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In Vivo RF Powering for Advanced Biological Research
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Abstract—An optimized remote powering architecture with
a miniature and implantable RF power converter for an un-
tethered small laboratory animal inside a cage is proposed. The
proposed implantable device exhibits dimensions less than 6
mm X 6 mm x 1 mm, and a mass of 100 mg including a medical-
grade silicon coating. The external system consists of a Class-E
power amplifier driving a tuned 15 ¢m x 25 cm external coil
placed underneath the cage. The implant device is located in
the animal’s abdomen in a plane parallel to the external coil
and utilizes inductive coupling to receive power from the
external system. A half-wave rectifier rectifies the received AC
voltage and passes the resulting DC current to a 2.5 kQ
resistor, which represents the loading of an implantable
microsystem. An optimal operating point with respect to
operating frequency and number of turns in each coil inductor
was determined by analyzing the system efficiency. The
determined optimal operating condition is based on a 4-turn
external coil and a 20-turn internal coil operating at 4 MHz.
With the Class-E amplifier consuming a constant power of 25
W, this operating condition is sufficient to supply a desired 3.2
V with 1.3 mA to the load over a cage size of 10 cm x 20 cm
with an animal tilting angle of up to 60°, which is the worst
case considered for the prototype design. A voltage regulator
can be designed to regulate the received DC power to a stable
supply for the bio-implant microsystem.

I. INTRODUCTION

NA sequencing of a small laboratory animal together

with in vivo real-time biological information, such as
blood pressure, temperature, activity and bio-potential
signals, is ultimately crucial for various biomedical and
genetic research to identify genetic variation susceptibility to
diseases, i.e. hypertension, obesity, epilepsy and cancers [1],
and to potentially develop new treatments for diseases. A
small-size, light-weight, long-term, reliable bio-sensing
implant system with two-way wireless telemetry capability
is highly desirable to capture the real-time biological
information from a “free” roaming animal housed in its
home cage as shown in Figure 1. However, the implant
system must be minimally invasive to avoid physiological
and behavioral side effects, which can distort the detected
signals. Current commercial products, while able to capture
some biological information, are insufficient for long term
research due to large size and weight, which causes
significant post-implant trauma, thus distorting the
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biological data. In these implants, the large size and weight
are associated with the system power supply—often a heavy
battery or a large inductor coil. The use of low-power
integrated circuits and MEMS sensors in the proposed
implantable bio-sensing microsystem significantly reduces
the overall system power consumption, thus allowing a
miniature coil inductor to be employed to convert RF power
to a DC voltage to supply the microsystem using a highly
efficient external power amplifier.

The paper is organized as follows. Section II introduces
the overall system architecture and discusses the selected
power amplifier design. Section III describes the methods
used for system analysis and optimization. Measurement
results are presented in section IV, with conclusions drawn
in Section V.

II. PROPOSED SYSTEM ARCHITECTURE

Implantable Microsystem

Fig. 1. Overall System Architecture

Figure 1 presents the overall system architecture. The in
vivo microsystem employs a micro-fabricated sensor array
for multi-channel vital signals monitoring and integrated
electronics for sensor interfacing, RF powering and two-way
data telemetry. The microsystem is wrapped by a miniature
wire coil, which is inductively coupled with an external coil
loop exhibiting dimensions slightly larger than the cage. A
power amplifier driving the external coil for RF powering is
not shown in the figure. The system will be presented in four
parts: the external coil, the inductive coupling, the power
amplifier, and the internal coil.

A. External Coil

A single large coil loop as in Figure 1 is chosen as a
desirable approach as opposed to a grid of smaller coils in
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operating region [2]. The small coils provide stronger
inductive coupling but introduce drastic coupling variations
at coil boundaries, significantly increase the temperature of
the cage floor, and require complex control electronics. The
proposed large coil architecture moves the coupling
variation and temperature increase to the edges of the coil
and thus outside the operating region. However, the low
coupling between the coils in this architecture reduces
efficiency and thus requires a significant system
optimization to achieve a feasible RF powering system.

B. Inductive Coupling

A simplified inductive RF powering architecture is
presented in Figure 2.
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Fig. 2. Remote RF Powering Architecture

The system consists of a power source, V;,, driving the
external coil, L;, tuned with C;. The mutual inductance, M,
between L; and the internal coil, L,, couples RF power to the
tank formed by L, and C,, tuned to the same frequency. R;
and R, represent the equivalent series resistance (ESR)
associated with the external and internal coils, respectively.
The half-wave rectifier then delivers a DC power to the
implantable microsystem, represented by Ry,.. In this paper,
“Vou® refers to the AC voltage before the rectifier and
“Vpc.ou” refers to the DC voltage after the rectifier. The
half-wave rectifier presents an equivalent AC resistance to
the parallel tank, R,..,.s, Which can be expressed as

R R/oad/z‘ (1)

ac—load —

The voltage gain expression from V;, to V,, can be
expressed as [3]

Vi o’ L,M
o _ e @)
" RR,+(@M) +R, -2
ac—load

where ® represents the tuned operating frequency. This
expression will be used for system analysis and optimization
as will be outlined in section II1.

