathodic phase period

+0.45 0.8 1.2

Storage capacitor voltages, VCP,N (V)
(®)

Fig. 12. (a) Measured discharged voltage of the negative capacitor, AVey,
and discharged voltage mismatch between the negative and positive capaci-
tors, AV ny — AV p, for biphasic stimulation, (b) Calculated residual charge,
AQsrim = |Qnec| — Qros, in the tissue vs. peak capacitor voltage,
Verw.

of 512 y1s, and the minimum charge ratio between AQ g1 yas and
QnEec is 2.2% when Vep n are £2 V.

The residual charge of 22 nC results in the residual voltage
of 22 mV after stimulation in the electrode/tissue model (series
500§ and 1pF), which is well below the safety potential
window of £100 mV [19]. It should be noted that mismatch
between storage capacitors also affects the residual charge.
For example, the 1-uF capacitors charged to +2 V discharge
850 mV for 512 ps in Fig. 12(a), injecting £850 nC. In this
case, a 5% mismatch between commercial off-chip capacitors
can lead to additional residual charge and voltage of 42.5 nC
and 42.5 mV, respectively. While the total residual voltage in
the worst case is still less than the safety window, the passive
charge balancing circuit further discharges the residual voltage
after stimulation to prevent any charge accumulation over
long-term stimulation.
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TABLE 1
BENCHMARKING INDUCTIVELY-POWERED STIMULATING SYSTEMS
Publication 2010 [8] 2012 [9] 2011 [24] This work
Technology 0.18-pm HV 0.35-pm 1.5-uym 0.35-pm
Stimulator structure CCS VCS + CCS SCS SCS
Supply voltage (V) +12 33 +1.75 (Cap) +2 (Cap)
Rec. + Reg. 85.6 80° - -
Stimulator | pC_pC cony. - 55~94 - -
e fpf;(::l':lrcy Current driver 41.6 - - -
(%) Charger + Sw. - - 40 80.4
Total 35.6 44 ~75.2 40 80.4
Current stimulus shape Rectangular Rectangular eg;gzz;?il eiﬁf;g::i}’; !
Max. Isr (mA) 0.5 0.45 0.4 (peak) 4 (peak)
Series RC model 10kQ + 100nF 1kQ + 0.93uF 1.15kQ + 1pF 0.5kQ + 1pF
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Assuming a rectifier is needed,  including power consumption of the other blocks.
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Fig. 13. Measured INL and DNL of the 5 bit storage capacitor peak voltages,
Ve~ and Vi p, along with the charging voltage mismatch, AV y = |Vou | —
Ve p, between the negative and positive storage capacitors.

INL and DNL of the 5 bit storage capacitor voltages, Vo p
and Vi, with dual-control inductive capacitor charging were
measured and presented in Fig. 13 along with the charged ca-
pacitor voltage mismatch, AVey = |Von| — Vep. While Ve p
and Ve are charged from £0.45 V to £2 V with 5 bit resolu-
tion, the maximum INL and DNL are 0.44 LSB and 0.24 LSB,
respectively. The maximum A Ve gy between |Von | and Ve p is
+26 mV.

C. Performance Comparison and Summary

Table 1 benchmarks the current wireless SCS system pro-
totype against state-of-the-art stimulating systems in the liter-
ature. Inductively-powered stimulating systems, which utilize
CCS or VCS, require the rectifier, regulator, current driver, and
even DC-DC converter blocks to generate rectangular stimuli,
while power losses at each stage result in poor stimulator effi-
ciencies. The stimulating system in [24] adopts switched-capac-
itor stimulation to construct rectangular stimuli with decaying

exponential pulses, but it suffers from poor voltage-based ca-
pacitor charging efficiency (<50%). Thanks to the efficient in-
ductive capacitor charger and low-resistance capacitor/channel
selectors, the wireless SCS system prototype is able to achieve
capacitor charging efficiency of 82% and charge transfer effi-
ciency of 98% when capacitor pairs are charged to +2 V and
provide decaying exponential stimuli to the tissue, respectively,
resulting in overall stimulator efficiency of 80.4%. The power
losses of the capacitor charger mainly result from the charger
switches (14%), P; and Ny, and other charging circuitry (4%)
such as switched drivers, DRVp and DRV, and the adaptive
capacitor tuner in Fig. 3.

