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Abstract—This work presents a miniaturized wireless power
transfer (WPT) system integrated with a neoromodulation head-
stage for duty-cycled optical stimulation of freely moving rodents.
The proposed WFT system is built using the commercially available
off-the-shell components (COTS) for the optogenetic nenromoedu-
lation system consisting of a bridge rectifier, a IMC-DMC converter,
an oscillator circuit, an LED driver, and a pLEI. The total power
consumption of the stimolation system is 14 mW which is provided
using the WFT method. The WPT system inclodes a novel transmit-
ter (TX) coil implemented on a printed circuit board (PCB), and
a solenoid receiver (RX) coil wrapped around a customized 3-I
printed headstage. The proposed TX coil is designed in soch a way
that the magnetic field all across the TX coidl is sufficient to provide
the required power to the optical stimulation system that is wormn
as a headstage by the freely moving rat. The headstage device's
dimension is 18.75 mm = 21.95 mm, weighing 4.75 g. The ratio
of the weight of the headstage and rat is 4.75:300. The proposed
system is able to achieve a maximum overall efficiency of ~-63% at
5 cm separation between the TX and RX coils, where the maximum
power transfer efficiency (PTE) of the WPT system is ~-88% and
the power conversion efficiency (PCE) of the rectifier is T1L6%.
The proposed system with reconfigurable stimulation frequency
is suitable for exciting different brain areas for long-term health
monitoring,

Index Terms—Efficiency, inductive link, optogenetic newro-
modulation, wireless power transfer.

I INTRODUCTION

IRELESS power transfer {(WPT) system introduces a

new pathway for transferring continuous power to the
low-power circuits such as implantable medical devices, where
replacement of batteries is difficult, and the space is limited.
The treatment of these neurological disorders exploits brain
stimulation technigues such as magnetic seizure therapy (MST),
deep brain stimulation {DBS), etc [1]. The proposed wireless
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power transfer (WPT) technique eliminates the bulky wires
and batteries atiached to the animals for optogenetic neuro-
modulation application and thus enables long-term behavioral
studies. In this work, a reconfigurable pulse stimulation system
is employed which makes the system suitable for the stimu-
lation in different deep brain regions such as the subthalamic
nuclens, thalamus, etc. [2]. The optogenetic device is powered
up wirelessly using a TX coil which is connected to a signal
generator and placed under the floor of the behavioral cage. In
our prior works, a headstage-based WPT system is developed
to provide continuous power to the stimulation circuit all across
the behavioral cage [3], [4]. However, the proposed TX coil
architecture had some blind spots where the system was not
able to provide enough power for the stimulation.

In this work, a novel TX coil architecture is proposed that
improves the magnetic field distribution and eliminates the blind
spots. Prior research works also present the use of headstage-
based neural stimulation system for freely moving rats [5]. [6].
[7]. In [3], magnetic resonance technigues were proposed to
power the stimulation system where the maximum distance
between the TX and RX coils was Zcmonly. In [E], a transmitter-
receiver {TX-EX) flexible printed coil {(FPC) array has been
proposed for the WPT system which features dual resonance
responses. However, it is not suitable to be implemented for
freely moving animal experiments because of the large size of
the receiver coil.

In this work, we have demonstrated a novel WPT system with
a novel TX coil architecture and a reconfizgurable optogenetic
stimulation capability integrated inside a headstage. The contri-
bution of this work is the unigue configuration of the tum in the
spiral antenna to design an optimized WPT system. This system
have achieved a maximum PTE of 88% with a smaller receiver
size and this PTE is comparatively higher than the previous
works. The proposed system eliminates the use of the battery
while being able to achieve a 5 cm distance for powering up
the neuromodulation svstem. The novelties of this work are:
i) the consideration of the various brain tissue layers in the
optimization process of the TX and RX coils” sizing, which
improved the accuracy of the optimization process comparad to
the prior works, ii} the configuration of the tumn in the spiral
antenna, which resulted in the overall enhancement of the total
generated flux, PTE, and PCE compared to the other works, iii)
oplimizing the transmission distance, and iv) smaller receiver
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size (167 41x smaller than the transmitter) and the elimination
of the need for using multiple resonators. The diameter of the
proposed receiver coil 1s 18.75 mm only, which is much smaller
than the receivers of previous works. The paper is organized as
follows: Section [ discusses the detailed design architecture of
the WPT system, followed by Section IIT which presents the
optimization technigue of the WFPT system. Section IV presents
the simulated and experimental results, followed by aconcluding
remark in Section V.

Il S¥sSTEM OWERVIEW

The complete oplogenetic neuromodulation  system s
powered wsing a WPT method which includes a ransmiter
(TX) coil and a receiver (RX) coil as shown in Fig. 1. The TX
coil is modeled as two parallel RLC circuits. One coil is denoted
as Lyyy, Ry, and Cpyy. and the other coil is denoted as
Lyxy, Ryya, and Cpyq, where L, R, and C indicate inductor,
resistance, and resonating capacitor, respectively [9]. Similarly,
the RX coil is also modeled as an RLC circuit represented as
Lpx. Rpy, and Cgy. An L-shape matching network is added w
each of the TX coil to match the impedance of the TX coil (133
1) with 50 £} signal generator. A Pi-shape matching network
is used after the BX coil 1o match the impedance of the coil (T8
£1) 1o the impedance of the rectification circuitry (116 £2).

