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Abstract—This paper presents the first wireless and pro-
grammable neural stimulator leveraging magnetoelectric (ME)
effects for power and data transfer. Thanks to low tissue
absorption, low misalignment sensitivity and high power transfer
efficiency, the ME effect enables safe delivery of high power
levels (a few milliwatts) at low resonant frequencies (∼ 250
kHz) to mm-sized implants deep inside the body (30-mm depth).
The presented MagNI (Magnetoelectric Neural Implant) consists
of a 1.5-mm2 180-nm CMOS chip, an in-house built 4 ×
2 mm ME film, an energy storage capacitor, and on-board
electrodes on a flexible polyimide substrate with a total volume
of 8.2 mm3. The chip with a power consumption of 23.7 µW
includes robust system control and data recovery mechanisms
under source amplitude variations (1-V variation tolerance). The
system delivers fully-programmable bi-phasic current-controlled
stimulation with patterns covering 0.05-to-1.5-mA amplitude, 64-
to-512-µs pulse width and 0-to-200-Hz repetition frequency for
neurostimulation.

Index Terms—Wireless neurostimulator, implantable device,
bioelectronics, magnetoelectric effect, wireless power transfer

I. INTRODUCTION

NEUROSTIMULATION holds significant promise as a
tool to modulate nerves for both neuroscience research

and clinical therapies. Peripheral nerve stimulation (PNS) is
a common approach to treat neuropathic pain. For example,
devices can be implanted to deliver electrical pulses to the
spinal cord, which can help prevent pain signals from reaching
to the brain [1], [2].

A fundamental challenge in developing miniature neural im-
plants is delivering power to devices inside the body. The use
of a wired power supply causes failures for neural implants,
as lead wires increase the risks of infections, restrict device
deployment and affect subject mobility [3], [4]. Batteries add
considerable weight and increases device footprint [5]. They
are also required to be replaced or recharged frequently, which
limits their long-term clinical applications. Compared to wired
or battery powered implants, wirelessly powered battery-free
neural stimulators have the potential to provide less invasive,
longer lasting interfaces to nerves. Ideally, these implants
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Fig. 1. Conceptual diagram showing a wearable spinal cord neurostimulation
system for pain relief, the implant is remotely powered via magnetic fields.
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Fig. 2. Comparison of wireless power transfer modalities for bioelectronic
implants. (RF: radio-frequency field. NF: near-field inductive coupling. US:
ultrasound. OP: optoelectronics. MT: magnetothermal nanoparticles. ME:
magnetoelectric effects.)

would be programmable so that they can be reconfigured to
suit user needs. Fig. 1 illustrates the concept of the proposed
spinal cord stimulation system. The wireless implant receives
power and data from the portable battery powered transmitter
(TX) via magnetic field; the microcontroller, magnetic field
driver, and the battery are assembled in a wearable belt.

While various wireless neural implants exploiting radio-
frequency (RF) electromagnetic (EM) [6], [7], inductive cou-
pling [8]–[16], ultrasonic [17]–[21], and optical [22], [23]
power transfer have been reported, achieving safe and reliable
wireless power transfer with the size and power constraints
to neural implants is still challenging. Existing technologies
cannot simultaneously satisfy all the desired properties as
summarized in Fig. 2. Radio-frequency EM waves are capable
of delivering power to implants deep in the tissue [6], [7].
However, they wrestle with size limitations of the receiver’s
antenna since efficient power delivery with electromagnetic
waves requires antenna sizes comparable to the wavelength.
Higher frequency RF is necessary for mm-scale implants,
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Fig. 3. Illustrations of the proposed neurostimulation implants.

but suffers from higher tissue absorption [24], limiting the
amount of power that can be safely delivered. Near-field
inductively coupling has been well developed in wireless
power transfer [8]–[16]. It has less tissue absorption than
RF because of the lower operating frequency. However, its
power delivery is sensitive to perturbations in the distance
and angle, especially when the coil is small. Ultrasound is
another promising method to further reduce implant size and
body absorption [18]–[21]. Compared to inductively coupled
coils, its efficiency is more robust to the source-receiver
misalignment [25]. However, it must overcome significant
path loss caused by reflections at the boundaries between air,
bone and tissue, which have different densities and acoustic
properties. To alleviate the reflection between the air and the
body, ultrasound gel is typically required for the transmitter.
The need for frequent replacements of the ultrasound gel
and the need for the transmitter to be in contact with the
skin can be inconvenient and unreliable for long-term clinical
treatments. Further, the gel cannot mitigate the in-body path
loss, which is 22-dB cm−1 MHz−1 in the skull [26]. Optical
power delivery is also advantageous in the miniaturization of
neural implants [22], [23], but it suffers energy loss due to
scattering and may have difficulties in supporting the neural
stimulation with higher power requirements.

Among the various modalities of wireless power transfer,
low-frequency magnetic field is believed to be one of the
best mechanisms to safely deliver power deep inside body,
because of its low absorption and strong penetration. Re-
cently, magneothermal deep brain stimulation using magnetic
nanoparticles has been demonstrated by [27]. However, the
system has limited capabilities because of difficulties in the
integration with other bio-electronics, especially with CMOS
based devices. As an emerging alternative approach for im-
plants [28], [29], magnetoelectric (ME) power transfer has
several key merits, including: (1) low tissue absorption owing
to the low carrier frequency; (2) less sensitivity to changes in
the alignment (in comparison with inductive coupling); and
(3) high output power and efficiency with miniaturization,
which will be further discussed in Section II. The first use
of ME laminates for wireless neural stimulation was recently

demonstrated by Singer et al.; however, this proof-of-concept
The first use of ME laminates for wireless neural stimulation
was recently demonstrated by Singer et al. [29]; however, like
some other analog neural stimulators [11], [27], this proof-of-
concept lacks stable control of the stimulation parameters and
thus is highly sensitive to changes of coupling between the TX
and the implants. For clinical applications, the stimulation tim-
ing and amplitude must be well controlled and programmable
by the user to ensure the safety and reliability of the stimulator.
Furthermore, due to the lack of complex functionalities, such
as energy storage and charge balancing technique, this work
has difficulty in providing large power stimulation pulses
and eliminating residual charge. Therefore, there is a critical
need to create wireless neural stimulators that simultaneously
achieve clinical safety, miniaturization, operation reliability
and flexibility, and programmable stimulation parameters.

To meet all the desired properties and circumvent problems
mentioned above, we present MagNI (Magnetoelectric Neural
Implant), the first untethered and programmable neural stimu-
lator exploiting ME effects, which integrates a 1.5 mm2 180-
nm CMOS system-on-chip (SoC), an in-house built 4 mm
× 2 mm ME film, a single energy storage capacitor, and 1-
mm2 on-board electrodes on a flexible polyimide substrate, as
shown in Fig. 3. The proposed device features: (1) a miniature
physical dimension of 8.2 mm3 and 28 mg, (2) adaptive system
control and data transfer mechanisms robust under source
amplitude variations, (3) a 90% chip efficiency due to its
low static power down to 23.7 µW, and (4) the capability
to perform fully programmable bi-phasic current stimulation
covering 0.05 to 1.5 mA amplitude, 64 to 512 µs pulse width,
and 0 to 200 Hz frequency ranges, making it appropriate for
spinal cord stimulation to treat chronic pain.

This paper is an extended version of [30]. The rest of the pa-
per is organized as follows: Section II provides the qualitative
and quantitative analysis of safety, misalignment sensitivity
and efficiency for the ME power transfer for miniaturized
neural implants, which are merely briefly discussed in our
previous work [30]; Section III presents the more detailed SoC
design of the proposed neural stimulator; Section IV gives
experimental results, including stimulation variability, charge
imbalance, impedance of on-board electrodes, and updated
power transfer efficiency which extend on [30]; Section V
concludes this paper.

