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Abstract—Techniques of long-term in vivo electrophysiological
recording play important roles in brain research and neural re-
habilitation. To avoid interruption of experiment and risk of in-
fection, use of wireless power transfer (WPT) technique has been
suggested to eliminate cumbersome wires and batteries attached to
the animals in rodent electrophysiological applications. This paper
presents a holistic assessment of the relationships among the phys-
ical sizes of the transmitting and receiving coils, power transfer
characteristics, and specific absorption rate (SAR) in animals of
a simple WPT system using two rectangular coaxial transmitting
coils. With given space for the animal and size of the receiving coil,
a procedure for designing the minimum driving current, and the
transmitting coil dimensions and separation to deliver sufficient
power to the receiver, and interactions between the transmitting
and receiving coils is derived. A π-capacitor network that can
match the impedances of the receiving coil and the load to operate
the receiver at the maximum power transfer condition is proposed.
It is also optimized for the overall volume. A 100-mW prototype
with an operating zone of 400 × 240 × 40 mm3 and a receiving
coil with a diameter of 11.45 mm is built and studied. The SAR
in the animal is evaluated and compared with the recommended
restriction level.

Index Terms—Electrophysiological experiments, impedance
matching circuit, magnetic flux density, specific absorption rate
(SAR), wireless power transfer (WPT).

I. INTRODUCTION

T ECHNIQUES of long-term in vivo electrophysiological
recording play important roles in brain research and neu-

ral rehabilitation, such as deep brain stimulation and treatment
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of neural disorder diseases [1]–[4]. In order to observe and
study neuronal activities at the cellular level, implanted neuro-
electronic interface [5]–[7] and microsystems can provide real-
time monitoring of awake animals. Typical interfacing circuit
is supplied by transcutaneous cables and connected to an exter-
nal battery carried by animals. However, animal gnawing and
scratching usually interrupt the activities in conducting exper-
iments [8]–[10]. The energy stored in the battery sometimes
limits the duration of the experiment to a few hours [11], [12].
Furthermore, the animal may experience a feeling of tethered
and stress of prohibitive weight and suffers from the risk of in-
fection [11]–[15]. To tackle the aforementioned issues, wireless
power transfer (WPT) through magnetic coupling for rodent
electrophysiological applications has recently been suggested
to eliminate cumbersome wires and batteries attached to the
animals [8]–[10], [16]–[21].

WPT systems using transmitting or resonating coil arrays for
generating localized magnetic field concentrated around the re-
ceiving coil were proposed in [8], [9], [17], and [18]. The coil
array generates a larger coverage in an arbitrary shape, and the
covered area can be extended by duplicating multiple coil el-
ements. Each coil element is driven by a power amplifier [8],
[17] or selected by a switching circuit [9], [18]. To increase the
power transfer efficiency and the uniformity of the magnetic
field, only the coil element(s) positioned near the receiver is
(are) energized. Thus, various tracking means, such as magnetic
sensors [8], [17], impedance tracking technique [9], or computer
vision [18], are needed to continuously track the position of the
rapidly moving animal. An intelligent tracking system usually
requires using a computer to operate. A closed-loop power reg-
ulation mechanism is needed to stabilize power transfer and
maximize power transfer efficiency [8], [17], [18]. However,
this will increase the system complexity. Moreover, the coupled
magnetic field is sensitive to coil misalignment as the diameter
of transmitting coil element is larger than the separation between
the coupled coils [9].

In addition, high specific absorption rate (SAR) in the tissue
is caused by the short distance between the animal and the coil
array. An insulation layer placed over the coil array has been
suggested to reduce the SAR [9], but the evaluation on the
SAR has not been reported in detail. Special emphasis should
be placed on this issue as animals are placed inside magnetic
field.
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Efforts on simplifying the system have been made. In [10]
and [19], the position tracking system is eliminated by connect-
ing all resonator coils in parallel. The transmitting coil delivers
power to the receiver through the resonator coils, close to the re-
ceiving coil physically. However, the power losses will increase
with the number of coils in the array as all the coils in parallel
connection are concurrently energized. The SAR has not been
fully evaluated.

The design of transmitting coil has also attracted a lot of at-
tention to achieve a simple system, [16], [20]–[23]. In [16], the
inductive link was implemented by using a single, large trans-
mitting coil to produce a magnetic field in the cage. However, as
reported in [8] and [24], such a large coil causes self-resonance
at low frequency. A single transmitting coil mounted on a me-
chanical XY moving table has been proposed in [20]. By using a
permanent magnet to keep tracking the position of the receiver,
the transmitting coil is moved to a location close to the receiving
coil. However, the fast-moving mechanical parts could produce
unwanted acoustic noise and vibration, adversely affecting the
animal behavior [25]. WPT systems with large columnar- and
planar-shaped resonating coils have been presented and com-
pared in [21]. The columnar-shaped resonating coils can gener-
ate a relatively uniform magnetic flux for the receiver. One of the
main challenges is their bulk sizes, which limit the flexibility in
the coil optimization. Multiple coils with different orientations
have been implemented in the inductive link to minimize the
sensitivity of coil misalignment by authors in [22] and [23].
Intelligent tracking systems and high-performance feedback
subsystems are required and will lead to a more complicated
system.

