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Abstract 

 This paper will focus specifically on the ability to use radio frequency (RF) radiation to remotely power a wireless device implanted 
within an eye. We use this technique to charge a glaucoma monitoring system which has been implanted, tested, and analyzed within a 
porcine eye.  Implantation within the eye poses stringent restrictions on size which constrains the design of both the circuitry and antenna.  
The presented work shows the feasibility of coupling sufficient power through biological tissue to an implanted system. Embedded antennas 
for receiving the RF power have been implemented in both low-temperature co-fired ceramics (LTCC) and polymer substrates (Duroid 
RT5880).  The received power was used to charge the internal power storage unit on the glaucoma monitoring device.  RF powering is 
feasible for this application because the system will be inserted right beneath the surface of the eye where the attenuation through the thin 
layer of ocular tissue is only about 5 dB [1]. This work tests two antenna structures, an onboard inverted-F antenna which couples sufficient 
power to charge the implant within 20 seconds, and a smaller LTCC embedded antenna which requires a charge pump due to lower receive 
powers. 
 

1. Introduction 
 Using bio-sensors for scientific, environmental, and medical monitoring has drawn significant interest within the scientific 
community. Our glaucoma system monitors intraocular pressure (IOP) through the use of integrated wireless communication technologies, 
VLSI and RF-IC design, sensor design, and advanced implantable packaging techniques.  A fully wireless system is compulsory in many 
cases but the miniature size constraint of biomedical implants poses a significant challenge 
for the RF design. The total thickness of the entire system must be less than 500 µm to 
enable implantation within the suprachoroidal space where IOP is monitored.  Low-
temperature co-fired ceramics (LTCC) technology provides a durable, high-permittivity 
material allowing for further miniaturization. This work focuses on the ability to charge this 
miniature system in an implanted environment, shown in Figure 1(a), through an RF power 
method shown in Figure 1(b). 

 
2. Powering System Description 

 The glaucoma monitoring system takes pressure measurements at regular intervals 
throughout a 24-hour period. . Internal power storage is required to provide the direct-
current (DC) power for driving the circuits.  Every 24 hours, the power storage unit can be 
recharged by coupling from an external RF source and rectifying the signal to a DC current.  
The power conversion efficiency (PCE) depends on the biasing of the rectifier circuit and 
determines the operating range and charging time.  Although a charge pump can be used to 
amplify the voltage, the raw voltage out of the rectifier is presented in this paper, since 
ideally a charge pump will not be required We desire a fully integrated system which 
includes the powering circuitry, power storage unit,  bio-sensor, transceiver, µ-processor, 
and embedded antenna.   System in Package (SiP) technology can enable this monolithic 
structure for a low-cost integration solution since processing of LTCC is well-established in 
the microelectronics packaging industry. This technology is attractive due to its high-K, low 
loss, 3-D package integration, and the hermetic packaging capability ensuring isolation of 
the internal components from the biological tissue. 
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Figure 1. (a) System implanted in a 
porcine eye (b) Powering system 

diagram 



Embedded Antenna  
 The implementation of our embedded antennas face major challenges posed by the maximum length constraint of less than 4 % of the 
wavelength, the proximity of a truncated ground plane, the nearby metal pads and interconnect wires, and the limited quality factor of 
matching networks at these sizes. An inverted-F-like feed is designed on a single layer LTCC (Dupont 951) which has a  high dielectric 
constant of 7.8.  To maximize the use of the limited substrate, the perimeter is surrounded by a single loop antenna which is fed by the 
inverted-F like structure via coupling. An additional capacitive load is attached to the end of the feeding structure to increase efficiency. The 
complete structure is shown in Figure 2.  
 This design maximizes the use of the limited area, allows for fabrication into LTCC as an embedded antenna, and induces a magnetic 
propagating wave which faces little attenuation through body tissues. Ansoft HFSSTM is used to perform the full wave simulations to locate 
the optimal feeding position, determine the radiator component dimensions, evaluate the coupling effect, and determine the total efficiency. 
From simulations, the achieved gain is 0.015 with an efficiency of 1.13%. The impedance is 0.051 + j0.635, which looks like a short, before 
adding a matching network.  The matching network can be implemented with a shunt 2.42 pF capacitor parallel to the antenna, followed by a 
serial 7.9 nH inductor. The efficiency may seem low; however this is expected considering the minimal size of the device, and since this 
application requires only a short range, the efficiency value obtained is acceptable. 