II. MAGNETOELECTRIC POWER AND DATA TRANSFER FOR
NEURAL IMPLANTS

A. Principles and Fabrications of the Magnetoelectric Trans-
ducers

The ME laminates consist of a piezoelectric layer (pink),
which is a nickel coated lead zirconate titanate (PZT), and a
Metglas, a magnetostrictive layer (blue), as shown in Fig. 4(a).
The Metglas is made up of magnetic grains, whose domain
boundaries shift with applied AC magnetic field, which causes
the overall material to change shape. The resulting vibrations
are transferred to the PZT material, which develops a voltage
in response to the induced strain [31], [32]. Thus, a thin-film
laminate converts an applied low-frequency AC magnetic field
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Fi g. 5. M e as ur e d el e ctri c al c h ar a ct eristi cs of t h e M E tr a ns d u c ers.

i nt o a v olt a g e a cr oss t h e fil m vi a m e c h a ni c al c o u pli n g b et w e e n
m a g n et ostri cti v e a n d pi e z o el e ctri c m at eri als ( Fi g. 4( b)). T h e
M E fil ms ar e f a bri c at e d as l a mi n at es of M et gl as ( M et gl as
I n c.) a n d P Z T ( A P C I nt er n ati o n al, Lt d.). T h e M et gl as is c ut
i nt o t h e d esir e d g e o m etr y fr o m a ∼ 1 0 0 µ m t hi n s h e et, w hil e
P Z T is c ut i nt o t h e d esir e d s h a p e wit h a r a z or bl a d e fr o m a
c er a mi c s q u ar e pl at e ( ∼ 1 2 0 µ m t hi c k). T h e t w o t hi n fil ms
ar e t h e n c o u pl e d t o g et h er wit h a n a d h esi v e n o n- c o n d u cti v e
e p o x y. E p o x y h as b e e n s h o w n as a n e c o n o mi c al a n d si m pl e
s ol uti o n t o ti g htl y c o u pl e t h e l a y ers t o g et h er f or ef fi ci e nt
e n er g y tr a nsf er a n d yi el di n g hi g h M E v olt a g e c o ef fi ci e nts [ 3 3].
T h e r es o n a nt fr e q u e n c y of t h e M E fil ms d e p e n ds o n t h e l e n gt h
a n d t hi c k n ess r ati o b et w e e n t h e t w o l a mi n at es [ 3 4], [ 3 5]. T h us,
t h e s p e ci fi c c arri er fr e q u e n c y of M E p o w er li n k c a n b e s el e ct e d
b y pr e cis el y c o ntr olli n g t h e fil m p h ysi c al di m e nsi o ns. Fi g. 5
s h o ws t h at at r es o n a n c e, P Z T/ M et gl as M E fil ms g e n er at e hi g h
o ut p ut v olt a g e ( gr e at er t h a n 7 V p p ) wit h l o w r esisti v e s o ur c e
i m p e d a n c e (∼ 8 0 0 Ω ), u n d er a m a g n eti c fi el d of 0. 5 7 m T,
m a ki n g it s uit a bl e f or ef fi ci e nt e n er g y h ar v esti n g.

B. S af et y A n al ysis

B o d y- ar e a wir el ess p o w er tr a nsf er vi a hi g h fr e q u e n c y el e c-
tri c, m a g n eti c or E M fi el ds c a n c a us e s af et y iss u es s u c h as
h e ati n g, d u e t o t h e p o w er d e p ositi o n i n t h e h u m a n tiss u es.
Wit h s u c h c o n c er ns, t h e fi el d str e n gt h a n d fr e q u e n c y n e e d t o
b e c h os e n c ar ef ull y t o e ns ur e s af e o p er ati o ns i n all c as es.
F or e x a m pl e, w h e n utili zi n g R F fi el d t o d eli v er p o w er t o
i m pl a nts, t h e c arri er fr e q u e n ci es m ust b e at G H z t o m at c h

S ki n ( 2 m m )
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B o n e ( 1 3 m m )

R el ati v e 
P er mitti vit y

σ 
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D e n sit y
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S ki n 1 1 0 0 0. 0 0 1 5 1 1 0 9
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B o n e 3 6 6 0. 0 8 5 1 1 7 8
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Fi g. 6.  M ultil a y er h u m a n tiss u e m o d el f or s af et y a n al ysis a n d m at eri al
pr o p erti es of e a c h l a y er f or t h e E M fr e q u e n c y of 2 5 0 k H z.
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Fi g. 7. L o c al s af et y a n al ysis of t h e 2 5 0- k H z m a g n eti c fi el d i n C O M S O L, a
m a g n eti c fi el d str e n gt h of 0. 5 5 m T at 3 0- m m d e pt h is a c hi e v e d u n d er s af et y
li mit ati o ns.

t h e r es o n a nt w a v el e n gt h of s m all a nt e n n as [ 6], [ 7], w hi c h
c a us es hi g h E M a bs or pti o n i n t h e b o d y a n d is s u bj e ct t o stri ct
s af et y li mits. N e ar- fi el d i n d u cti v el y p o w er e d d e vi c es m ostl y
w or k at 1 3. 5 6 M H z or hi g h er fr e q u e n ci es t o i m pr o v e t h e
q u alit y f a ct or of t h e mi ni at uri z e d r e c ei v er ( R X) c oil f or b ett er
ef fi ci e n c y [ 1 1] –[ 1 6], w hi c h als o r es ults i n e n er g y a bs or b e d
b y t h e b o d y a n d r e q uir es o p er ati o n u n d er c ert ai n r estri cti o ns.
T h e M E fil m w or ks at a l o w er r es o n a nt fr e q u e n c y, w hi c h is
ar o u n d 2 5 0 k H z i n t his w or k. L o w-fr e q u e n c y m a g n eti c fi el ds
( 1 0 0 k H z t o 1 M H z) c a n p e n etr at e t h e b o d y wit h o ut s u bst a nti al
b o d y a bs or pti o n, r es ulti n g i n all e vi at e d s af et y li mit ati o ns f or
p o w er d eli v er y [ 3 6].

T o ass ess t h e s af et y of M E p o w er tr a nsf er f or i m pl a nts
d e e p i nsi d e t h e b o d y, w e a n al y z e t h e s p e ci fi c a bs or pti o n r at e
( S A R) a n d i n d u c e d el e ctri c fi el ds wit h r es p e ct t o a e x p os ur e
t o m a g n eti c fi el ds i n C O M S O L. T h e 4-l a y er tiss u e m o d el
r e pr es e nti n g s pi n al c or d sti m ul ati o n (s ki n, f at, m us cl e a n d
b o n e) is b uilt, as s h o w n i n Fi g. 6 [ 3 7]. T h e fl at T X c oil wit h
5. 6- c m di a m et er, 1- m m tr a c e wi dt h a n d 1 5 t ur ns is e m pl o y e d
t o cr e at e t h e 2 5 0- k H z m a g n eti c fi el d. A 0. 5 5- m T m a g n eti c
fi el d str e n gt h is a c hi e v a bl e, w hi c h is a d e q u at e f or t h e M E fil m
t o g e n er at e a 7- Vp p o ut p ut, at a d e pt h of 3 0 m m wit h a s af e
m a g n eti c fi el d s h o w n i n Fi g. 7. I n t h e 4-l a y er tiss u e m o d el,
t h e m a xi m u m S A R is i n t h e m us cl e, w hi c h is 0. 3 W/ k g, a n d
t h e str o n g est el e ctri c fi el d of 5 1. 9 V/ m is at t h e s urf a c e of
s ki n, b ot h of w hi c h s atisf y t h e I E E E st a n d ar d f or h u m a ns
i n u nr estri ct e d e n vir o n m e nts ( 2 W/ k g, 5 2. 2 V/ m) [ 2 4]. F or
t h e 2 5 0- k H z m a g n eti c fi el d, s af et y li mits ar e d o mi n a nt b y t h e
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Fi g. 8. Si m ul ati o ns of m a g n eti c fl u x c o n c e ntr ati o n eff e cts of t h e M E fil m
wit h a n gl e r ot ati o ns, c ol ors i n di c at e t h e diff er e n c e of m a g n eti c fl u x d e nsit y.

m a xi m u m all o w e d el e ctri c fi el d, w hil e t h e m a xi m u m S A R is
still f ar b el o w t h e li mit.