A WPT system without dedicated position tracking circuit
or feedback control systems is proposed. The transmitting coil
comprises two large coaxial rectangular windings to produce
magnetic flux density with allowable fluctuations. The trans-
mitting coil is divided into multiple segments with resonant
capacitors to reduce the voltage over the transmitting coil to
a safer level and eliminate self-resonance [24], [26]. A holis-
tic assessment of the relationships among the physical sizes of
the coils, power transfer characteristics, interactions between
transmitting and receiving coils, is conducted. Moreover, a π-
capacitor matching circuit that can match the receiving coil
and the load is designed to operate the receiver at the maxi-
mum power transfer condition and minimize the transmitting
coil current as well as the SAR in animal tissues. The match-
ing circuit is also optimized for the overall volume. A 100-mW
prototype is built and studied. Finally, the SAR in the animal
is evaluated and compared with the recommended restriction
level.

II. OVERVIEW OF THE PROPOSED SYSTEM

Several practical considerations should be taken into account.
First, the system should be simple and low cost, and does not
block the line of sight to observe animal activities. Second, the
receiver can receive sufficient power from the transmitter, even
if the animal is moving rapidly in the cage. Third, the SAR

Fig. 1. Configuration of the proposed WPT system.

in animal must be lower than the limit recommended by some
international safety standards [27], aiming to protect the body
from adverse heating effect under exposures to electromagnetic
fields. The recommended basic restriction (BR) is protective
against tissue temperature increases of more than a small frac-
tion of 1 °C. As discussed in [9], the allowable SAR level for
rodents should be five times lower than the recommended limit
for humans, as small animals have a less effective thermoregu-
latory system [28]–[30].

Fig. 1 shows the proposed transmitting coil. It is composed of
two series-connected coaxial rectangular windings: one upper
and one lower. The cage is placed inside the coil. Its shape is
rectangular, instead of square, as the animal would feel more
secure [25]. The receiver is carried by the head of the animal.
The operating zone for the receiving coil is defined within the
cage. It has the same footprint as the cage and the same height
as the receiver carried by the animals. To avoid the coil from
blocking line of sight, the thickness of each winding should be
kept small.

Fig. 2 shows the equivalent circuit. The coupling between
the transmitting and receiving coils is represented by a trans-
former model [31]. vin and iin denote the transmitter input volt-
age and transmitting coil current in an rms value, respectively.
The voltages induced in the transmitting and receiving coils are
denoted by ε1 and ε2 , respectively. The self-inductances and
winding resistances of the transmitting and receiving coils are
L1 , L2 , r1 , and r2 , respectively. C1 represents the equivalent
capacitance of the series resonant capacitors distributed over
the capacitor-segmented transmitting coil. Such technique can
reduce the operating coil voltage to a safer level [24], [26]. The
transmitting coil is tuned to the operating frequency by adjusting
C1 to maximize power transfer. A π-type impedance matching
circuit, formed by C21 , C22 , and C23 , is connected between the
receiving coil and the diode-bridge rectifier to maximize the
power received. Thus, the transmitting coil current and SAR
are minimized. The output voltage of the impedance matching
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Fig. 2. Equivalent circuit of the WPT system.

circuit, vo , is rectified by a diode bridge and stabilized by a
ceramic capacitor and a supercapacitor to avoid power interrup-
tion, due to coil misalignment. The total capacitance of the two
capacitors is Crect . The rectified average voltage and current
are denoted by Vrect and Irect , respectively. A zener diode, D,
is added to protect the supercapacitor from overvoltage. A low-
dropout (LDO) regulator is used to regulate the load voltage VL .
IL represents the load current.

When an animal walks or rests in the cage, the receiving coil
placed on the animal’s head is practically parallel to the trans-
mitting coil. When it climbs and leans on the cage wall, the
receiving coil is almost perpendicular to the transmitting coil
and the power transfer will be affected. As discussed in [32],
the duration of power interruption is usually less than 5 s. This
issue can be solved by adding a supercapacitor or a low-capacity
rechargeable miniature battery [33], in the receiver to maintain
the load power [9], [10], [17], [18]. Alternatively, the coil struc-
tures with different oriented windings can be used to stabilize
the output power when angular coil misalignment occurs [22],
[23], [34], [35]. For the sake of simplicity, a supercapacitor is
used. The chosen value of the supercapacitor in the prototype is
designed to sustain load power for around 5 s. Thus, the current
design can deal with majority of events. Nevertheless, the time
duration can be lengthened by further increasing the value of
the capacitor.

III. IMPEDANCE MATCHING CIRCUIT FOR ACHIEVING

MAXIMUM OUTPUT POWER

As the receiving coil is much smaller than the transmitting
coil, the coupling coefficient is small. The input impedance
and generated magnetic field pattern are not noticeably af-
fected by the loading condition on the receiver side. The
effects of the nonlinear characteristic of the diode-bridge rec-
tifier on the input impedance, as reported in [31], become
insignificant.

