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Abstract
Technological advances over the years have made it possible to reduce the size and 

power consumption of electronics. This has led to significant advances for biomedical 
sensors. It is now possible to reduce the size enough to create implantable sensors. 
This type of sensors can for instance be used to measure the glucose level of diabetes 
patients. An implantable sensor can significantly simplify the measurement procedure. 
Taking a measurement can be as simple as turning on a device, capable of receiving 
the data sent by the sensor.

Unfortunately, the lifetime of this type of sensors can be limited by the battery of the 
implanted sensor. To improve the lifetime, the battery has to be replaced. Instead of a 
battery,  energy harvesting can be used.  One promising such method is  to transfer 
power from outside the body to the implanted sensor. This thesis focuses on one such 
way, inductive coupling. Inductive coupling, can be used both to transfer power from an 
external  device to the sensor,  and to transfer  data from the sensor to the external 
device.

In this thesis a system for wireless power transfer has been proposed. The system is 
based  on  state  of  the  art  circuits  for  inductive  powering  and  communication,  for 
implantable devices. The system is adapted for powering an implantable biomedical 
sensor including a PIC16LF1823 microcontroller. The system includes asynchronous 
serial communication, from the microcontroller in the implantable device to the external 
reader device using load shift keying. 

The external device of the system, has been implemented in two different versions, 
one using a printed circuit board (PCB), and one simplified version using a breadboard. 
The implantable device has been implemented in three different versions, one on a 
PCB, one simplified version using a breadboard and finally one application specific 
integrated circuit (ASIC). All three implementations of the implantable devices use a 
resistor to simulate the power consumption of an actual biomedical sensor. The ASIC 
implementation contains only the parts needed for receiving power and transmitting 
data. The ASIC was designed using a 150nm CMOS process.

The PCB implementations of both devices have been used to measure the system 
performance. The maximum total power consumption was found to be 107 mW, using 
a 5 V supply voltage. The maximum distance for powering the implantable device was 
found to be 4.5 cm in air. The sensor, including the microcontroller, is provided with 
648 µW of power at the maximum distance. A raw data rate of 19200 bit/s has been 
used successfully to transfer data. Additionally, oscilloscope measurements indicates 
that a data rate close to 62500 bit/s could be possible.

Simulations of the proposed ASIC show that the minimum total voltage drop from the 
received AC voltage to the regulated output voltage is  430 mV. This is  much smaller 
than for  the PCB implementation.  The reduced voltage drop will  reduce the power 
dissipation  of  the  implantable  device  and increase  the maximum possible  distance 
between the external device and the implanted devices. The ASIC can provide 648 µW 
of power at a coupling coefficient k=0.0032.
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Sammanfattning
Tekniska  framsteg  genom  åren  har  gjort  det  möjligt  att  minska  storleken  och 

effektförbrukningen hos elektronik. Detta har lett till stora framsteg för biomedicinska 
sensorer.  Det  är  nu  möjligt  att  tillverka  elektronik  liten  nog  att  användas  i  sensor 
implantat.  En sådan sensor skulle till  exempel kunna användas för att  mäta glukos 
värden i blodet hos diabetes patienter.  Ett  sådant Implantat kan förenkla mätningar, 
genom att endast en mottagare behövs för att kunna få mätvärden från sensorn.

Livslängden för denna typ av sensor kan förbättras genom att undvika att använda 
ett  batteri  som  energikälla.  Istället  kan  energin  överföras  från  en  apparat  utanför 
kroppen till implantatet. Denna rapport handlar om ett sådant sätt, nämligen induktiv 
energiöverföring.  Denna  teknik  kan  användas  både  till  att  överföra  energi  till 
implantatet, och till att överföra data från implantatet till den externa enheten.

I  den här rapporten beskrivs ett  system för  trådlös energiöverföring.  Systemet är 
baserat på den senaste tekniken för induktiv överföring, och har anpassats för att förse 
en sensor som inkluderar en  PIC16LF1823 mikrokontroller. Systemet inkluderar också 
asynkron  seriell  kommunikation  från  mikrokontrollern  i  implantatet  till  den  externa 
enheten genom att använda lastmodulering.