We als o t est t h e m a xi m u m all o w e d m a g n eti c fi el d str e n gt h
u n d er t h e S A R li mit ati o n [ 2 4] f or t h e fr e q u e n c y of 1 3. 5 6 M H z.
T h e c o m p aris o n gi v e n i n Ta bl e I s h o ws t h at t h e l o w er fr e-
q u e n c y m a g n eti c fi el d c a n b e m u c h str o n g er wit h o ut e x c e e di n g
t h e s af et y li mits. T h er ef or e, c o m p ar e d t o i n d u cti v e c o u pli n g
a n d R F, t h e M E eff e ct h as gr e at p ot e nti al t o s af el y d eli v er
m or e p o w er t o d e e p i m pl a nts.

I n a d diti o n, d u e t o t h e f a ct t h at M E wir el ess p o w er tr a nsf er
c o u pl es m a g n eti c fi el ds, w e w a nt e d t o ass ess t h e p ot e nti al
f or M E p o w er tr a nsf er t o b e us e d wit h m a g n eti c r es o n a n c e
i m a gi n g ( M RI). A st u d y b y S h ell o c k et al., e v al u at e d t h e
M RI c o m p ati bilit y of t h e mi cr osti m ul at or R F BI O N, w hi c h
is a n i n d u cti v el y p o w er e d sti m ul at or wit h a ∼ 3 0- m g f errit e
c or e [ 3 8]. T h e r es ults d e m o nstr at e t h at p ati e nts c a n s af el y
u n d er g o M RI i m a gi n g at 1. 5 T wit h mi ni m al h e ati n g a n d
artif a cts b ei n g a n iss u e o nl y if t h e ar e a of i nt er est f or i m a gi n g
is pr o xi m al t o t h e i m pl a nt. I n o ur c as e, M et gl as will als o
g e n er at e artif a cts; h o w e v er, t h e a m o u nt of M et gl as us e d i n
o ur d e vi c e ( ∼ 0. 3 m g), w hi c h is 1 0 % of t h e a m o u nt of f err o us
m at eri al i n BI O N, will n ot p os e as a h a z ar d t o M RI p ati e nts
i m pl a nt e d wit h t h e d e vi c e. W hil e n ot f ull y M RI c o m p ati bl e
as i m a gi n g artif a cts m a y n e e d t o b e c o nsi d er e d f or c ert ai n
a p pli c ati o ns, M E i m pl a nts s h o ul d b e M RI s af e a n d cli ni c all y
vi a bl e.

C. A n g ul ar Mis ali g n m e nt S e nsiti vit y A n al ysis

Mis ali g n m e nt c a n l e a d t o f ail ur e f or m ost wir el essl y p o w-
er e d i m pl a nts b y n e g ati v el y aff e cti n g t h e st a bilit y of p o w er
a n d d at a li n ks, es p e ci all y f or i n d u cti v el y c o u pl e d a p pr o a c h es.
T h e dir e cti o n of t h e R X t o t h e T X aff e cts t h e eff e cti v e ar e a
of t h e R X c oil t o c at c h m a g n eti c fl u x, a n d t h er ef or e c h a n g es
t h e o ut p ut v olt a g e a n d p o w er. T h e or eti c all y, i n a u nif or m
m a g n eti c fi el d, t h e o ut p ut p o w er of t h e R X c oil is pr o p orti o n al
t o c os2 (θ ), w h er e θ is t h e a n gl e r ot ati o n. A mis ali g n e d d e vi c e
is oft e n u n a bl e t o m ai nt ai n c orr e ct f u n cti o n alit y d u e t o t h e
i ns uf fi ci e nt l e v els of r e c ei v e d p o w er or d at a err ors.
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Fi g. 1 0. Si m ul ati o ns of t h e v olt a g e c o ef fi ci e nt of M E fil ms wit h diff er e nt
si z es ( W x L) a n d si m ul ati o ns of t h e i m p e d a n c e at r es o n a n c e of M E fil ms
wit h diff er e nt wi dt hs ( L = 6 m m).

M E fil ms ar e d ef or m e d b y t h e alt er n ati n g m a g n eti c fi el d
wit h t h e g e n er ati o n of str ess b y t h e m a g n et ostri cti v e l a y er.
T his str ess is t h e n tr a nsf err e d t o t h e P Z T m at eri al, f oll o w e d b y
cr ossi n g v olt a g e c h a n g es, w hi c h m e a ns its o ut p ut is pri m aril y
d et er mi n e d b y t h e m a g n eti c fi el d str e n gt h i nst e a d of fl u x. O n
t h e c o ntr ar y t o i n d u cti v e c oils, t h e i d e al ali g n m e nt f or M E
is pl a ci n g t h e fil m i n p ar all el wit h m a g n eti c i n d u cti o n li n es.
I n a d diti o n, b e c a us e of t h e hi g h p er m e a bilit y ( gr e at er t h a n
4 5 0 0 0), t h e M et gl as m at eri al h as si g ni fi c a nt m a g n eti c fl u x
c o n c e ntr ati o n eff e cts, w hi c h e n h a n c e t h e m a g n eti c fl u x d e nsit y
l o c all y [ 3 9]. We si m ul at e t h e m a g n eti c fl u x c o n c e ntr ati o n
eff e cts of M et gl as i n C O M S O L. Fi g. 8 s h o ws t h at t h e fl u x
d e nsit y i nsi d e t h e fil m is m u c h hi g h er t h a n t h at i n t h e fr e e
s p a c e e v e n wit h a n gl e r ot ati o ns, w hi c h m e a ns t h e d e cr e as e i n
fl u x d e nsit y d u e t o mis ali g n m e nt c a n b e p arti all y c o m p e ns at e d
b y t h e m a g n eti c fl u x c o n c e ntr ati o n eff e ct. As a r es ult of t h es e
u ni q u e c h ar a ct eristi cs, c o m p ar e d t o t h e i n d u cti v e c oil, t h e M E
tr a ns d u c er is l ess s e nsiti v e t o a n g ul ar mis ali g n m e nt.