A, Tramsmitter Conl

The proposed transmitter (TX) coil & a cascaded two-laver
planar spiral coil fabricated wsing a copper conductor on an
FE4 substrate (dielectric constant, €, of 4.3 and loss angent,
tand of (0,02). The wial dimension of the TX coil is 215 mm =
215 mm with a 1.6 mm substrate thickness, which matches the
dimension of the behavioral cage of the rodent. The complete TX
board consists of two identical TX coils which are fed separately
using two external BF sources. Two RF power amplifiers (PA)
(SMAKN 2MHez-TODMHz, 3 W amplifier) witha 15 dB gain are
used to drive the TX coils. The PA has a maximum bias voliage
of 8.5 V which provides a 22 dBm output power when the input
power is 7 dBm. As the PAs are terminated with a 50 {2 matched

i

Fig. 2. {a) Fabrncated transmatier (TX) col, (b) Magnenc beld concept for
twaor paralle] wires when currend 15 Bowing in the same and opposile direction.
{c) Fabrncated recerver (EX) ool archileciure.

port, a matching network is required in between each PA and
the TX coil. An L-shape matching network consisting of 42 nH
inductor and 3300 pF capacitor 15 designed to match the mput
inpedance of the TX with a 50 £1 porl. A resonating capacitor
of 82 pF 15 used to resomate each TX coil o 13.56 MHz. Both
of the TX coils are designed to have a series of eight-unit spiral
codls. The unit spiral coil is a 2-tum square spiral with a wtal
dimension of 50 mm x 50 mm, and a race width/spacing of
5 mm as shown in Fig. 2(a). The dimension of the unit cell
is determined through an optimization algorithm implemented
using Python language, which is detailed in Section I [10]. The
umit cells are connected according to the Curl right-hand rule so
that the current Aowing through the unit cell is in the opposite
direction for the adjacent unit cells which enhances the magnetic
field [11]. As shown in Fig. 2(b). the current is flowing in the
same direction which results in two magnetic fields B, and B,
in the opposite direction. The values of the magnetic felds B,
and By can be defined as (1) and (2) [12].
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Here, I}, and I are the current flowing through the con-
ductors, B is the distance between the two parallel conductors,
and pig is the relative permeability of free space (dm = 1077
Him.) The total magnetc field 15 a vector summation of the two
magnetic fields, By and H. as shown in (3).

B=8, + B 3

With the same current flowing through the parallel conductors
in the same direction, the two magnetic fields cancel each other,
thus weakening the total magnetic field in the center of the two
conductors. On the other hand, when the currents flow in the
opposite direction, the overall magnetic field in between the
conductors is enhanced as shown in Fig. 2(b).

B Fabrication of Receiver Coul and Headstage

The proposed RX coil is a 5-turn cotl designed using 38
AWG Remington wire. It is wrapped around a 3D printed
headstage which is fabricated wsing the Creality Ender 3. The
headstage is cylindrical in shape with 1875 mm outer diameter
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and 2195 mm height, and with a wall thickness of 1 mm. The
proposed RX is also designed and simulated using the Ansys
HFSS (version 2021.1.00 R1) with the PLA (Polylactic acid)
substrate with a dielectric constant of ~2_8 and a dielectric loss
of ~10" at room temperature [13]. The fabricated headstage
with the BX coil is shown in Fig. 2(c).

C. Bridge Rectifier

The proposed rectifier circuit is a bridge rectifier architecture
that uses a PMEG2020AEA Schouky disde (Mexperia USA
Inc.). The proposed Schoutky diode has a minimuom forward
violtage requirement of 450 mV and a maximum forward current
of 24 [14]. During the negative half-cvele, the capacitor, Cr
discharges through a 3 k£ load resistor which is the equivalent
resistance of the DC-DC converer, oscillator, and pLED. The
value of the capacitor, Creee 15 $21 10 220 pF w remove the outpat
ripples.

D DC-INC Boost Converter

To provide the required constant 3.3 ¥ supply voliage 1o the
pLED, a commercial DC-DC converter is used after the brdge
rectifier. The proposed DC-DC converter is a highefficiency
step-up DC-DC converter (LTC3105) by Linear Technology
which has a start-up voliage of 250 mV. The mput voltage range
of the proposed DC-DC converter can vary from 225 mV o 5 V.
The DC-DC converter is a 10-lead 3 mm = 3 mm DFN packaged
chip. To set the lowest input value of 250 mV, the value of Ry
15 chosen o be 25 ki1 A feedback resistive divider consisting
of &, and £ is used at the output node that helps 1w adjust
the output voltage between 1.6 1o 5.25 V. To geta 3.3 V at the
output node, the calculated values for &y and By are chosen as
1.02 MY and 200 kLY, respectively. A load capacitor, Cy, of
10 pF is chosen o get rid of the output ripples.