Den  externa  enheten  har  implementerats  i  två  versioner.  En  full  version  på  ett 
kretskort, samt en förenklad version på ett kopplingsdäck. Tre versioner av kretsarna 
för implantatet har använts, en förenklad version på ett kopplingsdäck, en version på 
kretskort  och  en  applikations  specifik  integrerad  krets.  Den  applikations  specifika 
integrerade kretsen har simulerats med modeller från en 150 nm CMOS tillverknings 
process, menads de andra versionerna har konstruerats av diskreta komponenter och 
använts för mätningar.

Mätresultat från kretskorts implementationen visar på en maximal räckvidd på cirka 
4,5 cm i luft, med en total effektförbrukning på 107 mW. Vid det maximala räkvidden 
mottags  648  µW.  En  dataöverföringshastighet  på  19200  bitar/s  har  uppnåtts  med 
kretskorts versionen. Mätningar med oscilloskop visar att det kan vara möjligt att öka 
överförings hastigheten till 62500 bitar/s.

Simuleringsresultat för den integrerade kretsen visar att det lägsta spänningsfallet 
från den mottagna växelspänningen till den reglerade likspänningen är 430 mV. Detta 
är  betydligt  mindre  för  den  integrerade  kretsen  än  för  kretskorts  versionen,  vilket 
resulterar i en lägre effektförbrukning och troligen en längre räckvidd för systemet. Den 
integrerade kretsen kan leverera 648 µW vid en kopplingsfaktor på k=0.0032.
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 1  Introduction
Technological advances over the years have made it possible to reduce the size and 

power consumption of electronics. One field where this has had a large impact is for 
biomedical  sensors.  This  field  make  use  of  many  types  of  sensors  [1],  including 
electrochemical  biomedical  sensors,  optical  biomedical  sensors  and  acoustic 
biomedical sensors. Some types of sensors, such as glucose sensors can be made 
small  enough to be implanted in  the body of  a  patient  [2],  [3].  Having the sensor 
implanted inside the body of  a patient allows measurements to be taken in a non-
intrusive way. By using wireless data transmission from the sensor, only a RF receiver 
is needed to use the sensor. Implantable glucose sensors for diabetes patients are a 
promising solution, where the patient can read the glucose level simply by turning on 
the receiver.

However there is a problem with most implantable sensor; a battery is used as the 
power  supply.  Having a battery inside the implantable sensor  can limit  the  lifetime 
and/or increase the size of the implant. If the sensor can operate without a battery, the 
size can be reduced and the lifetime increased.

To create a sensor without a battery, power must be transferred to the implanted 
sensor somehow. Energy harvesting can be used for this [4]. One way to provide the 
power is by using inductive coupling. With this method an external device, outside the 
body can transfer  power  to  the implantable  sensor,  and  at  the  same time receive 
measurement data from the sensor.  By combining the power and data transfer,  the 
external  device  can  have  a  cost  close  to  the  cost  of  a  device  capable  only  of 
transferring data.

This thesis aims at studying the use of such an inductive coupling technique, for a 
battery-less implantable sensor. The inductive coupling should provide power transfer 
from the external device to the sensor, while at the same time providing data transfer 
from the implantable sensor to the external device. 

 1.1  Objectives
The objectives of this thesis are to provide a description of the theory of inductive 

coupling, the state of the art solutions for inductive coupling and to design a system for 
inductive coupling for an implantable device. The designed system should be based on 
the  results  from  the  literature  review,  using  an  external  reader  device  and  an 
implantable transponder device.

The  objectives  for  the  external  reader  device  are  that  it  should  be  able  to  be 
implemented using commercially available electronic components, without the need for 
an ASIC. Furthermore it should be able to operate as a USB peripheral, allowing the 
device to be connected to a smartphone or a computer. 

For the implantable device a PIC microcontroller should be included to allow control 
of a sensor. Except for the microcontroller, as much as possible should be integrated 
into  an  ASIC  to  minimize  the  size,  and  keeping  the  power  consumption  of  the 
implantable device as low as possible.

These objectives present the following technical challenges:

• The system should transfer enough power to supply a sensor module using 
100 µA, in addition to the current needed for a PIC microcontroller.
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• The maximum possible distance that the system can transfer power should be 
large enough to power an implantable device. This means that the maximum 
distance should be more than 1 cm.