The SCS system offers flexible decaying exponential wave-
forms by adjusting stimulation parameters through forward
telemetry, while the injected and withdrawn charges are con-
tinuously monitored and balanced for safe stimulation. For
more flexible stimulus waveforms, the SCS system can be pro-
grammed to charge storage capacitors to various voltages and
sequentially connect them to the stimulating site, generating
a pseudo rectangular or ramp stimulus [24]. The number of
off-chip storage capacitors may limit the waveform resolution
though. Table IT summarizes the specifications of the 4-channel
wireless SCS system prototype.

V. ENERGY-EFFICIENT STIMULUS WAVEFORM EXPERIMENTS

A. Tissue Model Simulation

A decaying exponential stimulus is proven to be more ef-
fective in activating the neural tissue compared to rectangular
and ramp stimuli, depending on the stimulus pulse width, while
consuming the same amount of energy [11], [12]. The stimulus
efficacy can be defined as the activated tissue area over stim-
ulus energy. To verify the efficacy of stimulus waveforms, we
created a simplified model of the neural tissue with uniformly
distributed axons and stimulation electrodes for computer sim-
ulation, and compared the effects of stimulus waveforms on the
area of tissue activated [25], [26].

Fig. 14 shows how different current stimulus waveforms
affect the area of activated tissue when consuming the same
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TABLE 11
SPECIFICATIONS OF THE WIRELESS SCS SYSTEM PROTOTYPE

Overall System Switched-capacitor stimulation
L,/ L,/ fc 4uH/1.2pH/2 MHz # of channels 4 (active) + 4 (return)
ASIC area 12 mm? Stimulation freq. 7.6 ~ 244 Hz (5-bit) *
System supply 21V/21V Pulse width 16 ~ 512 ps (5-bit)"
Inductive capacitor charger Charge balancing Charge monitor + passive
Target voltages +0.45 ~£2 V (5-bit) |Ongc| - Oros <22nCw/ Cpy=1pF

INL / DNL 0.44/0.24 LSB Current limiter 0.012 ~ 1.5mA (5-bit)”
Venl - Vep <+26 mV Forward data telemetry
Charging eff. / time 45 ~82% /40 ~ 420 ps Data / Preamble 40/ 8 bits
Cs/Cpry! Cyia 1nF/1pF/1pF PPM data rate 15.6 kbps

" Adjustable, ~~ Can be deactivated to allow higher current.

Pulse width Same energy (1nJ/Q) & pulse width (1ms) (n}-f'zn)
™[ Rectangul Tecte
ngular Shaft |5
— Rect.
e e : 5 --- Dec.ramp| | +1
P Decreasing ramp g
g Elec- %’ 0
| I t=500ps trode §
=3
- - _ Decaying Decaying expo.
e 7=250ps expo. g — =500ps| | -1
P Shaft | | = — T=250ps
oo T=125s z e vzl
[} -
L> x 0 1 2 3

(@)

(b)

Fig. 14. (a) Several types of stimulus waveforms and (b) area of tissue activated by them when consuming the same amount of stimulus energy.