T o t est t h e a n gl e d e p e n d e n c e of t h e M E, w e m e as ur e 1 2-
m m 2 M E fil ms wit h a 2 5- m m c yli n dri c al T X c oil wit h a n gl e
r ot ati o ns. F or c o m p aris o n, b ot h si m ul ati o ns a n d m e as ur e m e nts
of i n d u cti v e c oils ar e c o n d u ct e d wit h t h e s a m e T X b ut o p er-
ati n g at 1 3. 5 6 M H z. R X c oils us e d f or t h e e x p eri m e nt al t est
ar e b uilt i n b o ar ds wit h a di a m et er of 4 m m, t h e n u m b er of
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 M E ( Fil m: 3 x 4 m m 2 )
 I n d u cti v e C o u pli n g ( C oil: 1 2 m m 2 )

P N A S ’2 0
( C oil: 5 7 . 7m m 2 )

T M T T ’0 8
( A nt e n n a: 0. 5 m m 2 )

J S S C ’1 3
( C oil: 0. 1 2 5 m m 2 )

E S S CI R C ’1 8
( A nt e n n a: 0. 2 5 m m 2 )

N at . Bi o m e d . E n g. ’2 0
( Tr a n s d u c er: 0. 4 2 2 m m 3 )

Fi g. 1 1. M e as ur e m e nts of M E p o w er tr a nsf er ef fi ci e n ci es o v er v ari o us T X-
R X dist a n c es, i n c o m p aris o n wit h R F, i n d u cti v e c o u pli n g a n d ultr as o ni c p o w er
tr a nsf er [ 7], [ 8], [ 1 6], [ 2 1], [ 4 0].
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Fi g. 1 2. ( a) S yst e m di a gr a m a n d ( b) o p er ati o n w a v ef or ms of t h e M a g NI S o C.

t ur ns of 1 0 a n d a q u alit y f a ct or of 3 0. 6. T h e si m ul at e d a n d
e x p eri m e nt al r es ults of t h e i n d u cti v e c oil m at c h w ell wit h t h e
t h e or eti c al v al u e. M e as ur e m e nt r es ults r e p ort e d b y [ 1 6] ar e
als o a d d e d as a r ef er e n c e, w h os e R X c oil is 1 0. 5 x 7 m m 2 , 7
t ur ns wit h a Q of 2 3. 0 5. Fi g. 9 s h o ws a 3 X m a xi m u m i m pr o v e-
m e nt of M E i n a n g ul ar mis ali g n m e nt r o b ust n ess c o m p ar e d t o
i n d u cti v e c o u pli n g.

D. P o w er a n d Ef fi ci e n c y A n al ysis

Mi ni at uri z ati o n of t h e wir el ess p o w er e d i m pl a nt c a n i n fl u-
e n c e t h e o v er all p o w er ef fi ci e n c y of t h e li n k. Wit h f ar- fi el d
p o w er tr a nsf er t a ki n g a d v a nt a g e of E M w a v e r a di ati o ns, t h e
r e c ei v e d p o w er is q uit e w e a k w h e n t h e a nt e n n a is s m all er
t h a n o n e-t e nt h of t h e w a v el e n gt h [ 4 1]. As a n ot h er e x a m pl e, i n
t h e n e ar fi el d, t h e v olt a g e a n d p o w er of t h e R X c oil is als o

hi g hl y d e p e n d e nt o n t h e si z e. F ar a d a y’s L a w gi v es t h e i n d u c e d
v olt a g e of t h e c oil as

V c oil ,R X = N
d Φ

dt
= A × N

d B

dt
, ( 1)

w h er e A is t h e eff e cti v e ar e a of t h e c oil, B is t h e m a g n eti c
fl u x d e nsit y a n d N is t h e n u m b er of t ur ns. B y ass u mi n g t h at
t h e c oil is fl at a n d cir c ul ar, a n esti m ati o n of t h e o ut p ut p o w er
c a n b e gi v e n as

P c oil ,R X ≈
π 2 N B R 3

4 µ
×

d B

dt
, ( 2)

w h er e R is t h e di a m et er of t h e c oil a n d µ is t h e p er m e a bilit y.
S hri n ki n g d o w n t h e c oil si z e n ot o nl y r e d u c es t h e a m o u nt
of c a pt ur e d fl u x, b ut als o d e gr a d es t h e q u alit y f a ct or, w hi c h
c a us es a si g ni fi c a nt d e cr e as e i n t h e r e c ei v e d p o w er.

Pr e vi o us st u di es [ 3 4], [ 3 5], [ 4 2] d e v el o pi n g t h e e q ui v al e nt
cir c uit m o d el of M E l a mi n at e d c o m p osit es h a v e s h o w n t h at its
v olt a g e c o ef fi ci e nt α ( d e fi n e d b y d V/ d H wit h u nits of V/ O e) is
i n d e p e n d e nt of wi dt h a n d l e n gt h, w hi c h m e a ns s c ali n g d o w n
t h e M E fil m ar e a d o es n ot r e d u c e t h e o ut p ut v olt a g e. H o w e v er,
t h e r es o n a nt fr e q u e n c y is i n v ers el y pr o p orti o n al t o t h e fil m
l e n gt h w hil e t h e s o ur c e i m p e d a n c e at r es o n a n c e is i n v ers el y
pr o p orti o n al t o t h e wi dt h. As a r es ult, t h e t h e or eti c al m a xi m u m
o ut p ut p o w er of t h e M E fil m is li n e arl y r el at e d t o its wi dt h.
I nt er esti n gl y, i n c o m p aris o n t o i n d u cti v e c o u pli n g, t h e M E r e-
c ei v e d p o w er d e m o nstr at es l ess d e p e n d e n c y o n t h e tr a ns d u c er
si z e, w hi c h d e m o nstr at es t h e p ot e nti al f or s u p eri or s c al a bilit y
i n mi ni at uri zi n g t h e d e vi c e. T h es e p h e n o m e n a ar e v eri fi e d b y
si m ul ati o n r es ults gi v e n i n Fi g. 1 0 a n d m e as ur e m e nts of [ 2 9].

T o e v al u at e t h e ef fi ci e n c y of M E a g ai nst i n d u cti v e c o u pli n g,
b ot h of w hi c h ar e b as e d o n l o w-fr e q u e n c y m a g n eti c fi el ds,
w e m e as ur e t h e M E a n d i n d u cti v e c o u pli n g p o w er tr a nsf er
ef fi ci e n c y ( P T E) a cr oss T X- R X dist a n c es i n air ( Fi g. 1 1) usi n g
c ust o m b uilt 1 2- m m 2 M E fil ms a n d 1 2- m m 2 1 0-t ur n c oils
o n P C B. As e x p e ct e d, P T Es of b ot h m o d aliti es d e cr e as e as
t h e dist a n c e i n cr e as es, b ut M E c o nsist e ntl y pr es e nts a hi g h er
P T E a cr oss t h e r a n g e a n d a m a xi m u m ef fi ci e n c y of 1. 1 % is
a c hi e v e d w h e n t h e M E fil m is at t h e c e nt er of t h e T X c oil.
A d diti o n all y, r e p ort e d P T E of v ari o us mi ni at uri z e d d e vi c es
[ 7], [ 8], [ 1 6], [ 2 1], [ 4 3] ar e i n cl u d e d i n Fi g. 1 1 f or c o m p aris o n.
A m o n g t h e m, [ 7], [ 4 0] utili z e R F, [ 8], [ 1 6] a d o pt i n d u cti v e
c o u pli n g p o w er tr a nsf er a n d [ 2 1] est a blis h es t h e p o w er li n k
b y ultr as o u n d. It is w ort h n oti n g t h at t h e d e cr e as e of P T E
at l ar g er T X- R X dist a n c es is s ol el y c a us e d b y t h e d e cli n e of
m a g n eti c fi el d str e n gt h, t h e M E e n er g y c o n v ersi o n ef fi ci e n c y
( m a g n eti c t o m e c h a ni c al, m e c h a ni c al t o el e ctri c al) t h at r eli es
o n t h e c o u pli n g b et w e e n l a mi n at es d e p e n ds s ol el y o n i ntri nsi c
m at eri al pr o p erti es a n d t h er e b y r e m ai ns t h e s a m e at v ar yi n g
dist a n c es [ 4 4].