E Oscilfator Dexign for the Dutv-Cycled Stimulation

The oscillator circuit includes a commercially available
MIC1555 CMOS RC oscillator by Microchip o provide pulses
with a precise frequency tothe pLED in this work. The MIC1555
has a SOT-23 package that can be powered from a 2.7 to 18 ¥
supply voltage. An input capacitor, Cy of 1 uFis used to decouple
the inpul noise. The oscillator can act as a monostable or as an
astable oscillator. To use the MIC1555 as an astable oscillator,
the trigger (TRG) and the threshold (THG) pin need o be
connected. To set the output frequency in the astable mode, the
output RC components need to be adjusted according to (4).

1

= — 4
K RC &

i)
where R is the equivalent resistance of the output parallel re-
sistance Ry and Ry, and C 15 the threshold capacitance, Cy, as
shown in Fig. 1. &; is a constant which has a constant value
of 1.42 for the RC constant range of 001 s w 0.1 s In this
work, a fixed resistance of 220 k{1 is used as R resistance and
a | pF capacitor is used as the threshold capacitor. To make
the oscillator reconfigurable, a varable resistor By having a

Fig. 3. Detailed fowchart of the optimization process.

resistance range of 10-110 k£ is wsed, and a load capacitor
Cys of 100 pF is used v make the output pulse smoother.

F LED Diriver Circuttry

An LED driver circuit is used after the oscillator. The LED
driver circuit shown uses a current source that is based on a
closed-loop op-amp, TEV2471 for ensuring the rght amount
of current is passed through the LED. To control the current
through the LED, one NPN (BCEI17) transistor and one PNP
(BCB5T) wransistor are used which are denoted by @4 and
. respectively, as shown in Fig. 1. Such an op-amp-based
current source provides a fixed voltage on the emitter of 04,
which guarantees a fixed current through a precision resistor,
Ro with a value of 0.5 2. An LB-QH9G pLED by OSRAM
Opto-semiconductors (minimum forward voltage of 2.7 V and
a minimum forward current of 5 mA) is connected in parallel 1o
the transistor, (.

II. QrriMizaTioN METHOD OF THE WPT SYSTEM

The steps of the proposed optimization method are shown
in a flowchart in Fig. 3. For the optimization of the coil de-
sign o achieve the maximum efficiency taking into account
all the design constraints {e.g., maximum allowable size, irace
width, spacing. tissue losses), an optimization algorithm and
ool s developed using the Python language. Unlike the conven-
tional optimization approach, where the frequency is usually a
user-defined input, the proposed optimization tool inputs the
frequency as a variable and the efficiency 13 maximzed by
computing the optimum frequency. [10]. At first, the design
constraints such as coil dimensions, frequency range, fabrication
constraints, the distance of operation are provided by the user
followed by brain tissue layer information. The tssue layer in-
formation includes the relative permittivity, . and conductivity,
 of each brain tissue laver. The TX size is kept constant as a
design constraint.

In the next step, the frequency is swepl over the user-defined
frequency range 1o find the maximum PTE for the optimized
REX coil. For each of the frequency points, the number of tums
N and width w of the BX coil is calculated 1o find the maximum
PTE. Afier these iteralive steps, if the efficiency of the system
improves by more than 0.1%. then the process goes back to
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TABLE]
TISSUE LAYER PROPERTIES

Tissue Relative Conductivity, Thickness,
laver permittivity, ¢ o (S/m) (mm)
Skin I (XS I
Skull 12 16 2
Greymatier 48 .83 57

step 5 o continuwe the iteration unti] the efficiency improvement
i% less than 0. 1% Similar iterations take place for each frequency
point in the frequency range provided by the user and then the
frequency point that results in the maximum PTE is returned
along with the TX and RX coil dimensions. The proposed
oplimization method 15 an iterative process based on the mutual
coupling between the TX and RX coils. The script is wrillen
in Python language based on the coupling equation presented
im [15]. With the current conditions, the optimization process
requires 1083 passes w converge. Here, the convergence lime is
169 seconds, and the number of iterations is 512, The number of
passes (o converge can vary depending on the frequency range
and step size. The variation in the modeled and simulation results
i% due o the limited information regarding the copper plated
through-hole vias of the FR-4 based TX coil which has not been
incorporated with much precision. The through-hole connection
is required for the eight unit cells connected in series.