A. Allowable Ranges of Po and Ro

The equivalent output impedance of the link is modeled by
Ro . The output power of the link is Po . Assuming that the input
voltage of the LDO, Vrect , is allowed to vary between Vrect,min

and Vrect,max , the minimum and maximum values of Po are

Po,min = (Vrect,min + 2Vf )
PL
VL

(1a)

Po,max = (Vrect,max + 2Vf )
PL
VL

(1b)

where Vf is the total forward diode voltage drop in the bridge,
PL is the maximum load power, and VL is the load voltage.

The equivalent output resistance, Ro , which varies between
Ro,min and Ro,max , is [37]

Ro,min =
8VL
π2

(
Vrect,min + 2Vf

PL

)
(2a)

Ro,max =
8VL
π2

(
Vrect,max + 2Vf

PL

)
. (2b)

B. Maximum Power Transfer Condition on the Receiver

With the same output power, operating the system at the
maximum power transfer condition requires lower transmitting
coil current than that at the maximum efficiency condition. The
generated magnetic flux density is reduced by decreasing the
transmitting coil current. It is thus preferable to operate the
system at the maximum power transfer condition to minimize
the SAR. Although the system is not operated at the maximum
efficiency, the power losses in the coils do not cause noticeable
temperature rise in the coils and cage, as the power level of this
kind of applications is low, typically less than 100 mW [8]–[10],
[16]–[21].

Fig. 2 shows a matching circuit. Its input impedance ZIM1
and output impedance ZIM2 are

ZIM1 =
XC 21 [XC 22XC 23 +Ro(XC 22 +XC 23)]

XC 23(XC 21 +XC 22) +Ro(XC 21 +XC 22 +XC 23)
(3)

ZIM2 =
XC 23 [XC 22Z2 +XC 21(XC 22 + Z2)]

Z2(XC 22 +XC 23) +XC 21(XC 22 +XC 23 + Z2)
(4)

where XC 21 = 1
jωC2 1

, XC 22 = 1
jωC2 2

, XC 23 = 1
jωC2 3

, and
Z2 = r2 + j ω L2 .

The circuit is designed to receive sufficient power from the
transmitter under the worst-case situation, where Ro = Ro,min .
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TABLE I
DIFFERENT COMBINATIONS OF CAPACITORS FOR THE IMPEDANCE MATCHING CIRCUIT

∗Assuming that C2 1 = 3.49 nF , when Ĉ2 1 = 1.
†Total volume occupied by the capacitors C2 1 , C2 2 , and C2 3 [38].

Then, based on (3) and (4), the matching conditions are

XC 21 [XC 22XC 23 +Ro,min(XC 22 +XC 23)]
XC 23(XC 21 +XC 22) +Ro,min(XC 21 +XC 22 +XC 23)

= r2 − jωL2 (5)

XC 23 [XC 22Z2 +XC 21(XC 22 + Z2)]
Z2(XC 22 +XC 23) +XC 21(XC 22 +XC 23 + Z2)

= Ro,min .

(6)

For a given value of C21

C22 =
1
ω

ωL2 − ωC21(r22 + ω2L2
2) +

√
G

r2(r2 −Ro,min) + ω2L2
2 (7)

C23 =
1
ω

√
G

r2Ro,min
(8)

where G = r2
2(ω2C21

2r2Ro,min − 1) + r2Ro,min(ω2L2C21
− 1)2 .

In order to ensure that C22 and C23 ≥ 0, the following con-
dition should be satisfied:

C21 ≤
ωL2Ro,min −

√
r2Ro,min(r22 − r2Ro,min + ω2L2

2)

ωRo,min(r22 + ω2L2
2)

.

(9)

C. Minimization of the Size of the Impedance Matching Circuit

The total capacitor volumes with different combinations of
C21 , C22 , and C23 are compared. Let C2,sum be the sum of the
capacitance values

C2,sum = C21 + C22 + C23 . (10)

Let Ĉ21 be normalized C21 by the value defined on the RHS
of (9). Table I shows the values of C2,sum and the total volume
occupied with different values of Ĉ21 . The values ofC22 andC23
are determined by using (7) and (8), respectively. The capacitors
are of mica type [38].

Fig. 3. η2 – R̂o and P̂o – R̂o for π-capacitor impedance matching circuit.

D. Maintaining the Power Efficiency of the
Receiver Side Over 50%

In practice,Ro ∈ [Ro,min , Ro,max]. Let R̂o be the normalized
value. Mathematically

R̂o=
Ro

Ro,min
. (11)

The output power of the link and the power efficiency of the
receiver side, η2 , are

Po =
R̂o

(1 + R̂o)
2
|ε2 |2
2r2

(12)

η2 =
Po

Po + Ploss2
(13)

wherePloss2 is the power loss of the receiving coil, i.e.,Ploss2 =
|i2 |2r2/2. i2 is the receiving coil current. It should be noted that
η2 does not include the power loss of the transmitting coil.

Fig. 3 shows a family of normalized output power P̂o and
efficiency η2 versus R̂o under different values of Ĉ21 and with
the same transmitting coil current. Since the circuit is operated at
the matched condition, the curve P̂o–R̂o is independent of Ĉ21 .
However, the efficiency curve η2–R̂o varies with Ĉ21 . In order
to maintain the efficiency no less than 50% over the designed
load range, i.e., Ĉ21 > 0.997. By combining the analysis of
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Section III-C and D, Ĉ21 is chosen to be equal to unity in the
following discussion, and then C23 is equal to zero.