• Working asynchronous serial  communication  from the internal  device  to  the 
external device using the inductive link.

• The external device should be able to be powered by USB. This means that a 
supply voltage of 5V is available with up to 100 mA of current in the default 
state.  According  to  the  USB  2.0  specification  [5],  up  to  500 mA can  be 
requested. However, to avoid draining the battery of a smartphone, the current 
consumption should be less than 100 mA. 

 1.2  Contributions
The contributions that have been made during this thesis include:

An unbalanced encoding of the transmitted data has been proposed. The encoding 
allows the use of the PIC microcontrollers hardware for  serial  communication while 
increasing the average power received compared to using Manchester encoding of the 
data. 

An external reader device has been proposed. The reader device uses high speed 
digital  inverters  as  a  class  D  power  amplifier,  and  a  capacitive  impedance 
transformation network to set the power used. The power used is closely related to the 
received power in the implantable device. The impedance transformation allows the 
inductance of the transmitter coil to be selected independent of the amount of power to 
transfer and the required voltage.

For the implantable device, the proposed circuit includes a combined rectifier and 
voltage limiting circuit. This circuit significantly reduces the area needed compared to 
using a separate rectifier and diodes at the input for the voltage limiting.

 1.3  Thesis organization
The thesis is organized as following.  First  the theory for  inductive power transfer 

circuits, as well as short description of state of the art solutions for implementing the 
circuits is described in section 2. The theory for the coils used for inductive transfer is 
given. Next the theory for transmitting power and the circuits are presented. In the end 
of the section the theory for transmitting data is presented.

In section 3, the proposed system for inductive powering of an implantable sensor is 
presented. First, a breadboard implementation used for some basic measurements is 
presented in subsection 3.1. Then a refined PCB implementation is presented in  3.2. 
Finally the proposed ASIC,  implemented at  circuit  level  for  the implantable side,  is 
presented in subsection 3.3.

In section 4, measurements of the breadboard and PCB implementations as well as 
simulations for the ASIC are presented. The section starts with measurements of the 
different coils used for the other measurement. In subsection  4.2, the results of the 
measurements of the breadboard implementation are presented. Then the results of 
measurements  of  the  PCB  implementation  are  presented  in  subsection  4.3.  The 
section ends with simulation results for the ASIC implementation in subsection 4.4. 

In section  5, conclusions based on the results are presented, and suggestions for 
future work are presented.
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 2  Theory and state of the art
This section will explain the basic theory on which the thesis is based, as well as 

state of the art solutions for inductive powering and communication. First it should be 
pointed out that the finite propagation speed of the electromagnetic field is ignored. 
Instead quasi static models are used for the magnetic field. This can be done because 
the distances involved in inductive powering of implantable devices are much shorter 
than the wavelength. The typical largest distance in an inductive power transfer system 
for  an  implantable  device  is  the  distance  between  the  external  device  and  the 
implantable  device.  This  distance  is  in  the  order  of  a  few  cm  at  most,  and  the 
wavelength in air at the frequencies used (around 10Mhz) is ~30 meters. The distance 
is clearly much shorter than the wavelength.

 2.1  Inductance
First the concept of inductance will be shortly described, as it is an important concept 

to describe inductive power transfer. Inductance is a measure of how much energy is 
stored in magnetic fields when a current is flowing along a path.

Two types of inductance can be defined, mutual inductance and self-inductance. The 
self-inductance is the inductance of a path with itself, and can be defined as Φ=L I , 
where  Φ is the total magnetic flux passing through any surface with the path as the 
boundary. The mutual inductance is a measure of the total flow of magnetic flux from 
one current carrying path that passes through another closed path. Φ12=L12 I 1 , with 

Φ12=∬S2

B⃗1⋅⃗n ds2 . B⃗1 is the magnetic flux density generated by I1, S2 is a surface 

with path 2 as the boundary and n⃗ is a normal vector to the surface S2.  