As the RX coil needs 1o be wrapped around the headstage
module, the diameter of the solenoid-based coil is kept constant
to 1875 mm. The optimization process is designed keeping in
mind that the TX coil will be an array-based design. The outer
dimension of TX coil 15 kept fixed due to the size constraint. The
TX coil is designed in such a way that its dimension matches
the dimension of the behavioral cage. As a result, the unit cell
dimension of the array-based TX coil is kept to a constant value
which 15 in this case 50 mm = 50 mm. This dimension is
determined from the wotal dimension of the behavioral cage of
the rat for the in-vive experiment. The distance is also set o
be 5 cm as the height of the rat’s head from the ground can be
as high as 5-6 cm. The optimization is performed to optimize
the trace-width and number of tums without changing the outer
diameter of the TX unit cell. The gssue layers of the rat’s head are
realized as skin { | mm)-skull (2 mm)-grevmatter (44 mm)-skull
(2 mum)-skin {lmm) lavers [16]. The detmled information of the
tissue layers is presented in Table I The optimization process
uses a frequency range of 1-20 MHz to find out the maximum
PTE.

The optimization method is run four times for four different
TX coils and the acquired PTE results are shown in Fig. 4.
The number of wms of the unit cell of the TX coil is vared
from 2 1o 5-wms with a step of | wren while the diameter
of the TX is kept constant to 500 mm » 50 mm. For each
TX coil combination, the number of wms of the RX codl is
swept from 2 to 7-turns. Fig. 4 shows the optimized PTE
results for the TX coil with 2, 3, 4, and 5 wrns, respectively.
According to these results, the RX coil with 5 ums shows the
maximum PTE for each combination compared o the other
combinations, the maximum PTE is found 1w be 96.8% at
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Fig. 4.  Optimized FTE for several RX coils, when () the TX coil umit cell i
S0 mem = S0 mam with 2 wames, (b) the TX coll anat cell 15 50 man = 50 mm wath
3 s, (chihe TX coal unit cell is 30 mm = 50 mm with 4 tums, and (d) the TX
ol umit cell 15 50 mm = 50 mm with 5 lums.

Fig. 5. (a) Companson of the modeled and simulated PTE for the combmation
of o unit cell of the TX coal and proposed RX coil 1w the combination of
araybased TX coil and the proposed BX ool (b) Complete tesi-bench setup
wilh a detaibed fgure of the FCB boards.

13.5 MHz when the TX coil has 2-turns and the RX coil has 5-
turns as shown in Fig. 4(a). Thus, the proposed BX coilis chosen
o have 5 tums and the unit cell of the TX coil is chosen o be
50 mm = 50 mm with 2 iums. A performance comparison is an-
alyzed between the theoretically modeled and the simulmed TX
and BX coil combinations. The umt cell of the TX coil and the
proposed BRX coil are designed and the tssue medium between
the TX and BX coils are also modeled in HFSS. As shown in
Fig. 5(a), the theoretically modeled PTE vanes from 7% to 96%
over the distance of 1-10cmat 13.56 MHz. The simulated resulis
show a PTE variation of 77% o 92% for the same distance range.
However, 1o cover the whole area of a behavioral cage for invivo
experiments, the total dimension of the TX coil is chosen 1o
be 215 mm = 215 mm, which includes a series combination of
the optimized unit cells. Thus, asimulation is performed with the
TX coil and the proposed BX coil to validate the performance
of the TX coil array. The result in Fig. 5(a) shows that the
PTE varies from 86% 1o 94.29% over the varying distance of
I-10 em.

IV. IMPLEMENTATION AND MEASUREMENT RESULTS
The total nevromodulation svstem 15 divided into two sec-

tions: i) WPT system, and i) the optical stimulation system. The
complete test-bench setup is shown in Fig. 5(b). To measure the
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FTE. the headstage is placed at the center of the sixtesn unit cell
and 5 cm apart from the TX coil.

A, Wireless Power Transfer Svstem

The WPT system includes two identical TX coils and a
solenoid-based RX coil. All the coils are designed o resonate
at 13.56 MHz which is in the [SM band (indusiral, scientific,
and medicaly that is dedicated for animal-related experiments
by Federal Communications Commission (FOC). The - factor
can be calculated as:

_ [XC1
CEVER

where R represents an internal resistance of each inductor, X
represents the inductance, and X represents the capacilance.
Fig. 6(a) shows the (-factor of the proposed TX codls and the RX
coil. Though the two TX coils are designed o be identical, the
(-factors at 1356 MHz are 113.6 and 74.8 for the TX, and TX,,
respectively. The precision of the fabrication and the amount of
soldering used for integrating the SMA connector might be the
reason behind this discrepancy. The @-factor of the complete
syslem with a single feeding network is found 1o be 763 m
13.56 MHz, which 1s comparable 1w the TX conls with parallel
feeding networks. The Q-factor of the RX coil is measured o be
1469 at 13.56 MHz. The PAs are connected to Keysight 332104
function generators o drive the TX coils.

The return losses of the TX coils are shown in Fig. 6(b) where
results below — 10 dB at 13.56 MHz indicate that the TX coils
are well-matched with the impedance of the PA output. The RX
coil is also resonated at 13.56 MHz with a resonating capacitor
of 181 pF when the load resistance of the RX coil 1s 600 £} which
emulates the impedance of the LED. The return loss of the RX
coilis = 1.11 dB at 13.56 MHz as shown in Fig. 6(h). The poor
return loss value is due to the fact that the load resistance value
15 nol the optimum value. PTE of a WPT system is the ratio of
the BF output power to the RF input power for the WPT link

(5)

[17].
- Prrau
PTE = ——— = 100% (]
-FRF'H-L
The PTE of the proposed WPT system is given by,
M = lni*'ﬁi- (7

RFin

where 55, is the trransmission coefficient from port 1{TX coil) o
port 2 (RX coil). To find out the optimum load resistance value

Fig. 7. (a) Simulated FTE over the proposed TX coil al a 5 cm distanioe
(b Miasured PTE over the proposed TX coil al 5 om disiamce.