C. Power Amplifier

The Class-E amplifier, diagrammed in Figure 3, is chosen
due to its near-zero output resistance and near-zero power
loss. The only output resistance seen by the resonant
network is the channel resistance of the switching transistor
M;—Iess than 1 Q for the device selected. The amplifier

R,

Fig. 3. Class-E Power Amplifier Schematic

achieves the near-zero power loss while operating in what is
known as Zero Voltage Switching (ZVS) mode [4]. When
component values are properly chosen, the voltage at the
drain of M, is brought to zero immediately before the switch
closes by the action of the resonant network and shunt
capacitor. Figure 4 shows the measured drain voltage and
clock waveforms of a properly tuned Class-E amplifier. In
this figure, the transistor is on when V. is high. Minimal
current is drawn through the transistor in this setup, thus
minimizing power dissipation across the switching
transistor. In testing, efficiencies—defined as the ratio of
power transferred to R; to power drawn from the supply—of
up to 98% are achieved.

: Transistor drair
\voltage waveform

Zero
Switching Operation versus Input Clock Waveform

D. Internal Coil
Wrapping the coil around the silicon IC maximizes the

Fig. 4. Measured Class-E  Amplifier Voltage

size and shape advantages of wusing an integrated
microsystem. Figure 5 shows a commercial rectifier diode in
the center of the coil loop for initial testing purposes. In the
final system design, the diode will be integrated as a part of
the implantable microsystem. This planar configuration
yields a number of benefits—including a 20x decrease in
mass and a 30x decrease in volume—over commercial
products, such as the VitalView by Minimitter [5].

RF power is coupled to the planar coil by magnetic field
lines perpendicular to the coil plane. The external coil
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produces a vertical magnetic field over the majority of its
area, thus the planar coil is best implanted in the abdomen of
the laboratory animal, close to and parallel to the external
coil. This means, however, that less power is coupled to the
internal coil when the animal stands up and the magnetic
field is no longer perpendicular to the coil plane.

Connector

Silicone Coating

Fig. 5. Prototype Implantable Device Encased in Bio-

Compatible Silicone Coating (shown with U.S. dime
for size comparison)

III. ANALYSIS AND OPTIMIZATION

The goal of the system optimization process is to find the
most efficient operating point—defined as the highest ratio
of power transferred to R, Versus power consumed by
the Class-E amplifier—for the system as a function of
number of turns in the internal coil, number of turns in the
external coil, and operating frequency. The efficiency of the
amplifier and the efficiency of the coupling between the
coils can be analyzed separately and then combined to find
the most efficient operating point.

The coupling constant, &, is a factor that defines the
strength of the magnetic interaction between the two coils.
The mutual inductance between the two inductors is
dependent upon the inductances of both coils as well as this
coupling constant and can be determined as

M=kJLL, . 3)

If the component values in the linear circuit shown in
Figure 2 are known, measuring the output from a known
source allows the calculation of the mutual inductance by
rearranging (2). From M, the coupling constant k can be
determined from (3). The coupling constant is dependent
only upon the shape, size, and orientation of the coils. Being
independent to the first order of component values,
frequency, number of turns in coils, etc., £ is thus essential
for simulations and predictions of system performance.
Experiments reveal k to be 0.0017 for the following
alignment: internal coil located at the center of external coil
(x = 12.5 cm, y = 7.5 cm) with 1 cm spacing and 0° tilt
(parallel). This location is used for the prediction and testing
of system efficiency due to the stability of & near this

location for small spatial displacements. The 1 cm spacing
simulates the expected average distance between the
implanted device and the external coil. From the measured £,
performance can be predicted for all characterized inductors
at any operating frequency.

