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Abstract
This paper presents an RF energy harvesting system for wireless intraocular pressure monitoring

applications. The system consists of an implantable antenna and a rectifier. A new sizing strategy is

adopted to optimize the conversion efficiency of the rectifier, and the design principle of an implant-

able antenna is introduced from material selection and structure design. Results from testing demon-

strate that the antenna gain is about —20 dBi and the rectifier’ s maximum total conversion efficien-

cy which contains match efficiency and rectifying efficiency is 47. 18% under the implementation of

0. 18 um standard CMOS process. The maximum power obtained from the proposed system is W

when the power density of electromagnetic wave is lower than the national standard 40, W/cm’ at

915MHz, which is enough to power the intraocular pressure monitoring system.

Key words: RF energy harvesting system, implantable medical system, antenna, rectifier, in-

traocular pressure monitoring

0 Introduction

Glaucoma is one of the leading causes of blind-
ness, impacting about 8.4 million people world-
wide'".

sure in anterior chamber is an important pathway in the
[2]

Continuous measurement of intraocular pres-
diagnosis and treatment of glaucoma Implantable
intraocular pressure monitoring system has been devel-
oped to finish the pressure continuous measure-

1331 Because of the limit of the volume of anterior

ment
chamber and long term working, passive structures are
usually adopted. An energy harvesting system is used
to extract power from the transmitted RF energy.

The function of the RF energy harvesting system is
to convert RF energy to usable DC power. RF energy
harvesting system has captured many research interests
in applications such as wireless sensor network
(WSN) '*) and medical electronics''®. The RF ener-
gy harvesting system used in implantable medical takes
more challenge than this system used in WSN. Due to
the tissue attenuation, high power conversion efficiency
is hard to be achieved.

The system consists of an antenna for picking up
power radiated by the RF waves, a conjugate imped-
ance match ensuring maximum power transfer in the

system, and a rectifier circuit for converting the RF en-
ergy to a DC power. The harvesting energy of the sys-
tem depends on the gain of the received antenna, the
matched-degree of impedance match and the rectifier
efficiency. In order to make the RF energy harvesting
system to obtain enough energy to power the implant-
able system, this paper focuses on a relatively high
gain implantable antenna, a new method of the rectifier
efficiency and impedance matching efficiency designing
separately and a new sizing strategy to improve efficien-
cy of rectifier.

This paper is organized as follows. Section 1 in-
troduces the system link calculation. Section 2 shows
the design of the antenna. Section 3 discusses the prin-
ciples and design of high efficiency differential drive
CMOS rectifier. Section 4 shows the photograph of the
RF energy harvesting system and describes the experi-
mental results. Finally, conclusions are given in Sec-
tion 5.

1 System link budget

System design begins with life safety requirement,
which requires the electromagnetic wave power density
is lower than the national standard 40uW/cm’ at
915MHz for safety levels with respect to human expo-
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sure to radio frequency electromagnetic fields'""!. The
distance of the reader and the implantable system is
Scm which is enough for this application and some as-
sumption is taken from previous studies as below: the
gain of the implantable antenna is — 20dBi, the im-
pedance match efficiency is 0.8, and the efficiency of
the rectifier is 50% , the extra loss of EM wave in air is
0.5dB.

Firstly, we calculate that the maximum delivered
power of the reader is 11dBm from the equations be-

IOW;
Pth PEIRP
S = = 1
4mR* 4AqR’ (D
A
Py = PEIRPGana<4TrR)2p0- (2)

The output DC power of the energy harvesting sys-
tem is expressed in Eq. (2), where Py, is the emis-

sion power density of the reader, G, is the gain of the

implantable antenna, (A/4wR)” is the radiation loss,
p is the efficiency of impedance match and ¢ is the ef-
ficiency of the rectifier. The calculated results are as
below: the radiation loss is —5.65dB, the available
power of the antenna is 4.85dBm, and the received
power of the antenna is —15.62dBm, the DC power of
the energy harvesting system is about 10. 96 W, which
is higher than the requirement of the implantable pres-

sure monitoring 2. 3@Wm .