-
L]

Fig. B (a) Modeled nssue Liyer m HESS, (b} Sunulated E-feld, H-field, amd
SAR values.

for the maximum PTE for the proposed WPT system, the load
resistances are vared from | o 10 k2 in the simulation using
Keysight Advanced Design System (ADS) (version 2021.02).
For the ADS simulation, the measured 52P file of the TX and
RX system is imported o ADS. The maximum PTE is achieved
to be 62.89% at a 5 cm distance between the TX and RX coils
when the load resistance is 3 ki1 Hence, a matching network is
designed 1o match the impedance of the LED w 3 k2.

A Pi-shape CLC (Capacitor-Inductor-Capacitor) matching
network 15 designed on the RX coil end having the values of
3 pF capacitance and 1 nH inductance to match with the 3 kG2
resistance. With the matching network, at 1356 MHz, the RX
codl achieves -12.07 dB retum loss which is measured using the
Keysight E5061B Vector Network Analveer (WVNA). To further
characterize the WPT system, the PTE of the proposed TX and
RX coils 15 simulated vsing the Ansys HFSS. For measurement
purposes, a homogeneows solution s prepared to mimic the
five tssue layers. A sucrose-based solution consisting of NaCl,
sugar, agar, benzoic acid, (Caliy COOH), and water is used (o
prepare the homogeneous tissue-mimicking solution acconding
to the dielectrne phantom recipe provided by the National Insti-
tute of Health (INIH) website [ 18]. The solution was prepared in
acup o mimic the 5 cm tissue layer for the measurement sel-up.
We already expenmentally verified the dielectric constant of the
tissue-mimicking solution in [ 16]. To perform the simulation on
various positions of the TX coils, the TX board is segmented
along with its width, and length, and the BX coil 15 placed 5
cm apart from the TX coil. As shown in Fig. Ti{a), the contour
plot indicates the PTE of the WPT system where the X-position
indicates the width of the TX coil, and the Y-position indicates
the length of the TX coil in mm. To emulate the rat’s head, the
modeled tissue layer which consists of skin, skull, greymatter,
skull, skin as shown in Fig 8(a) is used in the simulation. The RX
ondl is placed 5 cm apant from the TX coil on sixteen selected
positions which are centered on each of the unit cells of the TX
coil. The maximum PTE achieved in the simulation s 93.50%
and the minimum PTE is simulated o be 64% which are shown



6 IEEE MOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BROLOGY, VOL. 00, Ni. 00, 322

0 r H
a8 8 T :I_
] E ™ i
F1 ¥ oo W
[i‘l:l '; Eh' | E
- -
HIT '!"“' | E
gn:- } ol |s
os [ — | — —_rr ls
v Cngpt pomrwed |1 Ty e Chala ol |
[EREEEEEXEX] I EEEEEEEEE]
Inpat: prser (8. gt e el

Fig. 9. {a) Measured omput voltage and curment of the proposed rectifier for
wariows inpul power, {b) Measured power conversion efficiency (PCE) and the
output power of the proposed archileciure.

in Fig. T{a). The measurement results in Fig. T(b) show that the
PTE varies from 50.4% 1o 87.9% all across the TX coils.

With the minimum PTE of 504% at (125 mm, 75 mm)
position, the BX coil receives 125 dBm (17.7 mW) when
the transmiiied power 15 15 dBm (3856 mW). While trans-
milting power wirelessly o the RX coil, the analysis of the
maximum E-field, H-field. and Specific Absorption Fate (SAR)
for the safety of the surrounding tissue is also analyzed us-
ing Ansys HFS5. The simulated model is designed o emu-
late the measurement setup where the headstage 15 mounted
on top of the mouse's head and the TX coil 15 placed on
the foor of the behavioral cage. The distribution of E-field,
H-field, and SAR through the brain tissue layers is shown
in Fig. B(b). The maximum E-field through the skin layer is
322 Vim, and it is 37.9 Vim and 13.2 V/m through the skull and
Greymatter layers, respectively, when the transmitted power is
setas 15 dBm. A maximum H-field of 8.3 Afm is found through
the skin layer. With the increase in the tssue layer thickness, the
H-field decreases as the coupling between the TX and RX coils
decreases over the distance. The values don't exist the radiation
dosimeter for the rats [ 19]. The SAR is a function of the electnc
field generated by the TX coil which follows (8).