Defining the efficiency of the linear system, 7., as the
ratio of power received by R,c.juq to power drawn from V;,
and applying (2), the following equation for the coupling
efficiency can be derived:

2

I/out
77 ~ Rac—laad C()ZML2 Rl (4)
‘ v, 2 (sz)z R toad
T | RR, + (M) +R, aeoa
Rl ac—load

Power losses from the Class-E amplifier can then be
approximated by using equations from Kazimierczuk’s and
Czarkowski’s Resonant Power Converters [4]. Adapting the
terms for this particular situation yields the following
expression for the efficiency of the amplifier, defined as the
ratio of power received by the L;C;R; resonant network to
power drawn from the Vpp supply

(t,)’
AP+ HR, 12

81 ke (7* + 28)15 _ (= =D _

(T*+HR, 27+ DR, ()

n,=1-

where 77 o 18 the resistance of the choke inductor, rpg is
the drain resistance of the switching transistor, rc.g,. is the
resistance of the shunt capacitor, and ¢ is the fall time of the
transistor. Of these terms, the second term dominates for
frequencies under 10 MHz for an rpg value of 0.35 Q.
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Fig. 6. Overall Efficiency Predictions and Measurement

Results for 20-Turn Internal Coil (Diamond
indicates measurement; square indicates simulation
result; line indicates mathematical prediction.)

The overall predicted efficiency is the product of the
coupling efficiencies of #. and #,. The overall efficiency
values are obtained for internal coils with 15, 20, 25, and 30
turns, and external coils with 1, 2, 3, 4, and 5 turns over the
operating frequency range of 1 MHz to 20 MHz.
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Measurements are taken under a variety of conditions to
confirm the calculations. The highest efficiency is found to
occur with the 20-turn internal coil and 4-turn external coil
operated at 4 MHz as shown in Figure 6. Under these
operating conditions, component values are L; = 13.2 puH, L,
=26 uH,R;=7.0Q,and R, =2.53 Q.

Figure 6 shows the trend for efficiency predicted from
Equations (4) and (5). Equation (4) suggests that efficiency
should increase with increasing frequency. Conversely, the
ESR of any inductor increases with frequency due to skin
effect and self resonant effects, causing the efficiency to
decrease. Thus, we expect to see a peak efficiency frequency
for each inductor from the interplay of these two effects.

The optimal operating conditions yield a measured
efficiency of 0.09 % under an R, of 1.25 kQ when the
internal coil is positioned above the middle of external coil
with zero-degree tilt. This efficiency is limited by the low &
value of 0.0017, which limits the coupling efficiency #..

IV. MEASUREMENT RESULTS

The system characterization test setup is as depicted in
Figure 1. The 4-turn external coil is driven at 4 MHz by a
properly tuned Class-E amplifier, and the voltage, V,,,, is
measured across the 20-turn internal coil with a vertical (z-
axis) separation of 1 cm at numerous positions over the
external coil’s surface. From these values, and knowing the
input power to the system, the measured efficiency can be
calculated for each point. Knowing the efficiency for a
point, the output power and thus output voltage can be
calculated for any given input power.

Due to thermal effects, the Class-E amplifier can support
a maximum sustained power consumption of 25 Watts
without a reduction in efficiency. The worst-case coupling
for which the system is designed is the internal coil at a 60°
tilt at the center of the external coil and with 1 cm vertical
spacing. The efficiency at this point was measured to be
0.02 %. Using the 25 W input power and the 0.02 %
efficiency, the worst-case power delivered to the internal LC
tank is found to be 5.1 mW, which in turn results in 1.3 mA
DC current flowing through the DC load resistance of 2.5
kQ.

Figure 7 shows the DC output voltage, Vpc.ou» across an
Riea of 2.5 kQ with 25 Watts drawn by the Class-E
amplifier both as predicted from the previously mentioned
efficiencies and as measured in actual trials. Operating only
between X=2.5 cm to X=22.5 cm [as indicated by the
vertical bars on the graphs] eliminates the low and high
coupling zones. A similar analysis along the Y direction
yields similar results. The necessary 3 Vpc (indicated by the
horizontal bar) can be sustained over this entire region.
Coupling between the inductors, and thus the expected
Vpc.ou» decreases to zero as the tilting angle approaches 90°.
Reference [2] shows that, for this application, in vivo
voltage measurements are essentially the same as the
external measurements at the chosen operating frequency.

Therefore, the results obtained from the current experiments
can be used as a design guideline for the ultimate in vivo
system development.
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Fig. 7. DC Output Voltage (Vpc.ow from Figure 2) versus
Internal Coil Position and Tilting Angle. (Diamond
indicates measurement; line indicates prediction.)

V. CONCLUSION

In conclusion, a miniature and implantable RF powering
system for long-term in vivo biological monitoring is
proposed. Over a cage size of 10 cm x 20 cm, at a separation
distance of 1 cm from an external coil, and for a tilting angle
of up to 60°, the objective of supplying a DC voltage of 3 V
with 1.3 mA to an implantable microsystem can be realized.
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