IV. DESIGN AND OPTIMIZATION OF THE INDUCTIVE LINK

A. Optimization of the Receiving Coil

The dimensions of the receiving coil are strictly limited by the
rodent electrophysiological application and set as 11.5 × 6 ×
6 mm3. A single-layer helical coil is used in the receiver side.
The coil self-inductance, L2 , coil resistance, r2 , and quality
factor, Q2 , can be expressed as

L2 = μ0N2

[
In

(
8dr
dw

)
− 1.75

]

+
μ0dr

2

⎡
⎣N2∑
i=1

N2∑
j=1

[(
2
kc

− kc

)
K(kc) − 2

kc
E(kc)

]
(1 − ψij )

⎤
⎦

− μ0N2dr
2

(ks + km ) (14)

r2 =
4N2dr

dw
2σCu

Φcond

(
dw
2δ

)
+

4π2dr
σCu

Φind

(
dw
2δ

) N2∑
p=1

〈
Hp

2〉

(15)

Q2 =
ωL2

r2
(16)

where ω = 2πf , μ0 is the permeability of vacuum, N2 is the
number of turns, and dw is the circular wire diameters.L2 and r2
are presented in [39]–[42]. Rosa’s inductance correction coeffi-
cients [40] have been applied to the coil inductance calculation
in (14) to improve the accuracy. The expressions of the param-
eters are given in Appendix A.

Fig. 4 shows a family ofQ2 and L2 versusN2 under different
values of dw . For the sake of comparison, the coils are kept at
the same outer dimension by adjusting the coil diameters and
winding separations. The results are calculated by (14)–(16) and
simulated with COMSOL Multiphysics [43]. As dw and N2 in-
crease, Q2 increases and L2 decreases. However, when L2 is
too small, the required C2,sum and the size of the impedance
matching circuit become too large and oversized. Thus, it is
practically infeasible. In this design, N2 = 4 is chosen to main-
tain the value of L2 to be larger than 100 nH and dw = 1.3mm
is selected to maximize the value of Q2 .

B. Allowable Range and Variation of Bz

The rat has mostly its four limbs stepped on the cage, so
the transmitting and receiving coils are oriented in parallel.
Therefore, only the z-component of the magnetic flux density
is considered. Based on the ranges of Po and Ro in (1) and (2),
the minimum and maximum values of the z-component of the

Fig. 4. Q2 –N2 and L2 –N2 under different dw and with the same outer coil
dimension (11.5 × 6 × 6 mm3). (a) Quality factor. (b) Self-inductance.

magnetic flux density, Bz,min and Bz,max , respectively, are

Bz,min =√
Ro,minPo,min

ωN2A2

∣∣∣∣ (Ro,min +XC 22)(ZIM1,min + Z2)
Ro,minZIM1,min

∣∣∣∣ (17a)

Bz,max =√
Ro,maxPo,max

ωN2A2

∣∣∣∣ (Ro,max +XC 22)(ZIM1,max + Z2)
Ro,maxZIM1,max

∣∣∣∣
(17b)

where ZIM1,min = XC 2 1 (XC 2 2 +Ro ,m in )
XC 2 1 +XC 2 2 +Ro ,m in

and ZIM1,max =
XC 2 1 (XC 2 2 +Ro ,m a x )
XC 2 1 +XC 2 2 +Ro ,m a x

.
Let ΔBz be the variation of Bz

ΔBz =
Bz,max −Bz,min

Bz,min
. (18)

C. Optimization of the Transmitting Coil

Commercially available cages for rodent animals [44], [45]
are selected. The dimensions are 400 × 240 × 200 mm3. The
operating zone has the same footprint as the cage and the height
to cover the vertical movement of the receiver while the animal
is walking and standing [8]–[10], [17]–[21]. The operating zone
is 400 × 240 × 40 mm3. The Cartesian coordinate system is
defined in Fig. 5. The centers of the operating zone and the
transmitting coil are the same and defined as the origin. The
center of the operating zone is 70 mm above the floor of the
cage. The dimensions of the upper and lower windings are the
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Fig. 5. Setup of transmitting coil and operating zone.

same. The coil length and width are denoted by Lcoil andWcoil ,
respectively. The coil separation is denoted byHcoil . The length,
width, and height of the operating zone are denoted by LOZ ,
WOZ , and HOZ , respectively.

The transmitting coil is designed to provide the same or lower
variation of the magnetic flux density within the operating zone
(see Section IV-C). The dimensions and separation of the two
windings are minimized. The variation of the magnetic flux
density is calculated numerically. To generalize the analysis of
the generated magnetic field, the dimensions of the operating
zone are normalized by the transmitting coil and three ratios,
LR, WR, and HR, are defined as

LR =
LOZ
Lcoil

(19a)

WR =
WOZ

Wcoil
(19b)

HR =
HOZ

Hcoil
. (19c)

Since LOZ < Lcoil , WOZ < Wcoil , and HOZ < Hcoil , LR,
WR, and HR all are less than 1. To simplify the analysis, the
footprints of the operating zone and the coil have the same aspect
ratios. Thus

WR = LR. (20)

The ratio of the footprint areas between the operating zone
and the coil, AR, is given by

AR = LR2 . (21)

The z-component of the magnetic flux density at (x, y, z)
[46] generated by the upper and lower windings, B1z and B2z ,
respectively, is

B1z (x, y, z) =

μ0iin
4πLcoil

4∑
k=1

(−1)k gk
δ1k [δ1k + (−1)(k+1)ek ]

− ek
δ1k (δ1k + gk )

(22a)

B2z (x, y, z) =

μ0iin
4πLcoil

4∑
k=1

(−1)k gk
δ2k [δ2k + (−1)(k+1)ek ]

− ek
δ2k (δ2k + gk )

(22b)

where gk , ek , δ1k , and δ2k are given in Appendix B.