The mutual inductance can also be described as  M=L12=k √L1 L2 , where k is 
the  coupling  coefficient.  The  mutual  inductance  is  one  of  the  most  important 
parameters  when  designing  an  inductive  power  transfer  system.  However,  for 
convenience the coupling coefficient k is usually used instead. The coupling coefficient 
can be calculated by first  calculating the self-inductance of  each coil,  and then the 
mutual-inductance and finally using:

k=
M

√L1 L2

. (2.1)

A useful approximation of the self-inductance of a single turn circular coil given in 
[6] is :

Li=μ0 ri( ln(
8 r i

Ri

)−2) (2.2) 

Where µ0 is the magnetic permeability of free space, ri is the radius of coil i and Ri is 
the wire radius of the wire used in coil i. The approximation is valid if r i >> Ri. The self-
inductance scales linearly with coil  radius if  the ratio of coil  radius to wire radius is 
constant.

The mutual inductance for two parallel circular turns at distance d and with radial 
offset ρ can be calculated as in [6]:

M ij=πμ0√rir j∫
0

∞

J 1(x √ ri

r j

)J 1( x√ r j

r i

)J 0(x
ρ

√r ir j

)e
(−x d

√r jr i

)

dx (2.3)
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Where J1 is the Bessel function of order 1 and J0 is the Bessel function of order 0. It 
can be seen that the integral is unchanged if all lengths and distances are scaled by 
the same factor.  The mutual inductance therefore scales linearly with the geometric 
mean of the radiuses of the coils if the relative distance d/r i is constant. By combining 
equations (2.1), (2.2) and (2.3), it can be seen that the coupling coefficient is almost 
constant when both the coils and the distance between the coils are scaled by the 
same factor. This means that increasing the size of the coils can be used to increase 
the range of the power transfer.

The calculated coupling coefficient for different transmitter coil sizes and distances is 
shown in figures 2.1 and 2.2, for a receiving coil with 1 cm diameter. Figure 2.3 shows 
the maximum and minimum coupling coefficient over the distance range 5–50 mm and 
offset 0 – 10 mm. It can be seen that by using a large transmitter coil the variations in 
the coupling coefficient decreases while the coupling coefficient is increased at large 
distance.

4

Figure 2.1: The calculated coupling coefficient for perfectly aligned coils, with a 1 cm diameter receiving  
coil and 125 µm wire radius. A logarithmic scale is used to show the large variations.



Figure 2.2: Calculated coupling coefficient for 1 cm radial offset, with a 1 cm diameter receiving coil 
and 125 µm wire radius. A logarithmic scale is used to show the large variations.

Figure 2.3: Minimum and maximum calculated coupling coefficient  over the distance range 5–50 mm 
and offset 0 – 10 mm.
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To  increase  the  inductance  of  a  coil  it  is  preferable  to  use  multiple  turns.  The 
inductance of coils with multiple turns is the sum of the inductance of each turn as well 
as the mutual inductance between turns. 

Ltot=∑
i=0

N

Li+∑
i=0

N

∑
j=0

N

M ij(1−δi , j) ,δi , j={1,i= j
0,i≠ j

(2.4)

As it will be shown later it is beneficial to have a high coupling coefficient. One way to 
improve the coupling coefficient without increasing the outer dimension of the coils in 
state of the art inductive links proposed in [6] is to use distributed coils where the turns 
are distributed at different radiuses. This can be implemented by using spiral coils with 
large space between each turn or using wide conductors for the turns. To achieve the 
same  self  inductance,  spiral  coils  have  larger  parasitic  resistance  compared  to  a 
“normal” coil. The increased parasitic resistance comes from the need to use more 
turns for the same inductance. Using more turns increases the total length of the wire 
used to make the coil.  To explain why more turns are needed, a normal coil is first 
considered. Each turn of a normal coil is coupled with the other turns with a coupling 
coefficient close to 1. The inductance is given by equation (2.3), and is approximately 
L·N2, with N being the number of turns. For a distributed coil the mutual inductance 
between turns is lower and therefore the total self-inductance is also lower requiring 
more turns. For the mutual inductance, the mutual inductance of each turn with all turns 

in the other coil is summed. M tot=∑
i=0

N1

∑
j=0

N2

M i , j , with Mi,j being the mutual inductance 

of the i-th turn of first coil and the j-th turn of the second coil. Because a distributed coil 
can have more turns than a normal coil, the mutual inductance can be higher for the 
same  self  inductance.  This  higher  mutual  inductance  results  in  a  larger  coupling 
coefficient k. It will later be shown that resistance lowers the efficiency of the wireless 
power transfer while a higher k increases the efficiency. 