E 2
SAR = olEF W/kg (8
ﬂ

Here, & is the conductivity of the tissue layer, o is the density
of the tissue layer, and £ is the electric field induced in the Gssue
layer. The maximum simulated SAR achieved in this experiment
is 1.57 Wikg through the skin layer for 15 dBm ransmined
power which is within the Federal Communication Commission
(FCC) regulations. The maximum allowable SAR value through
the tissue layer is 1.6 W/Kg [20].

8. Optical Stimulation

The optical stimulation system consists of the bridge rectifier
circuit that converts the received AC power to DC power. Mea-
surement results show that for an input power of 0 dBm w 15
dBm, the output voltage at the output of the rectifier is in the
range of 0.4-3.6 ¥, as shown in Fig. 9a). The bridge rectifier
15 able o provide a masimum of 6.5 mA current for 15 dBm
input power. Based on the input AC power and the output DC
power, the total power conversion efficiency (PCE) is defined as

Fig. 10, {a) The simulated overall efficiency of the system over the proposed
TX ol al a 5 cm dhstance (b)) Measured Simulated overall effciency of 1he
systim over the proposed TX cml at a 5 em distance.

9.

Pnuiﬂ{?

PCE(%) = * 100% (9)

tnAC

The overall efficiency, i of the neuromodulation system is
caleulated from the PTE of the WPT system and multiplying
with the PCE of the rectifier circuitry, as shown in (10).

PTE » PCE
(%) = *

A PCE of 55% is achieved at 0 dBm input power which
delivers 0.5 mW of power (o the load as shown in Fig. Sb). As
the minimum required power for pLED is 14 mW, obviously,
a higher input power 1s needed at the input of the rectifier. For
the input power of 13 dBm, the rectifier achieves 71.6% PCE,
which results in an output power of 14.3 mW with a 3 kf} load
resistance, which 15 enough for the LED to provide at least
5 mW/mar® luminosity [21]. The output voltage of the rectifier
is regulated w 3.3 'V wsing the commercial DC-DC voltage
converter. The output voltage of the DC-DC converter is also
used as the input supply voltage for the MIC1555 oscillator
which has the capability to achieve a reconfigurable pulse signal
for stimulation.

In this work, a 20 Hz oscillation frequency with a voltage
amplitude of 3.3 V is wsed to drive the pLED. The overall
efficiency, 1, of the neuromodulation system is calculated from
Fig. 1iMa) and (b}, which show the simulated and measured
overall efficiencies of the complete system, respectively. The
efficiency 15 calculated for a fixed PCE value of 71.6% which
aais the maximum value achieved by the rectifier. Th stimulated
overall efficiency shows a maximum efficiency value of 67%
[Fig. 10(a)]. On the other hand, the maximum measured effi-
ciency is 63% as shown in Fig. 10(b). In our prior work [26]
the system with a multilayer planar TX col array {(where the
current is flowing through the unit cell in the same direction)
is able o achieve a maximum of 41.7% efficiency at a 5 cm
distance. The proposed work can achieve a maximum overall
efficiency of 63% at 5 cm separation between the TX and RX
cols, where the maximum power transfer efficiency (PTE) of
the WPT system is 8%

Table IT presents a comparison of the performance paramelers
of the other works with those of this work. In most of the
prior works, a 4-3 coil system 15 wsed with resonator coils
along with the RX coil o enhance the electromagnetic field. In
[24], the author proposed a system that achieves 36.3% PTE at
7 cm distance. Though the distance is higher compared o the

(1o
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TABLEII
COMPARISON WITH THE STATE-OF-THE-ART

Tt .
RX sime 13.75 sn ¥ fam A3 i = 25 sk & %
ol dameier  deimeier Ik mm armeier Al mm
ol eoapling Tcall Sqoil  Sguarepach  Seoll ool
T sime 213 mm = 2 = Ak mm = HE TR s
ol 1% 270 mim 3K mi 300 i HMI i
[Msimncy cm 4 tm 3rom T om i
Maximiim PTE (%} HE o Ll nd 4
Meximam efficlency %) LE] 483 M a0 Lk

proposed system, the PTE s lower compared o the achieved
B8% efficiency. Moreover, the prior work also used a 5-coil
system, yel achieved lower overall efficiency compared 1o 63%
efficiency. In [25], the author presented higher overall efficiency
for the 2-coil system compared to the proposed work, which
includes a single RX coil. However, the BX coil size is much
larger compared to the proposed system. With a lower footprint
of the RX cml, the proposed system 15 sull able o achieve the
highest PTE compared o the prior works,

V. CONCLUSION

This paper presents the complete wirelessly powered, oploge-
netic neuromodulation system for neuromodulation application

which can stimulate neurons with reconfigurable light pulses.
The system uses a reconfigurable stimulation technigue that
allows the system to stimulate and record from different brain
regions. The proposed WPT svstem uses parallel TX coils with
parallel feeding networks which reduces the overall resistance
and increases the O-factor, thus enhancing the magnetic field.
This proposed WPT system has a novel TX coil architecture with
a reconfigurable frequency control capability which improves
the magnetic field distnbution and eliminates the blind spots
of the previous works. The contributions of the proposed work
are the optimization and modeling techniques which made the
WPT zystem highly efficient with a PTE of 88% and the rectifi-
cation circutiry achieves a maximum of 71.6% PCE. The current
version indeed requires manual adjustment, but with a variable
resistor on-chip where we can control the resistance digitally,
we can wirelessly control the parameters with a bi-directional
wireless communication system. The future work includes the
design of a miniaturized and fully implantable WPT system
for non-invasive or subinvasive optogenetic neuromodulation
application.