III. M A G NI S Y S T E M - O N - C H I P D E S I G N

A. S yst e m O v er vi e w

T h e M a g NI S o C, c o nsisti n g of p o w er m a n a g e m e nt, d at a r e-
c o v er y, a n d sti m ul ati o n m o d ul es, i nt erf a c es wit h a M E fil m t o
r e c ei v e p o w er a n d d at a a n d dri v es pr o gr a m m a bl e sti m ul ati o n,
as s h o w n i n Fi g. 1 2( a). T h e S o C c y cl es t hr o u g h c h ar gi n g, d at a
r e c ei vi n g, a n d sti m ul ati o n p h as es at t h e d esir e d sti m ul ati o n
fr e q u e n c y s et b y t h e e xt er n al tr a ns mitt er ( Fi g. 1 2( b)).
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Fi g. 1 3. S c h e m ati cs of ( a) t h e a cti v e r e cti fi er wit h 4-i n p ut c o m p ar at or a n d
( b) t h e n ati v e M O S- b as e d v olt a g e r ef er e n c e g e n er at or.
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Fi g. 1 4. S c h e m ati c of t h e pr o p os e d a d a pti v e o p er ati n g s c h e m e.

1) P o w er M a n a g e m e nt: A C v olt a g e i n d u c e d o n t h e M E fil m
is first c o n v ert e d t o a D C v olt a g e (V r e ct) b y t h e a cti v e r e cti fi er
( Fi g. 1 3( a)) [ 4 5]. E n er g y is t h e n st or e d i n a n off- c hi p 4. 7-
µ F c a p a cit or f or t h e hi g h- p o w er sti m ul ati o n. T h e l o w- dr o p o ut
r e g ul at or ( L D O) pr o vi d es a c o nst a nt 1- V s u p pl y V L D O f or
di git al c o ntr ol a n d d at a tr a nsf er t o r e d u c e p o w er c o ns u m pti o n.
Te m p er at ur e a n d s u p pl y-i n v ari a nt r ef er e n c e v olt a g es f or t h e
e ntir e s yst e m ar e g e n er at e d o n c hi p b y a r ef er e n c e cir c uit
wit h n ati v e N M O S a n d st a c k e d di o d e- c o n n e ct e d P M O S tr a n-
sist ors [ 4 6]. T hr e e diff er e nt v olt a g e r ef er e n c es of 1 V, 0. 6 V
a n d 0. 3 V ar e pr o vi d e d b y t h e ultr a l o w p o w er cir c uit s h o w n
i n Fi g. 1 3( b).

2) D at a R e c o v er y: D o w nli n k d at a is tr a ns mitt e d b y a m pli-
t u d e s hift k e yi n g ( A S K) m o d ul ati o n of t h e m a g n eti c fi el d a n d
is us e d t o pr o gr a m sti m ul ati o n p att er ns. T o s a v e e n er g y, w e
r e us e t h e r e cti fi er t o d et e ct d at a a m plit u d es. H o w e v er, t h e l ar g e
e n er g y st or a g e c a p a cit or pr o hi bits t h e r e cti fi e d v olt a g e c h a n g e
i n a s h ort ti m e. T o s ol v e t his pr o bl e m, a d u al p at h ar c hit e ct ur e
is a d o pt e d, w hi c h h as a n a u xili ar y p at h e n a bl e d b y a gl o b al
c o ntr ol si g n al E N d at a f or d at a c o m m u ni c ati o n.

3) Sti m ul ati o n: T h e 5- bit c urr e nt D A C, w hi c h is o nl y
e n a bl e d i n t h e sti m ul ati o n p h as e t o s a v e p o w er, pr o gr a ms
sti m ul ati o n a m plit u d es wit h a 5 0- µ A r es ol uti o n. A fi nit e-
st at e m a c hi n e ( F S M), als o c o n fi g ur e d b y t h e r e c ei v e d d at a,
c o ntr ols t h e sti m ul ati o n ti mi n g. Its o p er ati n g p h as es i n cl u d e
i niti ali z ati o n, a n o di c sti m ul us, i nt er- p h asi c p a us e, c at h o di c
sti m ul us a n d el e ctr o d es s h orti n g. Bi- p h asi c sti m ul ati o n, u nli k e
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Fi g. 1 5. Si m ul at e d w a v ef or m of E N d at a g e n er ati o n f or o p er ati o n p h as es
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Fi g. 1 6. ( a) S c h e m ati c of t h e 2-i n p ut c o m p a ct or of a cti v e r e cti fi er a n d
its si m ul at e d o ut p ut W D wit h 2 3- m V offs et; ( b) S c h e m ati c of t h e 4-i n p ut
c o m p a ct or of a cti v e r e cti fi er a n d its si m ul at e d o ut p ut W D wit h 2 3- m V offs et;
t h e W D g e n er at e d b y 2-i n p ut c o m p ar at or f ails i n tr a c ki n g V r e ct.

a m o n o- p h asi c p uls e, is c h ar g e- b al a n c e d a n d pr e v e nts u n d e-
sir e d el e ctr o c h e mi c al r e a cti o ns o n el e ctr o d es. It is r e ali z e d b y
t h e H- bri d g e b as e d sti m ul ati o n dri v er c o ntr oll e d b y Φ 1 a n d Φ 2 .
T h e i nt er- p h as e p a us e wit h a fi x e d d ur ati o n of 3 2 µs all o ws
t h e sti m ul ati o n dri v er t o st a bili z e aft er t h e p h as e s wit c hi n g
a n d r e d u c es t h e t hr es h ol d f or bi- p h asi c sti m ul ati o n [ 4 7]. B y
t h e e n d of sti m ul ati o n, el e ctr o d es ar e s h ort e d b y E N s h ort t o
c o m pl et el y r e m o v e t h e r esi d u al c h ar g e.

B. D esi g n C o nsi d er ati o ns f or R o b ust O p er ati o n

I n or d er t o m ai nt ai n s yst e m o p er ati o n r o b ust n ess u n d er
v ar yi n g c o n diti o ns, s u c h as a m plit u d e c h a n g es d u e t o v ar yi n g
dist a n c es a n d mis ali g n m e nt b et w e e n d e vi c e a n d tr a ns mitt er,
w e m a k e t h e d e vi c e o p er ati o n a d a pti v e, c ali br ati o n fr e e, a n d
f ull y c o ntr oll a bl e b y t h e T X. Fi g. 1 4 s h o ws t h e pr o p os e d
ar c hit e ct ur e t o r e ali z e t h e r o b ust o p er ati n g s c h e m e.

First, t h e e n a bli n g of t h e d at a tr a nsf er p h as e is c o ntr oll e d
b y c h a n gi n g t h e M E a m plit u d e, s o t h at s c h e d uli n g of t h e
i m pl a nt is f ull y c o ntr oll e d b y t h e e xt er n al T X wit h a c c ur at e
ti mi n g r ef er e n c es a n d c o m p ut ati o n r es o ur c es. B e c a us e t h e
l ar g e e n er g y st or a g e c a p a cit or pr e v e nts V r e ct t o q ui c kl y c h a n g e,
t h e e xisti n g c o m p ar at or i n t h e a cti v e r e cti fi er is e m pl o y e d as
a w at c h d o g t o m o nit or t h e M E i n d u c e d v olt a g e c h a n g e. It
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a n d ( c) sti m ul ati o n c urr e nt m e as ur e m e nt u n d er v ar yi n g M E i n d u c e v olt a g e.
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Fi g. 1 8. Mi cr o gr a p h of t h e M a g NI S o C.

L o gi c
M o d ul e

Bri d g e 
Dri v er

H- Bri d g e

C oil

M a g n eti c 
Dri v er

Si g n al G e n.