Fig. 6. ΔBz and position for B1A ,m in versus HR and AR. (LOZ× WOZ

× HOZ = 400 × 240 × 40 mm3)

The z-component of the resultant magnetic flux densityBz is
obtained by B1z and B2z

Bz (x, y, z) = B1z (x, y, z) +B2z (x, y, z). (23)

Since the transmitting coil and the operating zone are con-
centric and symmetric about the x-, y-, and z-axes, the profile
of Bz is symmetric and only Bz in the positive coordinates is
needed. The ranges of the Cartesian coordinates are confined
by the dimensions of the operating zone, i.e.,x ∈ [0, LOZ /2],
y ∈ [0,WOZ /2], and z ∈ [0,HOZ /2].
Bz at each point is calculated by using (11) and (13) with iin =

1A. The minimum and maximum values of Bz are determined
by a numerical approach and expressed as

B1A ,min = arg min
x,y ,z

Bz (x, y, z) (24a)

B1A,max = arg max
x,y ,z

Bz (x, y, z). (24b)

ΔBz is calculated by (18) and (24a) and (24b). Fig. 6 shows
the contour lines with ΔBz under different AR and HR. The
contours with ΔBz for four normalized operating zones are
presented in [36].

The geometric parameters, AR and HR, with respect to the
coil dimensions can be determined, while the variation of the
magnetic flux density, ΔBz , can be confined within the designed
allowable variation in Section IV-C. The transmitting coil size
and separation are minimized by maximizing AR and HR. The
combinations of AR and HR are chosen to be the tip of the curve
with AR maximum, as marked in Fig. 6. Lcoil , Wcoil , and Hcoil
are calculated by solving (19a), (19b), (19c)–(21).

D. Transmitting Coil Current

The rms value of the transmitting coil current, iin , is thus
determined by

iin =
Bz,min

N1B1A ,min
(25)
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TABLE II
COORDINATES OF B1A ,m in AT REGIONS 1–3 IN FIG. 6

where N1 is the number of turns of the upper/lower winding in
the transmitting coil, and Bz,min is determined by (17a).

Fig. 6 shows the regions of the corresponding position of
B1A ,min with different ΔBz , AR, and HR. The coordinates of
the positions are given in Table II. B1A ,min can be obtained by
substituting the coordinates and the coil dimensions into (22a),
(22b), and (23).

V. EXPERIMENTAL PROTOTYPE

The performances of the WPT system are verified and eval-
uated on a prototype shown in Fig. 7. The circuit schematic
is shown in Fig. 2. The design specifications are shown in
Table III. The system design is based on the considerations
described in Sections III and IV. A transmitting coil with two
turns, one for the upper winding and one for the lower wind-
ing, is designed. It is shown in Fig. 7(a). The centers of the
operating zone and the transmitting coil are the same and 70
mm above the floor of the cage. The parameters and compo-
nent values are tabulated in Table IV. Each winding is divided
into four segments and each segment is connected to another
segment through a capacitor, so as to reduce the coil voltage
[24], [26] by canceling the effect of the self-inductance of each
segment of the transmitting coil. The operating frequency is set
to 6.78 MHz, within the industrial, scientific, and medical ra-
dio band. The details of the driver design have been presented
in [36]. A prototype receiver, shown in Fig. 7(b), is built and
the component values are given in Table V. The dimensions
of the entire receiver are 24.5 × 13 × 16 mm3. The electrical
parameters of the coil are measured by an impedance analyzer
(Hewlett Packard 4194A).

A. Comparison on the Theoretical and Measured Magnetic
Flux Density

Fig. 8 shows the contour lines of Bz , calculated by (22a),
(22b), and (23), on the XY plane at z = 0. iin equals 2 A. The
shaded regions indicate the operating zone. The transmitting
coil generates a uniform magnetic flux profile within the oper-
ating zone. The coil dimensions are optimized. The contour line
density is significantly increased and Bz is suddenly changed
outside the operating zone. The measured Bz are marked with
“square boxes.” The calculated and measured results are in close
agreement. Their mean and maximum differences are found
to be 1.8% and 6.35%, respectively. The variation of the flux

density, Δ|Bz |, found in the experimental prototype is 0.475,
satisfying the allowable variation of 0.49 given in Table III.
The calculated and measured values of Bz at z = −20 mm and
z = 20 mm are given in the media file.