2 Antenna design

2.1 Frequency selection

The main effects of the implanted antenna are a
reduction of its dimension and an increase on the prop-
agation loss. These effects are mainly due to the high
permittivity and high conductivity of the human eye tis-
sues. The propagation loss in a link between an im-
planted antenna and an external antenna has been eval-
uated at the ISM bands of 433MHz, 915MHz,
2450MHz and 5800MHz'"?’ | the conclusion shows that
the lower the frequency, the higher the pair gain. A
clear tradeoff between antenna dimensions and perform-
ance exists. When the frequency increases, antenna
dimension is reduced, but the antenna pair gain de-
creases and it degrades the system performance. Ac-
cording to the results of Ref.[12], the band of
915MHz is most suitable to be chosen as the wireless
transmission frequency, as the dimension of antenna at
915MHz can be implemented in anterior chamber.

2.2 Material selection
The biocompatible material which takes no harm

to human tissues is chosen to fabricate the implanted
pressure system so that long-term monitoring of glauco-

ma patients can be fulfilled, such as PMMA 35140
1517

Parylene C'"*""' PDMS'"® and liquid-crystal polymer
(LCP ).

PDMS are soft material, having strong water permeabil-

Among these materials, Parylene and

ity. The conductivity and permittivity of the material
change when water permeates into. The performance of
the antenna then decreases. Therefore PMMA is the
most suitable material, and it is used in this design.

2.3 Structure design

The structure of the implanted antenna is designed
based on the human anterior chamber environment. As
Fig. 1 shows, the central hole of the loop antenna is
designed to avoid the quantity of light into the pupil de-
creasing. As the diameter of pupil changes from
2.5mm to 4mm normally, the diameter of the central
hole is 5Smm. As the diameter of anterior chamber is
about 12. 11mm, the diameter of the antenna is de-
signed to be 11.4mm. The antenna uses copper as the
conductive material. The thickness of the antenna is
about 0. 1mm.

Antenna

I
Chip

Fig.1 Structure of the implanted antenna and location

of the implanted system

The antenna is a dipole-like structure and mod-
eled using Ansoft’ s high frequency structural simulator
(HFSS) in eye tissue, as Fig.2(a) shows. In order to
obtain the precise simulation results of the implanted
antenna, human eye and adjacent tissue are modeled
by HFSS with empirically measured material properties

of permittivity and conductivity'"’.

The antenna shape
and dimensions are chosen based on clinical require-
ments and then adjusted and optimized for
electromagnetic performance. Fig.2(b) shows that the
simulated gain of the antenna is about —17dBi, and
the SI1 parameter is about —30dB, as Fig.2(c)
shows, the impedance matches to 30 - ;115 Q, which

is the input impedance of the rectifier.
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Fig.2 Structure of the antenna in HFSS (a) and the simulation
result of gain (b) and S11 parameter(c)

3 Rectifier design

3.1 Topology selection

Power conversion efficiency (PCE) of the rectifier
circuit is defined by the output power divided by the
input power. The improvement of PCE is an effective
approach to improve the output power of the harvesting
system. The PCE of the rectifier circuit is affected by
circuit topology. There are several topologies used in
the rectifier, such as: basic diode-connected MOSFET
rectifier' ™’ | zero-V,, diode-connected MOSFET rectifi-

er”"" | schottky diodes rectifier ™’ | static conduction

voltage cancellation rectifier' ' and active conduction

voltage cancellation rectifier**'. Among these topolo-

gies, zero-V, diode-connected MOSFET and schottky
diodes rectifier need additional process in custom
CMOS process and the cost will increase. Active con-
duction voltage cancellation rectifier has larger PCE
than basic diode-connected MOSFET rectifier and stat-
ic conduction voltage cancellation rectifier. In this pa-
per, active conduction voltage cancellation topology is
used in designing the rectifier.