S y nt h e si z er

M U X

Mi cr o c o ntr oll erMi cr o c o ntr oll er

M a g n eti c 
Dri v er

Fi g. 1 9. Ill ustr ati o n of t h e p ort a bl e T X c o nsisti n g of mi cr o c o ntr oll er a n d
m a g n eti c dri v er.

g e n er at es a tr ai n of p uls es W D tr a c ki n g V r e ct d uri n g c h ar gi n g
p h as e a n d st o ps o n c e t h e i n p ut’s a m plit u d e is b el o w t h e v olt a g e
of t h e e n er g y c a p a cit or. B y c o m p ari n g t h e w at c h d o g si g n al
wit h di vi d e d V r e ct a n d e xtr a cti n g t h e e n v el o p, a r ail-t o-r ail st art
si g n al f or d at a tr a nsf er ( E N d at a ) is cr e at e d, as s h o w n i n Fi g. 1 5.
C o m p ar at or offs et m a y c a us e a f ail ur e i n tr a c ki n g V r e ct a n d
g e n er at e i n c orr e ct E N d at a ( Fi g. 1 6( a)). T o all e vi at e t his, 4-i n p ut
c o m p ar at or [ 4 5] is e m pl o y e d t o d o u bl e t h e s e nsi n g m ar gi n a n d
i n cr e as e offs et t ol er a n c e fr o m 1 1 m V t o 2 3 m V ( Fi g. 1 6( b)),
eff e cti v el y r e d u ci n g t h e f ail ur e pr o b a bilit y fr o m 8 % t o 0. 0 2 %
( c al c ul at e d wit h si m ul at e d v ari a n c e of offs et).

S e c o n d, t h e s yst e m gl o b al cl o c k is d eri v e d dir e ctl y fr o m t h e
M E s o ur c e b y a l o w- p o w er c o m p ar at or, a n d t h er ef or e pr es e nts
a pr o c ess, s u p pl y a n d t e m p er at ur e-i n v ari a nt fr e q u e n c y. T h e
M o nt e C arl o si m ul ati o n r es ult gi v e n i n Fi g. 1 7( a) d e m o nstr at es
a ti g ht distri b uti o n of d ut y c y cl e wit h σ of 0. 1 5 9 %.

T hir d, t o e ns ur e c orr e ct d at a d e m o d ul ati o n u n d er M E v olt-
a g e v ari ati o ns, t h e v olt a g e t hr es h ol d is g e n er at e d o nli n e b ef or e
e v er y d at a tr a nsf er, usi n g a n alt er n ati n g pil ot t o n e s e nt b y
t h e T X. T h e t hr es h ol d is e xtr a ct e d wit h a l o w- p ass filt er
f oll o w e d b y tr a c k a n d h ol d cir c uits. M e as ur e m e nt r es ults
s h o w s u c c essf ul d at a r e c o v er y wit h o ut err ors wit h a wi d e
s o ur c e a m plit u d e r a n g e ( mi ni m u m of 0. 6 V f or d at a “ 1 ” a n d
mi ni m u m of 0. 4 V f or d at a “ 0 ”) a n d 0. 2- V mi ni m u m a m plit u d e

V r e ct

S a m pli n g Cl o c k

D at a

Sti m ul ati o n wit h 1 -k Ω L o a d 1 5 m s

5 m s

M a x . V r e ct = 2 .4 8 V  Mi n . V r e ct = 2 .2 7 V

V r e ct

Sti m ul ati o n

5 0 m s

V r e ct

M a x . V r e ct = 2 .9 5 V  Mi n . V r e ct = 2 .6 6 V

Sti m ul ati o n 

X :0 .5 V /di v Y :1 0 m s /di v

( a)

( b)

( c)

Fi g. 2 0. M e as ur e d w a v ef or ms of M a g NI o p er ati n g at sti m ul ati o n fr e q u e n ci es
of ( a) 6 7 H z, ( b) 2 0 H z a n d ( c) 2 0 0 H z.

diff er e n c e ( Fi g. 1 7( b)). F urt h er m or e, w e v ali d at e d t h e r o b ust
o p er ati o n b y s h o wi n g t h at a fi x e d s etti n g of t h e sti m ul ati o n
c urr e nt st a ys ar o u n d t h e e x p e ct e d 1. 5 m A, w h e n t h e M E-
i n d u c e d v olt a g e v ari es fr o m 2. 6 t o 3. 6 V d u e t o m a g n eti c
fi el d v ari ati o ns ( Fi g. 1 7( c)). M a xi m u m Isti m f alls sli g htl y wit h
t h e d e cr e as e of s o ur c e a m plit u d e r e d u ci n g v olt a g e h e a dr o o m,
u ntil d at a r e c o v er y f ails w h e n t h e V s is b el o w 2. 5 V.

I V. E X P E R I M E N T A L R E S U L T S

A. El e ctri c al Vali d ati o n of t h e M a g NI S o C

T h e S o C of t h e i m pl a nt is f a bri c at e d i n 1 8 0- n m C M O S
t e c h n ol o g y, as s h o w n i n Fi g. 1 8. T o v ali d at e t h e f u n cti o n aliti es
of t h e pr o p os e d n e ur al sti m ul ati n g s yst e m, t h e d e vi c e is t est e d
wit h t h e M E fil m i n air, a n d t h e A C m a g n eti c fi el d is g e n er at e d
b y a p ort a bl e m a g n eti c fi el d dri v er ( Fi g. 1 9).

Fi g. 2 0 s h o ws t h e m e as ur e d w a v ef or ms of M a g NI o p er ati n g
at diff er e nt sti m ul ati o n fr e q u e n ci es. Si n c e tr a nsiti o ns b et w e e n
o p er ati n g p h as es ar e c o m pl et el y c o ntr oll e d b y t h e T X, t h e
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2 .9 5 V

2 .5 5 V

①①

②②

③③①①  C h ar gi n g

②②  D at a tr a n sf er

③③  Sti m ul ati o n

2 .8 1 V

C L K

①①  R ef . tr a c k ②②  D e m o d ul ati o n
D at a

2 5 6 µ s

3 2 µ s

Isti m = 1 .5 m A

Fi g. 2 1. M e as ur e m e nts of r e cti fi e d v olt a g e at diff er e nt o p er ati n g p h as es; cl o c k
a n d d at a r e c o v er y f or A S K m o d ul ati o n; a n d 1. 5- m A, 5 1 2- µs bi- p h asi c c urr e nt
sti m ul ati o n, at 6 7- H z sti m ul ati o n fr e q u e n c y.

0 0. 5 1 1. 5
0

2

4

6

Ch
ar

ge
 I

m
ba

la
nc

e 
(

n
C
)

Sti m ul ati o n A m plit u d e S etti n g ( m A )

 5 1 2µ s P ul s e Wi dt h
 2 5 6µ s P ul s e Wi dt h
 1 2 8µ s P ul s e Wi dt h
 6 4 µ s P ul s e Wi dt h

0 1 0 0 2 0 0 3 0 0
- 2

- 1

0

1

2

V
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e 
(
V)

Ti m e ( µ s) 
( a) ( b)

1. 5 m A

5 0 µ A

1 2 8 µ s

( c)

0 0. 5 1 1. 5

0

1 0 0

2 0 0

3 0 0

4 0 0

St
i

mu
la

ti
ng

 
C
ha

r
ge

 (
n
C
)

A m plit u d e S etti n g ( m A )

 2 5 6µ s P ul s e Wi dt h

Fi g. 2 2. ( a) M e as ur e d w a v ef or m of bi- p h asi c sti m ul ati o n of 0. 0 5-t o- 1. 5-
m A a m plit u d es a n d 2 5 6- µs p uls e wi dt h, ( b) sti m ul ati n g c h ar g e at diff er e nt
a m plit u d e s etti n gs wit h err or b ars i n di c ati n g t h e v ari a bilit y a n d ( c) c h ar g e
i m b al a n c e of v ari o us sti m ul ati o n p ar a m et ers.