amount of energy for the same pulse width. The decaying ex-
ponential stimuli with different time constants (500 us, 250 us,
and 125 us) are applied to uniformly aligned axon arrays in the
tissue model through the electrode along with the rectangular
and decreasing ramp stimuli, as shown in Fig. 14(a). In this
simulation, we assume that the axons in the tissue model are
activated when their transmembrane potentials increase above
a predefined threshold level with injected stimuli. In Fig. 14(b),
the tissue model utilizes homogeneous isotropic tissue con-
ductivity of 0.3 S/m and relative permittivity of 4 x 10% for
frequencies below 250 Hz to include the effects of tissue re-
sistance and capacitance in the brain [26], [27]. With the same
stimulus energy (1 nJ/€?) and pulse width (1 ms), the decaying
exponential with smaller time constant can activate larger
cross-sectional tissue area than the rectangular and decreasing
ramp stimuli. In this case, the decaying exponential stimulus
achieves 35-56% higher stimulus efficacy than the rectangular
stimulus. In addition, further simulated results show that the
decaying exponential stimulus can activate the same tissue
area with less stimulus energy and injected charge than other
stimulus waveforms when the pulse width is large (>0.4 ms),
enabling both energy-efficient and safe stimulation. On the
other hand, all waveforms show similar stimulus efficacies with
small pulse width (<0.4 ms).

B. In Vivo Experiments

To demonstrate the charge-based stimulation capability of
the SCS system, in vivo brain stimulation was conducted on
an anesthetized cat after receiving the necessary approval from
the Institutional Animal Care and Use Committee (IACUC) at
Duke University. The SCS system provided decaying exponen-
tial stimulus pulses to the posterior limb of the internal capsule,
while the electromyography (EMG) signals in the upper arm
muscles, resulted from the evoked neural activities in the brain,
were recorded. For brain stimulation, 30 biphasic-bipolar pulses
at 244 Hz including a decaying exponential cathodic pulse for
272 us followed by a current-limited charge-balancing anodic
pulse for 1.1 ms were applied, while sweeping the cathodic stim-
ulation amplitude from —0.4 V to —1.5 V. Fig. 15 shows the
in vivo measured waveforms of the current stimulus and EMG
voltage response when storage capacitors of 1 uF were charged
to 1.5 V. With the current stimulus resembling a decaying ex-
ponential shape, Rg and Cpy of the electrode and tissue in-
terface were approximated as 560 2 and 1.9 uF, respectively,
resulting in the peak amplitude of —2.68 mA and time con-
stant of 367 us. The measured EMG voltage was rectified and
integrated to quantify the EMG response with respect to the
stimulus amplitude.
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Fig. 15. In vivo measured waveforms of the decaying exponential current stimulus and EMG voltage response.
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Fig. 16. Invivo experimental results with decaying exponential and rectangular stimulus pulses. (a) Integrated EMG voltage vs. peak stimulus voltage, (b) stimulus
energy vs. peak stimulus voltage, and (c) integrated EMG voltage vs. stimulus energy.
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Fig. 17. Conceptual diagram of the wireless SCS system for power-efficient optogenetics by driving an array of micro-LEDs.

Fig. 16 shows how the decaying exponential stimulus affects
the overall efficacy of stimulation when compared to the con-
ventional rectangular stimulus. In Fig. 16(a), the rectified and in-
tegrated EMG voltages over time start increasing after the stim-
ulus voltage goes above a certain threshold, and the decaying ex-
ponential requires a higher peak voltage. However, the decaying
exponential stimulus has lower stimulus energy than the rectan-
gular stimulus at the same peak voltage, as shown in Fig. 16(b).
Therefore, when consuming the same amount of stimulus en-
ergy in Fig. 16(c), the EMG responses of both stimulus wave-
forms become closer, leading to similar stimulus efficacies. In
this case, higher stimulator efficiency of the SCS architecture
further improves the overall efficiency of the wireless stimula-
tors with the decaying exponential stimulus.