[1] M. Zhua, “Cortical plasticity as a new endpoint messurement for chronic
pam,” Mol Pafn, vol. 7, no. 1, pp. 1-14, 2011,

2] 1. K. Krauss et al., “Technology of deep brain stimulatson: Current siatus
and future drections.” Mefure Rev. Newrol. vol. 17,00, 2, pp. T5-87, 2021,

13] D K. Biswas, J. H. A Martnez, ). Damels, A Bendapodi, and 1. Mahbub,
“A novel 3-D primted headsiage and homecage based WET system for
hong-term behavior study of freely moving amimals” in Proc. JEEE Radio
Wireless Syvmp., 2020, pp. 268-2T1.

4] D. K. Biswas, 1. H. A Manmez, | Kaul, A, Eaul, and 1. Mahbub, =4
ministurized kighly elficient beadstage based wireless power ramsfer
(WP} system for oplogenetse stimulation of freely moving animals” i
Proc. JEEE IMih Dallas Circwits Svst. Conf., 2020, pp. 1=,

151

18]

I71

[8]

191

(1]

[11]

[12]
[13]

[14]

[15]

[16]

1171

[15]
[19]
[20]

121]

122]

123]

(24]

125]

126]

M. UL Khan, A_Jafar, K. 5. Karimoy, and 8. Feroee, = A proposed oplimdzed
colutzon Tor wireless possser transler uking magnelic rmonance couplang.”
in Proc, fnt. Conf. Intell. Syxs. Eng., 36, pp. 350-355,

M. Yuan el al., “Magnelsc resonance-based wireless power transfer for
implaniable bomedical microelectromics devices.” i Proc. JEEE Tt
Svmp. Signal Frocess. Inf. Technoel, 2009, pp. 1-4.

5. Mogawa, K. Yamashita, R, Sanda, B. Numamo, K. Kosda, and T. Kawanio,
“A ghiweight, wireless bluetooth-low-energy neuronal recording syslem
For moce,” Sevwrors Achucfors B, Chem., val. 331, X210, Arl po, 120423,
L. U. Dawra, G Tian, Q. Y5, and A Sophian, “Wireless power trans{lerbased
edidy current non-dedroctive lesting using a flexible printed coil aray”
Philes, Trans. Rov Soc. A, vol. 378, no. 2181, 2020, Al no. 200190579,
C_A. Balamis, Antenne Theory: Anafvsis amd Design. New York, NY, USA:
Wiley, 200 5.

. K. Biswas, M. T. Tspeem, and 1. Mahbub, “Optimization of miniar-
ired wireless power Iransler syslem bo maximeze elliciency for implantable
omiedical divices,” in Proc, IEEE Texar Svp. Wirelees Micrmow. Cincwits
Syt HY, pp. 1-6.

B. Hinrichs et al, “Sources of magnetsc felds” Phvsics, vol. 132, 2000,
ArL oo 9.

A Wobki, “Theory of electromagnetic Gebds” 2001, arXiv:f 1114354,
C. Dachal, P Sippel. and §. Krohns, “Diclectric properties of 30 pranted
polylacte acul,” Adv Mater: Sci. Eng.. vol. DT, 2017, Arl. oo, 6913535,
D, Sermiconductors, <20 W, 2 a very low VEF mega schouky barner rectifier
in $OD313 (5C-Ta) package,” PMEGII20AEA Datasheet, Feb, 2004,
UL-M Jow and M. Ghovanloo, “Design and optimzation of printed spiral
coils for efficient ransculineows mductive power ransmissson,” TEEE
Trans. Biomed. Circuits Syt vol. 1, no. 3, pp. 193-202, Sep. 2007,

. K. Bewas, N.T. Tasneem, and | Mahbub, “Effects of coaxial-laera] and
coaxial-angular displacements on link efficsency of a wirebessly powensd
optogenetic mplant: Design, modeling, and experimental valsdatson.”
IEEE J. Eleciromagn., RF Microw. Med, Biol., vol. 3, no. 4, pp. 269-275,
Dec. 2009

M. AL Akram, K.-W. Yang, and 5. Ha, “Duty-cycled wireless power lrams-
mussson [or millimeter-smeed bromedical implanis,” Efeciromics, vol. 9,
nar. 12, 2020, Art. no, 214

C. Bargmomn et al.. “Brain 2025 A scentific vision,” 2014. [Online).
Available: hip:d'www.brainimtiative neh. goyv 2025/ BRAIN2025 pdl’

T. Xie and H. Zaxli, “Age-dependent small-amimal intemal radiation
dosimetry,” Mod. frmag., vol. 12, po. 6, pp. 7290-2013, 2013,

P A Mason, M. K. Murphy, and B. C. Petersen, “1EEE EMF health &
salety standards ™ m Proc. Asian (cean Reg. EMF Sci. Meet, 2000, pp. 1-6.
. K. Biswas, M. T. Tspeem, and 1. Mahbub, “Optimization o minisr-
iped wireless power ransler system o maximeze elficiency for implantable
biomedical devices,” in Proc, IEEE Texas Svrp. Wireless Microw, Cincwits
Swn., 2019, pp. 1-6.