 RF Powering Circuitry 
 There are different types of circuits which convert RF power into DC power such as a 
single diode peak detector, a bridge rectifier, a charge pump rectifier, and a multiple-stage 
Schottky diode voltage multiplier [2]. The design concerns of the power circuitry include 
power conversion efficiency, input power, power consumption, size, and integration. Since a 
major factor in our device, as is the case with most other biomedical implants, is minimizing 
power consumption, a voltage multiplier is chosen due to its low input power requirement.  
The output voltage of the multiplier is directly proportional to the number of stages, N.  
Therefore, a large output voltage can be achieved by increasing the number of stages and 
available RF power into the circuit, as well as by lowering the diode threshold voltage.  
Schottky diodes are preferred because of their low forward-biased voltage drop (VF), fast reverse-recovery time (trr), and low junction 
capacitance (CJ). A voltage multiplier circuit schematic is shown in Figure 3. The voltages across the capacitors in the odd and even stages 
are charged in an alternating fashion between positive and negative phases to accumulate multiples of the input voltages. In this type of 
circuit we assume that the currents through the capacitors are large relative to that drawn by the load.  This implies in particular that as the 
stages increase, the voltage increases marginally due to the parasitic resistors and leakages.  Output voltage is determined by multiple factors 
including Rload, Ibias (input power), capacitor values, and operation frequency. Advanced Design System (ADS) simulations are performed to 
investigate and determine these parameters. 

 
Figure 3. Schematic of the 2-stage voltage 

multiplier in ADS simulation. 
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Figure 2. (a) The embedded antenna structure and (b) Simulation of the current distribution. 
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Figure 4. Simulation results of design parameters: Vo (volt) vs. (a) PIN (dBm); (b) Capacitor values (pF); (c) Resistor load (Ω).



 Design choices include the values of capacitance in the voltage multiplier ladder and the load 
capacitor which is used to store the rectified current.  In these examples, a 10 µF capacitor is used as a 
representative load.  Figure 4(a) shows the output power versus input power, Figure 4(b) shows the output 
voltage as a function of the circuit capacitors, and Figure 4(c) demonstrates the ability to drive the rectified 
current into a real load in parallel with the storage capacitor.  This would represent the load presented to 
the bias of an IC when it is operational. .  Of note, is that the performance of the simple capacitor is 
reached if the load is greater than 8 KΩ.  Voltages of 4.8 V were created across the 10 KΩ load.  
 

3. Experimental Setup 
 The RF powering circuit, shown in Figure 5(a), is stacked vertically on top of the LTCC embedded 
antenna to reduce its overlap area with the embedded antenna. This test device is used into a porcine eye, 
shown in Figure 5(b), as a model for a human eye, to observe the effect of attenuation caused by the 
surrounding biological tissue.  Figure 5(c) shows a patch antenna, which is used to transmit a continuous 
wave from a network analyzer with +10 dBm of output power followed by a 20.14 dB gain power 
amplifier, so the final transmitted power is approximated to 1 Watt.  It is important to note that this 
relatively large power will only be on for a relatively short amount of time, just long enough to charge up 
the power storage unit.  The receive antennas include the embedded LTCC antenna and a stand-alone RF 
powering board with an inverted-F antenna (IFA) on polymer substrate. The IFA has larger gain and 
efficiency than the LTCC antenna due to its larger aperture and is used for comparison as a performance 
upper bound in the same setup experiments. 
 The RF powering boards with an integrated receive antenna are first tested in air to validate the 
capability of remote powering and to observe the received power strength without the biological effects 
experienced in an implanted environment. The test devices are then implanted into a porcine eye and 
retested as shown in Figure 6. Three different load scenarios are tested, including a 1 MΩ resistor, an 
open-circuited condition, and a capacitor. The resistor case is used to calculate the output power level and 
power conversion efficiency. The other cases show that the output voltage in the open-circuited case is 
exactly the same as the capacitor load case which is what is expected since a capacitor looks like an open 
circuit at DC. This provides the estimation of the output voltage level used for recharging.  The main 
purpose of the capacitor load is to test the recharging time of the capacitive power storage unit in the final 
device.  During experimentation, the output power measurements varied a lot due to time-varying effects 
caused by indoor environments and the lack of a voltage 
regulator. 

   . 