VI. POWER-EFFICIENT WIRELESS OPTOGENETIC EXPERIMENTS

A. Wireless Optogenetics With SCS

The proposed SCS system is capable of providing high
instantaneous current from storage capacitors without af-
fecting the inductive link and system supply voltages, which
are the limiting factors for the optogenetic applications in
conventional inductively-powered implantable devices. For
example, a micro-LED in [28] consumes 17 mW at 2.9 V to
instantaneously provide sufficient irradiance of 10 mW/mm?
for neural activation. This dramatic change in load current can
significantly drop the receiver coil voltage in a conventional
inductively-powered stimulator, and it is even more critical in
simultaneous multi-channel optogenetic stimulation. We have
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Fig. 19. Optogenetics test setup components including, (a) the 3-D optrode array with waveguides, (b) the SCS system prototype, and (c) the external electronics
for the power Tx and inductive link consisting of a pair of perfectly-aligned planar spiral coils at 1 cm separation.

demonstrated the utility of the SCS system for power-efficient
wireless optogenetics by periodically discharging the storage
capacitors into micro-LED arrays, which requires high instan-
taneous power to emit sufficient light and evoke the neural
activity [29]. Fig. 17 shows the conceptual diagram of the wire-
less SCS system which efficiently charges storage capacitors,
Cp and Cy, while being capable of driving micro-LEDs with
high instantaneous current. Unlike the conventional wireless
optical stimulator in [15], which suffers from power losses
across a rectifier, a regulator, and an LED driver, the SCS
system utilizes the efficient capacitor charger and its instanta-
neous charge transfer capability to drive the LEDs, improving
the optical stimulator power efficiency. After charging, Cp
and Cp pairs are connected in series to provide higher LED
voltage, Vg p, for optical stimulation.

Fig. 18 shows the 3-D test setup model for in vivo wireless op-
togenetics with the SCS system which receives wireless power
and data through the inductive link. The SCS ASIC drives
the 3-D flexible optrode array, which consists of micro-LEDs
for optical stimulation and penetrating electrodes for neural
recording as shown in Fig. 18 [28]. Micro-needle waveguides
that are made out of transparent SU8 polymer using microma-
chining technology enable precise and efficient light delivery
to the target tissue with high spatial resolution. The neural
signals are recorded with a commercial setup (RHD2132, Intan
Technologies, Los Angeles, CA, USA) from the penetrating

electrodes, which are wrapped around the waveguide core and
only exposed at the tips of the waveguides. As a result, the
wireless SCS system combined with slanted optrode arrays
enables simultaneous optical stimulation and electrical neural
recording for an untethered bi-directional neural interface.

B. In Vivo Optogenetics Experiments

In order to verify the capability of power-efficient opto-
genetics with the SCS system, in vivo acute animal experi-
ments were performed with the optrode array and additional
recording setup in Fig. 18. For optogenetic animal experi-
ments, Sprague-Dawley rats were virally transfected with
channelrhodopsin-2 (ChR2) to make them light sensitive
[30]. In the optrode array, each surface-mounted micro-LED
(TR2227TM, Cree Inc., Durham, NC, USA), which occupies
220 x 270 x 50 um?® area and has a peak at 460 nm wave-
length, was coupled with the 1.2-mm-long waveguides that
included the penetrating electrodes around them. Fig. 19 shows
the optogenetics test setup including the 3-D optrode array
with waveguides, the SCS system, and the external power Tx
with the inductive link. Fig. 20 shows the in vivo setup for
optogenetic experiment in the visual cortex (V1) of an anes-
thetized rat using the SCS system. The inductive link provides
wireless power and data to the SCS system via a twisted pair of
interconnecting wires from the Rx coil. The SCS provides high
instantaneous power to the LEDs, generating and delivering
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Fig. 21. (a) The LED driving voltage, V. rp, for in vivo optogenetics with SCS, (b) The difference between light-induced local field potentials (LFP) with
Viep = 2.7 Vieak (below stimulation threshold) and Vi ;) = 3.2 Vi,cak (above stimulation threshold).

light to the selective target areas in the visual cortex through
micro-needle waveguides.