3.2 Efficiency analysis

Fig. 3 (a) shows the 2-stages active conduction
voltage cancellation differential-drive CMOS rectifier
circuit, which has a cross-coupled differential CMOS
configuration with a bridge structure. Transient and AC
analysis are taken in order to find the optimization
functions of PCE and input impedance. As PCE can be
expressed as below;

PI)C
PCE = 5= (3)
where P, means the DC power of the load impedance,
and Pluss
resistance of the MOSFET and leakage power, and the

leakage power is much smaller than the power loss of

loss

contains two parts: power loss of the turn-on

the turn-on resistance.
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Fig.3 The circuit structure of the proposed rectifier (a) and voltage waveform of the main node voltage

(b) and transient analysis equivalent circuit of the rectifier circuit with 2 stages (¢) (d)



HIGH TECHNOLOGY LETTERSIVol. 21 No. 2| June 2015

215

Table 1  The working conditions of MP1 and MN4
T MP1 MN4
e 1V, Vy Vy Ve Vi Vi
Vio +y(12 &y
N<i<, Vi-V vV, -V, v V, +V,cos(wt) V, =V cos(wt) RZ
3 <t <t4 +V cos(wt) -V, cos(wt) o -V, -V, ! 1/2
-12@.177)
Vig +y(12 @ +V, + Vio +y(12 &, +
Vi +V,cos(wt) oY ' 11/2 Va =V, Y ' 12
2<t<t3 2V,cos(wt) ? V,cos(wt) =V, | 2V, cos(wt) V, = V,cos(wt) |7~

- Vol

—12@,1"%)

+V,cos(wt) e
F

The transient analysis equivalent circuit of the
rectifier under quasi-steady state is shown in Fig. 3(¢)
and (d). Fig.3 (b) shows the voltage waveform of the
main node voltage. The output voltage of each stage is
approximately fixed voltage source. There are twice
conductions in each period from RF + to RF - ; from
MP1 to MN4 and from MP2 to MN3 in the first stage.
Table 1 shows the working conditions of MP1 and
MN4, the conditions of MP2 and MN3 are the same
with MP1 and MN4,
Table 1,
er obtains from RF and the input impedance of the rec-
tifier, and V,; = V /N, where N is the number of the

rectifier stage. The analysis of the other stage is similar

and among these parameters of
V, is related to the energy of which the rectifi-

to the first stage.

As the current of MP1 and MN4 is equivalent in
each conduction period, the equation is shown as fol-
lows :

lap

f(vpcos(wt) +V, =VOL)/R,, ypdt =
" U
f(Vm + Vycos(wt) = V,)/R,, yadlt
’ (4)
2 x f( Vycos(wt) +V, = Vo) /R, ypadt =

fp

2 x [(Vcos(wt) = V) /Ry, ol
(5)

in each period can be found as follows

And P

loss

P, =2x/{

“p

+£ (Vo + Vpcos(wt> - Vz)z/Ron,MMd”
‘In

( Vv COS((ut) + V Vo] )Z/Rnn,MP] d

loss

+2 X (V(os(a)t)+V —V)/ROI.MPSd

(V(’OS(CUU -V ) /R, ot (6)

We can draw the conclusion that PCE depends on

+2 %

the V,, N, V, and the dimension of MOSFET. Two sta-

09

ges rectifier is selected as the example to analyze the
rectifier above.

3.3 Impedance analysis

The AC analysis is taken to obtain the input im-
pedance, the AC equivalent circuit is shown in
Fig.4(a), where the parameter is expressed as fol-
lows: €, = Cy ypr + Cyownos Ry = Roxurt + Ronwna s
¢, = Cgs,MP’j + Cgs,MN4’ Ry = Roywms + R(JN,\1N2‘ And
the input impedance can be expressed as bellow :

Z, = (SC2 +£//R )

pump
2 1

" +T//(R + R/ -

pump

//(

L)

where C,; and C, depend on the dimension of MOSFET

R, and R, depend on the dimension of MOSFET and in-
put power, R, decreases when the input power increa-
ses. So when the dimension of MOSFET is fixed, Z,,
Fig. 4 (b) shows the
change of real part and image part of Z,, with R,,.

changes with the input power.