fr e q u e n c y c a n b e c o n fi g ur e d fr o m 0 t o 2 0 0 H z wit h pr a cti c all y
i n fi nit e r es ol uti o n. As s h o w n i n Fi g. 2 1, V r e ct p e a ks at 2. 9 5 V
wit h a n 8 3 % v olt a g e c o n v ersi o n r ati o at 0. 6 1- m T m a g n eti c fl u x
d e nsit y i n t h e c h ar gi n g p h as e a n d dr o ps t o 2. 5 5 V aft er t h e 1. 5-
m A, 5 1 2- µs sti m ul ati o n. A S K m o d ul ati o n, w hi c h is a ct u all y
a fr e q u e n c y m o d ul ati o n at T X, is r e ali z e d b y sli g htl y s hifti n g
t h e m a g n eti c fi el d fr e q u e n c y, w hi c h c a us es t h e M E fil m t o
vi br at e off r es o n a n c e wit h r e d u c e d a m plit u d e. C o nsi d eri n g t h e
s ettli n g ti m e of t h e M E fil m a n d t h e f a ct t h at hi g h d at a r at e
is n ot d e m a n d e d i n t his a p pli c ati o n, 3 2 c y cl es ar e r e q uir e d t o
r eli a bl y tr a ns mit o n e bit, r es ulti n g i n a 7. 8- k b ps d at a r at e.

A d diti o n all y, t h e w a v ef or m of bi- p h asi c sti m ul ati o n c urr e nt

F u n cti o n 
G e n er at or O s cill o s c o p e

I m pl a nt
P B S

Di st a n c e

M a g n eti c 
Dri v er

Fi g. 2 3.  Di a gr a m of t h e i n- vitr o s ali n e t est s et u p wit h M E p o w eri n g a n d
a c c ess t o i m pl a nt f or d et ail e d o p er ati o n a n al ysis.

P or o u s Pl ati n u m

G ol d

1 0 0 1 0 0 0 1 0 0 0 0
1 0 0

1 0 0 0

1 0 0 0 0

1 0 0 0 0 0

Fr e q u e n c y (H z )

I
m
pe

da
nc

e (
Ω

)

C o ati n g

Fi g. 2 4. I m p e d a n c e m e as ur e m e nts of t h e o n- b o ar d el e ctr o d es b ef or e a n d aft er
p or o us pl ati n u m c o ati n g i n P B S.

wit h v ari o us a m plit u d es is gi v e n i n Fi g. 2 2( a). T ot al sti m u-
l ati o n c h ar g e at diff er e nt s etti n gs wit h err or b ars i n di c ati n g
t h e v ari a bilit y, w h os e m a xi m u m is 2 % of 1. 5- m A a m plit u d e,
ar e s h o w n i n Fi g. 2 2( b). W hil e t h e v ari a bilit y of sti m ul ati o n
c a us e d b y s u p pl y v olt a g e v ari ati o ns a n d c urr e nt s o ur c e s ettli n g
is o bs er v e d, t h e err or of t h e t ot al c h ar g e d e p osit e d t o t h e
n e ur al tiss u e is n e gli gi bl e. B e c a us e sti m ul ati o n eff e cts ar e
b eli e v e d t o m ostl y d e p e n d o n t h e t ot al c h ar g e d e p osit e d t o
t h e n e ur al tiss u e [ 4 8], w e b eli e v e t h e t e m p or al sti m ul ati o n
a m plit u d e v ari ati o n will n ot aff e ct t h e sti m ul ati o n ef fi c a c y.
T h e as y m m etr y of bi- p h asi c sti m ul ati o n m a y i ntr o d u c e c h ar g e
i m b al a n c e. T ot al c h ar g e of t h e m e as ur e d bi- p h asi c sti m ul ati o n
wit h diff er e nt a m plit u d es a n d p uls e wi dt hs is c al c ul at e d,
w hi c h s h o ws t h e w orst c h ar g e i m b al a n c e of 6. 5 n C w h e n t h e
sti m ul ati o n a m plit u d e is 1. 5 m A, 5 1 2 µs ( Fi g. 2 2( c)). H o w e v er,
it s h o ul d b e n ot e d t h at t h e el e ctr o d es ar e s h ort e d aft er e a c h
sti m ul ati o n, w hi c h r e m o v es t h e r esi d u al c h ar g e o n t h e tiss u e
a n d t h us e ns ur es t h e sti m ul ati o n s af et y.

B. I n- Vitr o E x p eri m e nts

T o d e m o nstr at e t h e c o m p ati bilit y f or i m pl a nt ati o n, a s o a k
t est is p erf or m e d b y i m m ersi n g a M a g NI i n p h os p h at e b uff er e d
s ali n e ( P B S), as ill ustr at e d i n Fi g. 2 3. T h e M E fil m is
p a c k a g e d i n a 3 D- pri nt e d 0. 4- m m t hi c k e n cl os ur e t o eli mi n at e
e n vir o n m e nt al i n fl u e n c es o n its m e c h a ni c al vi br ati o n b ef or e
t h e e ntir e i m pl a nt is e n c a ps ul at e d wit h n o n- c o n d u cti v e e p o x y.

T h e o n- b o ar d el e ctr o d es ar e t est e d i n P B S t o e v al u at e t h e
v olt a g e c o m pli a n c e of t h e d e vi c e. Fi g 2 4 s h o ws t h at t h e
m e as ur e d i m p e d a n c e of t h e b ar e el e ctr o d es wit h g ol d s urf a c e
is 2 1 0 0 Ω at 2 k H z ( ass o ci at e d wit h t h e 5 0 0- µs sti m ul ati o n).
Aft er a p or o us pl ati n u m c o ati n g, t h e i m p e d a n c e dr o ps t o
1 7 0 Ω [ 4 9]. T h us, t h e sti m ul ati o n s u p pl y v olt a g e, w hi c h is
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Fi g. 2 5.  M e as ur e d ( a) d e vi c e st art u p, ( b) d at a tr a nsf er a n d ( c) sti m ul us i n
P B S.
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D a y
( b)( a)

Fi g. 2 6. M e as ur e m e nts of ( a) m a xi m u m r e c o v er e d v olt a g e a n d p o w er i n
diff er e nt m e di u ms a n d ( b) st a bilit y of p o w er r e c o v er y t hr o u g h o ut a 7- d a y
s o a k t est at t h e c e nt er of t h e T X c oil.

u p t o 3. 3 V, is a b u n d a nt t o s u p p ort t h e m a xi m u m a m plit u d e
of 1. 5 m A. T h e or d er- of- m a g nit u d e i m p e d a n c e r e d u cti o n b y
el e ctr o d es c o ati n g eli mi n at es t h e n e e ds of hi g h- v olt a g e cir c uits
a n d i m pr o v es t h e sti m ul ati o n ef fi ci e n c y.