Fig. 21 shows the LED driving voltage, Vrgp, for optical
stimulation with SCS and simultaneously recorded light-in-
duced in vivo local field potentials (LFP). The LFPs below 500
Hz were recorded using the optrode array with waveguides
in the neural tissue when the SCS system drove micro-LEDs
with a 512 ps pulse train of 100 ms wide at 1 Hz and Vy gp of
2.7 Vpeak and 3.2 V,e,k, as shown in Fig. 21(a). While no sig-
nificant neural modulation is observed with Vi gp 0f 2.7 V,cax,
the higher Vrgp of 3.2 Ve results in the micro-LEDs to
deliver sufficient irradiance through the waveguides for ob-

serving light-evoked neural response in the target tissue. This
in turn leads to larger LFP variations, as shown in Fig. 21(b),
verifying the efficacy of the wireless optical stimulation by the
SCS system.

Average irradiance of the LED was measured and presented
in Fig. 22 when driven by rectangular pulses from a signal gen-
erator vs. decaying exponential pulses from the wireless SCS
system, while sweeping the peak LED voltage. The LED op-
tical power was measured with an optical power meter (New-
port Series 815, Irvine, CA) and divided by the LED surface
area (0.19 x 0.24 pm?) to calculate irradiance. In Fig. 22(a),
the rectangular pulse with Vygp of 3.2 V leads to the irradi-
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ance of 17.5 mW/mm?, requiring 48 mW to be delivered to the
LED. On the other hands, the decaying exponential pulse with
Vigp of 3.2 Viear in Fig. 22(b) delivers 14.4 mW to the LED
within 512 ps, resulting in 5.6 mW/mm? irradiance, sufficient
to evoke the light-induced LFP in Fig. 21. A rectangular pulse
with smaller V,gp of 2.9 V generates a similar irradiance of
6.3 mW/mm?2, by delivering 15 mW to the LED, which would
still be difficult to provide in conventional implantable stimula-
tors. In addition, the irradiance also shows a decaying exponen-
tial shape over time because it is proportional to the decaying
exponential input current of LEDs.

To visualize neural oscillations generated by the SCS system
and optrode arrays, we measured instantaneous phases of the
light-induced LFPs with Vigp of 2.7 Vjeur and 3.2 Vieak
within 1-25 Hz based on Hilbert Transform, as shown in

Fig. 23. The instantaneous phases of each trial are labeled
with the color coding in Fig. 23(c), while the SCS system
provides 100 ms optical stimulation at 1 Hz. In Fig. 23(a), no
phase consistency is observed in the neural recording because
the micro-LEDs driven with Vrgp of 2.7 V,ca1 do not reach
sufficient irradiance to induce optogenetic stimulation in the
target tissue. On the other hand, the light-induced LFPs with
Vigp of 3.2 Vjear in Fig. 23(b) show clear synchronization
of instantaneous phases over multiple trials, which are aligned
based on each optical stimulation period.

VII. CONCLUSION

We have developed a wireless switched-capacitor based
stimulating (SCS) system, which offers high efficiency, high
driving capability, and safety for both electrical and optical
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deep brain stimulation. The proposed SCS system efficiently
charges pairs of storage capacitor directly from the inductive
link through a dual-control inductive capacitor charger, while
alternately connecting negative and positive capacitors to the
electrodes for charge-based stimulation, leading to high stim-
ulator efficiency (before the electrode). A charge monitoring
circuit measures the amount of charge injected and withdrawn,
and adaptively changes the stimulus pulse width to neutralize
the residual charge in the tissue, ensuring charge balancing. The
SCS system also utilizes OOK-PPM forward data telemetry
and LSK back telemetry for robust bi-directional wireless data
communication, while an on-chip timing controller and power
management unit create the fully-integrated wireless SCS
system-on-a-chip.

We have demonstrated through stimulus efficacy simulations
that a decaying exponential stimulus, which is normally gen-
erated by the proposed SCS architecture, requires smaller or
at least similar stimulus energy and injected charge to activate
the same tissue area compared to the conventional rectangular
stimulus, improving the stimulus efficacy (after the electrode).
We also utilize the SCS system in power-efficient wireless
optogenetics because of its high instantaneous power driving
capability. In vivo experimental results verify the feasibility
and efficacy of both electrical and optical stimulation using the
SCS system prototype.
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