B. Performance of the WPT System

The output power of the receiver is studied on a constant
output resistor. The rectifying circuit is replaced by an output
resistor of 46.2 Ω. Fig. 9 shows the output power Po on Ro,mea

over XY plane at z = 0 mm. The results of Po at z = –20 mm
and z = 20 mm are given in the media file. The calculated and
measured results are in close agreement. Their mean and max-
imum absolute differences are found to be 3.17% and 7.60%,
respectively. The error is relatively significant near the boundary
of the operating zone due to the abrupt change of the magnetic
flux density. The minimum Po is 173 mW, which can meet the
design requirement of 170 mW.

The operation of the diode-bridge rectifier and the LDO is
taken into consideration. The output voltage of the diode-bridge
rectifier, Vrect , is estimated and verified experimentally. Fig. 10
shows the profile of the rectifier voltage Vrect on XY plane at
z = 0 mm. The results of Vrect at z = –20 mm and z =
20 mm are given in the media file. The calculated and mea-
sured results are in close agreement. Their mean and maxi-
mum absolute differences are 2.81% and 6.98%, respectively.
Vrect,cal varies between 2.52 and 5.46 V, within the requirement
in Table III.

VI. EVALUATION OF SAR

BRs and maximum permissible exposures (MPEs) are recom-
mended in [27] as safety levels to protect human body from ad-
verse heating effects under exposures to electromagnetic fields.
The BR of localized exposure for the general public is measured
by SAR and is equal to 2 W/kg, which is an averaged value over
any 10 g of tissue. Based on the BRs, the MPEs measured
by the magnetic field strength are introduced and obtained by
mathematical modeling and extrapolation from the experimen-
tal results at specific frequencies. It is mentioned in [27] that, in
near-field applications, MPEs may not ensure compliance with
the BR on local SAR and it may be necessary to directly evaluate
the level of local SAR. Therefore, exposures to electromagnetic
fields in WPT applications should be directly evaluated by the
BRs, i.e., local SAR, instead of MPEs, i.e., the magnetic field
strength.

The SAR level in the animal is contributed by the magnetic
field generated by the current passing through the transmitting
coil and receiving coil. In [36], only the magnetic field of the
transmitting coil is studied. However, as the receiving coil is just
attached on the animal, they are closely coupled. The SAR level
caused by the receiving coil could be relatively significant. The
local SAR level with the rat model is simulated by COMSOL
Multiphysics [43]. Fig. 11 shows the geometrical setup of the
simulation. The dimensions of the transmitting coil and the
transmitting coil current are given in Table IV. The dimensions
of the receiving coil are given in Table V and the receiving coil
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Fig. 7. Experimental setup. (a) Overall system. (b) Receiver and load.

TABLE III
DESIGN PARAMETERS AND ELECTRONIC COMPONENTS FOR THE WPT SYSTEM

current is determined with the equivalent circuit in Fig. 2. A
rat model composed of muscle tissue is used in the simulation,
[47]–[48]. The physical parameters and electrical properties of
the rat model used in the SAR simulation are summarized in
Table VI.

The SAR on the rat model is determined by the maximum
averaged value over a 10 g tissue. The maximum averaged SAR

at different positions is determined and given in Table VII. The
value of SAR is much lower than the BR recommended in [27].
The highest SAR is around one-hundredth of the restriction
level when the rat model is located at x = 150 mm and y = –40
mm. This implies that there is a room for further increasing the
transferred power and reducing the size of the receiving coil.
Local SAR normalized by the BR in dB value, SÂR, is defined
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TABLE IV
PARAMETERS OF THE TRANSMITTING COIL AND THE OPERATING ZONE USED IN THE EXPERIMENT

∗C1 is the equivalent capacitance of the series resonant capacitors distributed over the transmitting coil.

TABLE V
PARAMETERS OF THE RECEIVING COIL AND IMPEDANCE MATCHING CIRCUIT USED IN THE EXPERIMENT

∗Total weight of the receiver, including the receiving coil, matching capacitors, supercapacitors, LDO, and the load.

Fig. 8. Calculated and measured Bz at z = 0 mm.

as follows:

SÂR = log10

(
SARsim

SARBR

)
(26)

where SARsim and SARBR are the simulated local SAR level
and BR, respectively.

A zero value of SÂR represents SARsim equals the BR.
Fig. 12 shows the normalized local SAR located at x = 150 mm
and y = –40 mm. The maximum and minimum SÂR are –0.1
and –6.2, respectively. The magnetic flux density distribution
in the rat model at the same position is shown in Fig. 13. The
distributions viewed at different angles are given in the media
file. The maximum and minimum magnetic flux densities are
around 187 and 1.37 μT, respectively. For the frequency of
6.78 MHz, MPEs in term of the magnetic flux density [27] equals
3.02 μT. Although the magnetic field exposure is over five times
higher than the MPEs as suggested in [27], the averaged SAR
over 10 g tissue is much lower than the BR. Thus, evaluation on
the local SAR is required.

Fig. 9. Calculated and measured Po on Ro,m ea at z = 0 mm.

Fig. 10. Calculated and measured Vrect at z = 0 mm.

VII. DISCUSSIONS

Based on the aforementioned investigations, the following
observations are noted.
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TABLE VI
PHYSICAL PARAMETERS AND ELECTRICAL PROPERTIES OF THE RAT MODEL

TABLE VII
MAXIMUM AVERAGED SAR OVER 10 g OF TISSUE ON THE RAT MODEL

Fig. 11. Geometrical setup of the SAR simulation on the rat model.