4. Results and Discussion 
 Power Conversion Efficiency (PCE) 
 A measurement is made to observe the relationship between input power and output 
power, and the ratio between these two terms defines the curve of power conversion 
efficiency. An RF powering board is attached to a transmit antenna and fed from a network 
analyzer (NWA) output port. Input power (PIN) from the NWA can be precisely determined 
and output voltages (Vo) across a 0.55 KΩ resistor are measured by a multi-meter. The result is 
shown as Figure 6(a), which implies that the higher the input, the better the efficiency that can 
be achieved. At the PIN = 10 dBm, the power conversion efficiency is up to 34.68%. Also, we 
can observe there is a turning point, which is around 0 dBm. When the input power is above 
this threshold, the output voltage increases much more rapidly. In Figure 6(b), the power is 
delivered wirelessly in an anechoic chamber, so the ideal curve of PIN vs. Vo can be obtained 
without any multipath interference. Input powers are swept from -15 dBm to 5 dBm, and 
output voltages are taken at distances (d) of 1, 2, and 6 inches.  It is observed that these three 
curves are similar except for a constant offset, which is reasonable due to the fact that their 
circuit determines conversion efficiency, and distances affect the received power which 
determines the bias of the circuit. These shifts between 1 inch and 2 inches and between 1 
inch and 6 inches are 4.2 dB and 9.6 dB respectively. This is much smaller than the simple 
square degradation law approximation, which calculates shifts of 6.02 dB and 15.56 dB.  This 
discrepancy is due to the complex near field antenna effects.  
 Output Voltage of the Remote Power Delivery to the Implant 
 The experiments are performed at Purdue’s Brain Computer Interface (BCI) Lab, and 
the data shows good consistency after two trial runs on more than 6 devices under test (DUTs). 
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Figure 6. (a) PCE  vs. difference PIN with 
a 0.55 KΩ resistor. (b) Output voltage at 
different distances in anechoic chamber. 
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The measured output powers before and after implantation into a porcine eye are shown alongside measurements done without the eye in an 
anechoic chamber in Figure 7. The results show that RF powering is a good method for wireless power transfer and even feasible for an 
implantable application. For very small scale antennas, a charge pump may be required to perform DC-DC up-conversion. The output DC 
power using the LTCC antenna is about one-tenth of the IFA on board antenna. The major reason for this discrepancy is differences in 
antenna efficiency and matching which resulted in less available input power into the rectifier leading to the overall degradation of efficiency. 
Using the IFA antenna causes much more significant output voltage change between the non-implanted and the implanted trials when 
compared to the LTCC embedded antenna. This could be because the IFA antenna happens to operate around the input power threshold, thus, 
before implantation into the eye, the efficiency is significantly higher than after implatation. By interpolating the Vo, we can estimate the 
power at the front end of the circuit, which is the power that effectively transfers into the circuit. The main source of the discrepancy between 
input power pre and post-implantation results from the biological tissue attenuation. On average, IFA and LTCC embedded antennas 
encounter -11.23 dB and -6.47 dB loss from the tissues, respectively. 
 Recharging Time 
 For our experiment to determine recharging times, we use two shunt 4.7µF capacitors. These capacitors are first shorted to release any 
pre-stored charge and then attached in parallel on the voltage output port of IFA RF board to be recharged. Without a porcine eye, the 
capacitor is first charged to 0.7 volts in 5 seconds and then to 0.8 volts in 10 seconds at a distance of 2 inches away. After implantation, 10 
sec and 20 sec are required to arrive at voltage levels of 0.31 V and 0.36 V, respectively. It takes a longer time to charge the capacitors in the 
implanted case because the attenuation of tissue diminishes the incident powers and the PCE drops correspondingly. The charges times, 
however, are still relatively short and on the order of a few tens of seconds.  

 

5. Conclusion 
An RF powering circuit is designed and demonstrated to wirelessly charge the powering capacitors in a glaucoma sensor system on 

LTCC. The embedded antenna on LTCC is designed for dual functionalities of transmitting data and receiving power. Empirically, the power 
conversion efficiency is directly proportional to input power which motivates us to design an efficient recharging scheme using a large input 
power burst for a short interval. Our experiments within a porcine eye show that RF powering enables us to recharge the internal power 
storage of the implanted glaucoma sensor within 20 seconds. 
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Figure 7. Output voltage performance inside or outside the eye by using (a) IFA on board antenna; (b) LTCC embedded antenna. 