5. A Mirbozorgi, H. Bahrami, M. Sawan, and B. Gosselin, “A smar cage
with unifarm wirebess power distribution in 3D for enabling long-lerm
experiments with freely moving animals.” JEEE Trans Biomed, Cincuits
Svst, vol. 10, no. 2, ppe 424434, Apr. 20016,

5. ¥erma, D Bano, 5. Malhotra, and M. 5. Hashomi, “Measerements and
charactenzation ol a newly developed novel mindature WIFT system.”
TEEE Trans. Instrwm. Meas., vol. T, 2021, A, no, 2004211,

B. Lee, M. Kiami, and M. Ghovanboo, “A sman wirelessly powered
homecage for loag-lerm high-throughpul behavioral experiments.” FEEE
Yenvors I, vol. 15, no. 9, pp. $905-4916, Sep. 2015,

1) Casanowa, £, N Low, I Lin, and RB. Tweng, “Transmilting coil
achieving umiform magnetic Geld disinbation for planar wineless power
tramsfer system.” in Proc. JEEE Radio Wireless Symp., 2000, pp. 530-533,
D K. Brwas, . H. AL Martinez, 1. Dansels, A Bendapus, and 1. Mahbub,
“A povel 3-D printed headstage and homecage based WPT system for
long-1erm behavior study of freely moving animals” in Proc, JEEE Radia
Wirelexs Symp., 2020, pp. 268-271.

Dipon K. Biswas {Swudent Member, IEEE) recenved
the Ph D degree from the Department of Electrical
Engineering, University of Morth Texas, Denton, TX,
USA. He is currently a Signal Integnty Engineer wath
Intel Corparation. His research mierests include ma-
crnwaye system and antenna design, wineless power
Iramsler, and anadog and BF circuil design.



This arlicle hag bean accepled for inclusion in a fJulure Bue of this journal. Contenl i final as presented, wilh the exception of pagination.

[EEE JOURNAL OF ELECTROMAGNETICS, RF, AND MICROWAVES IN MEDICINE AND BIOLOGY, VIOL. 00, NO. 00, 3022

Nabanita Saha received the B.Sc. degree m elec-
tromecs and lelecommunication engineermg Irom the
Chittagong Unmversity of Engineering and Technol-
ogy (CUET), Bangladesh. She s currently working
lowwvand the PhL¥. degree with the Department ol Elec-
trical and Computer Engmeering, Unmversity of Texas
at Dallas, Dallas, TX, USA. Her research ipleresis
imclude wireless power transler, anlenna design and
optimizason, and BF and microwave cireuts.

Ifana Makbub | Senior Member, IEEE) received 1he
B.5c. degree in electrical and elecironie engineer-
ing rom the Bangladesh University of Engineermg
amd Technodogy, Dhaka, Bangladesh, in 2012, and
the PhO). degree in elecinical engineering from the
University of Tenmessee, Knoxville, TH, USA, in
2017. She = currenlly an Assisiant Professor and
the Texas Instrumentas” Early Career Chasr Awardee
with the Department of Electncal and Computer En-
gmneenng, Universily of Texas al Dallas, Dallas, TX,
USA, where she is leading the Integrated Biomedscal,
RF Circuils, and Systems Laboralory (1BwRPCASL). She has authored or
ooauthored 1wo book chaplers, 29 journal publications, and more than 62
peer-reviewed conlerence publicatsons. Her research ilerests include energy-
ellcient integrated caromis and systems design lor resd-oul, wireless communs-
cabvon, and wireless power iransler for various implantable and wearable sensors.
Her cummenl research inlerests include ultrowidebandmme-wave phased-armay
antenma design Tor farbeld wireless power tranalerN 2V communicason for
UAVs, Dr. Mahbub was the recipsent of the NSF aBarly” Career Awarda”™ in
200, and DARPA aYoung™ Faculty Awarda™ 1n 2121, She was the Publiciy
Chadr of the IEEE Dallas Circuils and Systems Sociely. She 15 also the Secretary
lor the LRSI commesion K, as the Guest Edior of the |[EEE OPEN JOURNAL
OF ANTENNAS AND PROPAGATION and MDY Semsors Journal, a5 a Young
Professional Co-Chair of the IEEE Sensors Conference, and as the publications
Chaar of the IEEE Texas Svmposium on Wireless and Mscrowave Circunls and
System and IEEE Dallas Corcuits and System Conferences,