D uri n g st art- u p ( Fi g. 2 5( a)), t h e d e vi c e is c h ar g e d u p t o
2. 6 V i n 4 4 ms wit h 2. 2 2- m W p e a k h ar v est e d p o w er P i n,m a x

a n d 0. 4 3 5- % m a xi m u m p o w er tr a nsf er ef fi ci e n c y , w h e n at t h e
c e nt er of t h e T X c oil ( Ta bl e II). C o nsi d eri n g t h e 1- V s o ur c e
a m plit u d e t ol er a n c e of t h e pr o p os e d i m pl a nt, v olt a g e dr o p wit h
dist a n c e i n cr e as e is all o w e d h er e t o sl o w d o w n t h e i n cr e m e nt
of T X p o w er c o ns u m pti o n a n d i m pr o v e t h e o v er all ef fi ci e n c y.
At a dist a n c e of 3 0 m m, V r e ct of 2. 0 5 V a n d P i n,m a x of 1. 3 5 m W
ar e a c hi e v e d, w hi c h ar e s uf fi ci e nt t o e ns ur e S o C f u n cti o n alit y.
P i n,m a x is esti m at e d b as e d o n t h e m e as ur e d r e cti fi e d v olt a g e

M a g n eti c C oil 
( Alt er n ati n g)

P er m a n e nt 
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Di st a n c e : 1 0 m m

0

-2 V

2 V
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Fi g. 2 7. Di a gr a m of t h e h y dr a sti m ul ati o n t est s et u p.
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5 s e c 5 s e c 5 s e c Sti m ul ati o n 
O n at 1 0 0 H z
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Δ
F/
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(
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Ti m e ( s e c )

N o Sti m ul ati o n

Fi g. 2 8.  Ti m e ali g n e d m e as ur e d fl u or es c e n c e i n cr e as es i n r es p o ns e t o
el e ctri c al sti m ul ati o ns.

V r e ct, as gi v e n b y

P i n,m a x ≈ m a x (C st or e
d V r e ct

dt
× V r e ct). ( 3)

Fi g. 2 5( c) s h o ws t h e m e as ur e d sti m ul ati o n i n s ali n e wit h
u n c o at e d el e ctr o d es, w hi c h is 1. 5 m A a n d 4 0 0 µs c a usi n g
a v olt a g e cr ossi n g el e ctr o d es of 2. 5 3 V. C at h o di c p uls es
c o m p e ns at e t h e b uilt-i n c h ar g e a n d r esi d u al c h ar g e is r e m o v e d
b y s h orti n g el e ctr o d es aft er sti m ul ati o n. Eff e cti v e c h ar gi n g-
b al a n c e is r e ali z e d b y t h e bi- p h asi c sti m ul ati o n s h a p e a n d
el e ctr o d es s h orti n g p h as e.

I n a d diti o n t o t esti n g i n P B S, t h e d e vi c e is als o t est e d i n air
a n d a g ar, a s u bstr at e us e d t o e m ul at e t h e br ai n’s m e c h a ni c al
pr o p erti es, s h o wi n g V r e ct a n d P i n,m a x v ari ati o ns l ess t h a n 0. 1 4 V
a n d 0. 2 2 m W r es p e cti v el y w h e n at t h e c e nt er of t h e T X c oil
( Fi g. 2 6( a)), d e m o nstr ati n g t h e M E eff e ct’s a d a pt a bilit y i n
diff er e nt m e di u ms. T hr o u g h o ut t h e o n e- w e e k s o a k t est, t h e
d e vi c e i n P B S f u n cti o ns c o nsist e ntl y wit h P i n,m a x fl u ct u ati n g
b et w e e n 2. 1 6-t o- 2. 2 5 m W, i n di c ati n g its l o n g-t er m r eli a bilit y
f or i m pl a nt ati o n ( Fi g. 2 6( b)).

C. H y dr a Sti m ul ati o n Tests

T o f urt h er ass ess M a g NI’s bi o-sti m ul ati o n c a p a bilit y, t h e
d e vi c e is v ali d at e d usi n g H y dr a v ul g aris as a m o d el f or
e x cit a bl e tiss u e [ 5 0] [ 5 1]. T h e tr a ns g e ni c H y dr a str ai ns us e d
e x pr ess G C a M P 6s, a c al ci u m-s e nsiti v e fl u or es c e nt pr ot ei n,
i n t h e e ct o d er m, a n d n at ur all y e x pr ess v olt a g e s e nsiti v e i o n
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TABLE III
COMPARISON TABLE WITH STATE-OF-THE-ART MM-SCALE WIRELESS NEUROSTIMULATORS

This Work Neuron′17
[11]

ISSCC′18
[13]

TBioCAS′18
[14]

TBioCAS′19
[15]

Nat. Biomed.
Eng.′20 [21]

Application Target Spinal Cord Brain Brain PNS Brain PNS

Process (nm) 180 Discrete 350 180 130 65

Wireless Link Magnetoelectric Inductive Inductive Inductive Inductive Ultrasonic

Carrier Freq. (MHz) 0.25 13.56 60 198 1180 1.85

Implant Volume (mm3) 8.2 98 12.2 97.5 0.009 1.7

Off-Chip Components 1 Cap.+ME Film Discrete 4 Cap.+Coil 2 Cap.+Coil None 1 Cap.+Piezo

Stimulation Mode Biphasic
Current

Optical Optical Monophasic
Voltage

Monophasic
Voltage

Monophasic
Current

Max. Stim. Current (mA) /
Resolution (bit) 1.5 / 5 N/A N/A 0.25 / Fixed 0.04 / Fixed 0.4 / 3

Max. Stimulation Charge (nC) 391 N/A N/A 17.5 0.66 157

Stimulating Channels 1 1 16 1 1 1

SoC Power (µW) 23.7 N/A 300 2.7 N/A 4

Max. Overall Efficiency (%)
@ Distance (mm)

0.435 @ 0
0.064 @ 30 N/A N/A N/A 0.0019 @ 6.6 0.06 @ 18

Max. Depth (mm) 30 40 7 140 6.6 55

In-Vivo Test Model Hydra Rat Rat Rat Rat Rat

channels. Fig. 27 gives the diagram of the experimental setup
using an inverted Nikon microscope with a 20x objective (NA
= 0.75) and a constant excitation light of 460 nm. Fluorescence
images are captured at 25 frames per second with 40 ms
exposures and 2 x 2 binning using an Andor Zyla sCMOS
camera. In order to facilitate simultaneous stimulation and
fluorescent imaging of Hydra, stereotrodes are used as the
stimulating electrodes as they are proportional to the size of
our chosen animal model and can more easily provide targeted
stimulation to the area of interest. A micromanipulator is used
to position the stereotrode connected to the proposed device
that is remotely powered by the ME effect (10 mm from the
TX); a blue laser is used to image GCaMP6s activity in Hydra.

When we apply 5-sec biphasic pulse trains with 500-µs
pulse widths at 100 Hz, we observe an increase larger than
200% in GCaMP6s fluorescence, which is consistent with
electrical activation of voltage gated ion channels in Hydra
tissue that result in muscle contractions, as shown in Fig. 28.

V. CONCLUSION

This work presents a proof-of-concept demonstration of
MagNI, a magnetoelectrically powered and controlled neural
implant. ME power link proves to be a viable technology
to wirelessly deliver greater than 1 mW power to mm-sized
devices deeply implanted in the body at 30-mm depth. The
proposed spinal cord stimulator for neuropathic pain relief
features miniaturized physical dimensions of 8.2 mm3 and
28 mg, adaptive operation and data transfer mechanisms (1-
V source variation tolerance), and programmable bi-phasic
current stimulation capability fully covering 0.05 to 1.5-mA
amplitude, 64 to 512-µs pulse width, and 0 to 200-Hz repeti-
tion range. Table III summarizes the specifications of MagNI

and compares with state-of-the-art mm-scale wireless neural
stimulators. The use of low-frequency magnetic field (250
kHz) substantially alleviates tissue absorption and reflections
in wireless power transfer, leading to higher deliverable power
under safety limits (in Section II). Thanks to the high power
transfer efficiency and chip efficiency, the proposed system
achieves one of the highest 391-nC total stimulation charge
among the comparisons, with 0.435% and 0.064% end-to-end
efficiency at 0 and 30mm distance respectively. In addition,
ME power link features robustness against alignment changes
(20% less power with 50 degree angular mismatch between
TX and implants).
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