1) The proposed system does not require dedicated posi-
tion tracking circuit or wireless communication link. It
delivers sufficient and regulated power to the load over
a commonly used cage footprint. The transmitting coil
is in reasonable dimensions and the receiving coil is rel-
atively small. The SAR level is simulated to be much
lower than the BR. Table VIII shows a comparison on
the proposed system design with prior art.

2) The steps of designing the dimensions of the transmitting
coil are given in Sections III and IV. The magnetic flux
density will vary within the design range. The load can
still receive sufficient power, even if the receiving coil is
located at a location with minimum flux density.

3) The magnetic field flux density can be made more homo-
geneous in the operating zone by increasing the size, but
the excitation current needs to be increased accordingly
to achieve the same field strength.

4) Angular misalignments will affect the power transmitted
from the transmitter to the receiver. Since the output
power to the load is regulated, Vrect will decrease as
angular misalignment increases. As shown in Fig. 10,
without angular misalignment, the minimum value of
Vrect , Vrect,min , within the operating zone is 2.5 V. As
Vrect further decreases, the voltage regulation capability
of the LDO will be affected. However, as discussed in

Fig. 12. Normalized local SAR on the rat model in dB value.

Fig. 13. Magnetic flux density distribution on the rat model.

[32], [49], and [50], the animals have their four limbs
mostly stepped on the cage, so the angular misalignment,
due to the head shaking and body movement, will not be
large. As discussed in [50], the angular misalignment
ranges between –25° and +25°. Fig. 14 shows that Vrect
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Fig. 14. Vrect ,m in versus angular misalignment with iin = 2 A.

Fig. 15. Required value of iin versus angular misalignment with
Vrect ,m in = 2.5 V.

reduces from 2.5 to 2 V within the aforementioned range
of angular misalignment. In order to maintain Vrect,min
at 2.5 V, the transmitting coil current iin needs to be
increased to 2.2 A. Thus, as illustrated in Fig. 15, the
effect of angular misalignment, due the movement of
the head of the animal, can be tackled by increasing the
transmitting coil current by 10%.

5) Since the designed transmitting coil is placed between
the top and bottom of the cage to cover the operating zone
of the receiving coil (rat model), the coupling coefficient
between the transmitting coil and the receiving coil is
larger than that generated by the transmitting coil (or
array of coils) placed at the bottom and/or at the top
of the cage [8]–[10], [17]–[21]. Regardless of which
arrangement of the transmitting coil is used, the required
magnetic flux density at the receiving coil should be the
same in order to deliver the same load power. However,
when the transmitting coils are placed at the bottom
and/or the top of the cage, the magnetic flux and its
variation around the bottom and/or the top of the cage
would be higher than the proposed arrangement [9].

6) The system operates at the maximum power transfer to
minimize the SAR in the animal tissues. In Fig. 3, take
Ĉ21 = 0. At the maximum power transfer condition,
η2 = 50% and P̂o = 1.00. At the maximum efficiency
condition, η2 = 94% and P̂o = 0.15. With the same out-
put power, operating the system at the maximum power

Fig. 16. η2 –R̂o and P̂o –R̂o with the same transmitting coil current and
matching circuit. (a) Variation of L2 . (b) Variation of r2 .

transfer condition requires lower transmitting coil cur-
rent than that at the maximum efficiency condition. It
is thus preferable to operate the system at the former
condition to minimize the SAR.

7) The impedance matching is crucial in the WPT technol-
ogy [51]. Fig. 16 shows the normalized output power
P̂o and efficiency η2 versus R̂o with the same transmit-
ting coil current and matching circuit. Fig. 16(a) shows
the results with the variations of the receiving coil in-
ductance L2 . When L2 has variation of 5%, η2 remains
almost unchanged but P̂o decreases. Fig. 16(b) shows
the results with the variations of the receiving coil resis-
tance r2 . When r2 has variation of 5%, η2 varies less than
2% and P̂o has variation of 5%. The matching circuit in
the prototype achieves a good matching condition. The
measured results in Figs. 9 and 10 are in close agreement
with the design.

8) The commercially available capacitors can provide suf-
ficient accuracy to achieve good matching condition.
The capacitors are of mica type [38]. The matching
circuit is designed to receive sufficient power from
the transmitter under the worst-case situation, where
Ro = Ro,min . Ro,min = 45.3Ω. The measured output
impedanceZIM2,mea of the matching circuit is measured
by HP 4194A and is shown in Fig. 17. The value ofZIM2
is equal to 46.1�–0.72° Ω. The difference between the
matching circuit and the output load is less than 2%.
Therefore, the matching circuit can well match the re-
ceiving coil with the rectifier circuit.
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TABLE VIII
COMPARISON WITH PRIOR ART

Fig. 17. Measured output impedanceZIM 2 ,m ea of the matching circuit versus
frequency.