Fig.4(c) shows the change of Z,, with frequency and

the calculation conditions are that: C . =1.2pF, C,
=10pF, R, = 75kQ.
40
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Fig.4 (a) AC equivalent circuit for the input impedance,

(b) the change of Z,, with R
with frequency

(c¢) the change of Z,,
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3.4 Optimal design

Cadence Spectre is used to simulate the rectifier
based on the analysis above. As we know from the effi-
ciency analysis, more power will loose on the R, as the
larger number N of the rectifier stages. Since the im-
plantable system always works under the low supply
voltage, a rectifier with 2-stages produces enough volt-
age to power it. Then we increase the W/L of MOSFET
of the first stage to increase rectifier efficiency, but the
maximum efficiency would keep constant when the size
of MOSFET is bigger than a certain degree, because
the reduction of the power loss on R, is not obvious
when the W/L ratio of MOSFET is larger than a certain
lever, and more leak current occurs with the higher
W/L ratio. Fig. 5 (a) shows the efficiency changing
with the input peak voltage V, in different W/L ratio.
Fig.5(b) shows the result of the impedance match ef-
ficiency and rectifier efficiency changing with input
power. The maximum rectifying efficiency is about
80% , and the maximum match efficiency is only 83%
because of the large signal input impedance match

loss.
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Fig.5 (a) The rectifier efficiency changes with the input peak
voltage V, in different W/L, (b) The rectifying efficien-
cy and match efficiency in different Pin

4 Experimental results

4.1 Test results of the rectifier

The evaluation of the implanted antenna perform-
ance is difficult because it is almost impossible to make
antenna measurements in the real operating scenario
(inside the human eye). The performance of the recti-
fier is measured to verify its design, then the system
which contains antenna and rectifier is tested.

Fig. 6 shows the photograph of the proposed RF en-
ergy harvesting system, and the dimension of the anten-
na has been described in Section 2. The rectifier is fab-
ricated in a 0.18um 2 P4M standard CMOS process,
and the die area is 250 x 200pm’.

harvesting system

Fig. 7(a) shows the test result of the input imped-
ance of the rectifier in the input power range from
—14dBm to 7dBm. The image part of the input imped-
ance keeps constant, and the real part increases with
the input power, the reason is that the R, of MOSFET
decreases with the input power. The input impedance
is measured by network analyzer. Fig.7(b) shows the
changes of the total rectifier efficiency with input pow-
er. The test conditions are set as below: the load im-
pedance is 75k}, and the load capacitance is 10pF.
The total efficiency is the result of the rectifier efficien-
cy multiplied by the impedance match efficiency, and
the maximum test efficiency is 47.18% . Agilent Ana-
log Signal Generator E8257D is used to power the rec-
tifier. A balun converts the single-ended signal to the
differential one. There are some factors which cause
the reduction of the rectifier’ s received power, such as
insertion loss of balun and SMA connector, power loss
of the PCB, etc. Therefore the measured efficiency is a
little bit lower than the simulated efficiency in

Fig. 7(b).
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Fig.7 The test results of the input impedance (a)
and total efficiency (b)

4.2 Test results of the system

Fig. 8(a) shows the power obtained by the RF en-
ergy harvesting system in different frequency. The test
conditions are set as below: the output power of the
reader is 11dBm, the distance between the reader and
implanted system is Sem, and the RF harvesting sys-
tem is placed in anterior chamber of pig, the load im-
pedance is 75k(). The test results show that the maxi-
mum converted power is about 8 W, which is lower
than the analysis of Section 1. This is caused by extra
EM absorption and reflection in multilayered medium.
If the total efficiency of rectifier is 40% , then we can
deduce that the gain of the antenna is about —20dBi.
Fig. 8 (b) shows the DC power of the RF harvesting

system in different output power of the reader.
S Conclusion

An RF energy harvesting system for intraocular
pressure monitoring is proposed in this paper. An im-
plantable antenna, a rectifier and impedance matching
between antenna and rectifier are designed respectively
for higher RF energy conversion efficiency. The pro-
posed system is tested in biological environment and

the DC power obtained from this system is about 8 W.
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Fig.8 DC power of the RF energy harvesting system in differ-
ent frequency (a) and in different input power (b)
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