9) Compared with the multi-coil structures with intelligent
control to excite the coil(s) placed under the rat model,
the proposed arrangement is not optimized at the maxi-
mum power transfer efficiency. However, the power level
of electrophysiological applications is usually low (less
than 100 mW). Although the power transfer efficiency
is between 7.5% and 3.8%, the power loss on the trans-
mitting coil is only around 4 W. The transfer efficiency
is not a major concern in this application. Instead, the
circuit elegance is the primary consideration. In fact,
driving the coils in an intelligent way would cause extra
power consumption that might be higher than the power
loss of the entire system. For example, a lot of power
is consumed on the computer to operate the intelligent
tracking system.

10) The optimal circuit configuration for matching the
impedance between the receiving coil and the load to
achieve maximum power transfer is found to be a shunt-
series capacitor network. It can minimize the overall size

of the matching circuit and maintain the power efficiency
of the receiver over 50%.

11) As the transmitting coil wires wounded around the
cage are thin, the coil does not noticeably block
the line of sight to observe the behavior and move-
ment of the animal. Such an arrangement has such
merit over the one having multiple coils placed on
the top of the cage. The proposed system also allows
conducting experiments with multiple animals in the
cage.

12) Currently, the receiving coil is fixed on the head of the
animal and the wireless power is transferred through the
air. In the future, the receiving coil with biocompatible
packaging is possible to be implanted into the animal’s
body [52].

VIII. CONCLUSION

A generalized design approach for the WPT system with
the transmitting coil made of two rectangular coaxial wind-
ings connected in series and wrapped around an animal cage
for electrophysiological application has been presented. The
generated magnetic flux density with different transmitting
coil dimensions and the operating zone has been assessed.
An impedance matching circuit in the receiver is designed to
maximize output power instead of power transfer efficiency
to minimize the transmitting coil current and the SAR. The
physical volume of the matching circuit is optimized. A test-
ing prototype has been fabricated. Experimental results have
been verified that the WPT system can deliver an output
power of 100 mW dc with an 11.45-mm receiving coil in
the cage footprint of 400 × 240 mm2. The SAR is evalu-
ated with finite-element simulation. The highest SAR level is
found to be much lower than the limit suggested by the interna-
tional standards [27]. Moreover, evaluation on the local SAR is
required.



CHOW et al.: OPTIMAL DESIGN AND EXPERIMENTAL ASSESSMENT OF A WIRELESS POWER TRANSFER SYSTEM 9791

APPENDIX

A. Expressions of the Parameters in (15) and (16)

kc =

√
dr

2

dr
2 + Δij

2 , km = 0.3379
(

1 − 1 − 0.01711
N2 − 0.01711

)

+ In(N2)
(−0.16641

N2
+

0.00479
N2

2 +
0.001772
N2

3

)

ks =
5
4
− In

(
2dt
dw

)
, Δij =

hr − dr
N2 − 1

|i− j|, δ =
1√

μ0σπf
,

Φcond(x) = Re

{
(−1 + j)x

2
J0 [(−1 + j)x]
J1 [(−1 + j)x]

}

Φind(x) = Re

{
jx2 J2 [(−1 + j)x]

J1 [(−1 + j)x]

}
,
〈
Hp

2〉

=
N2∑
i=1

N2∑
j=1

(Hz
2 +Hr

2)(1 − ψij ),Hz =
K(kc) − E(kc)

2π
√

Δij
2 + dr

2
.

Hr = Δ i j

πdr
√

Δ i j
2 +dr 2 [ 2Δ i j

2 +dr 2

2Δ i j
2 E(kc) −K(kc)], ψij = 1

for (i = j), dr and hr are the diameter and the height of the
receiving coil, respectively, dt is the diameter of the conducting
wire with insulation layer, K and E are the complete elliptic
integral of the first and second kind, respectively, σCu is the
electrical conductivity of copper, 〈Hp

2〉 is the average of the
square field over the turn pth per ampere of current, J0 , J1 , and
J2 are the Bessel functions of the first kind and order 0, 1, and
2, respectively.

B. Expressions of the Parameters in (22a) and (22b)

δ11 =

√(
Lcoil

2
+ x

)2

+
(
y +

Wcoil

2

)2

+
(
z − Hcoil

2

)2

,

δ12 =

√(
Lcoil

2
− x

)2

+
(
y +

Wcoil

2

)2

+
(
z − Hcoil

2

)2

δ13 =

√(
Lcoil

2
− x

)2

+
(
y − Wcoil

2

)2

+
(
z − Hcoil

2

)2

,

δ14 =

√(
Lcoil

2
+ x

)2

+
(
y − Wcoil

2

)2

+
(
z − Hcoil

2

)2

δ21 =

√(
Lcoil

2
+ x

)2

+
(
y +

Wcoil

2

)2

+
(
z +

Hcoil

2

)2

,

δ22 =

√(
Lcoil

2
− x

)2

+
(
y +

Wcoil

2

)2

+
(
z +

Hcoil

2

)2
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Lcoil
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− x
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(
y − Wcoil

2
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(
z +

Hcoil

2

)2

,

δ24 =
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Lcoil

2
+ x

)2
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2

)2

+
(
z +

Hcoil

2

)2
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Lcoil

2
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2
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2
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)
,

e4 = −
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)
, g1 = y +
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2
, g2 = g1 ,
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2
, and g4 = g3 .
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