There are mainly two types of coils being used for inductive links, wire wound coils 
and printed spiral coils. A PSC can easily be manufactured as a spiral trace on a PCB. 
This  simplifies  manufacturing  considerably  compared  to  wire  wound  coils.  The 
inductance of wire wound coils can be calculated by equations (2.2) and (2.4). The 
same equation could be used for circular PSC, but PSC are often of different shapes. 
An expression to approximate the inductance of PSC with different shapes is given by 
[7], with the expression for a rectangular coil being 

L=
1.27⋅μ0n2 davg

2
(ln(

2.07
ϕ )+0.18ϕ+0.13ϕ2

) (2.5)

Where n is the number of turns, davg=(dout+d in)/2 , ϕ=(dout−d in)/(dout+d in) is 
the fill factor, dout is the outer side length and din is the inner side length.

It is not only the inductance of the coils that is important; the resistance of the coil is 
as  important  as  the  inductance.  The  following  3  equations  from  [8] give  the  ac 
resistance of a square PSC. 

lc=4⋅n⋅d0−4⋅n⋅w−(2n+1)2(s+w) (2.6)

RDC=ρc

lc

w⋅t c

(2.7)

RAC=
RDC⋅t c

δ⋅(1−e−tc /δ)
,δ=√

ρc

πμ f
,μ=μr⋅μ0, (2.8)
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The variables are the number of turns n, outer length of the coil d0, width of each turn 
w, space between turns s, resistivity of the conductor ρc, thickness of the conductor tc 

and frequency f. 

Equation (2.6) gives the length of the conductor in the coil, equation (2.7) gives the 
DC resistance and equation (2.8) gives the AC resistance including the skin effect.

The mutual inductance between square PSCs can be approximated as the mutual 
inductance between a set of concentric single-turn coils using equation (2.3) multiplied 
by a factor of 1.1 [8].

A more detailed analysis of the design and optimization of PSC as well as the effect 
of the surrounding environment for implantable devices is given in [9]. It is shown that 
the thickness of the coating, which separates the coil from the body, has a large impact 
on the power loss of the coils.

 2.2  Inductive links 

In circuit theory, induction is modeled by  u=L
di
dt

 for a single inductor. For two 

coupled inductors with the resistance and parallel capacitance neglected, the model 
used is: 

[u1

u2]=[
L1 M
M L2

][
di1

dt
di2

dt
] . (2.9)

This setup is usually used as a transformer with a coupling coefficient k very close to 
1. It transfers power from one inductor to the other efficiently only if k ≈ 1. However it is 
impossible to achieve a coupling coefficient close to 1 when the distance between the 
coils is large. 

 Because any real inductor has a resistance a real inductor can be modeled by a 
resistor in series with an ideal inductor. A quality factor can be defined for an inductor 
as Q(ω)= ωL/R(ω), where ω is the angular frequency and R is the parasitic AC series 
resistance. R is a function of ω as shown in equation (2.8) because the resistance 
increases with frequency due to the skin effect.

 2.2.1  Power transfer
The  efficiency  of  inductive  power  transfer  can  be  increased  by  using  resonant 

coupled coils. This works by placing the inductors in a resonant LC circuits. In this way 
the primary circuit will oscillate and store the energy that is inserted. In the ideal case 
all the energy is stored until it is transferred to the secondary circuit. In the non-ideal 
case some of the power is lost because of power dissipation in the primary circuit, 
mainly caused by the AC resistance of the coil.

There are two basic ways of connecting the resonant circuit, series circuits as used 
to explain the inductive power transfer in  [10] and parallel  resonators, also used in 
[10] to explain how resonant inductive coupling can be used for communication.  This 
topology is also used in research papers such as [6] [11]. The difference of these two 
circuits  is  in  how they are connected to the power  amplifier  of  the system. As the 
names suggests a parallel resonator is used in the parallel case, and in the series case 
a series resonator is used. 
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The two types of circuits behave similarly but some differences exist. For example to 
drive a parallel  circuit  the driving circuit  should have a high output  resistance,  and 
therefore behave like a current source rather than a voltage source to minimize the 
reduction of the resonator quality factor. For the series circuit the opposite is true, the 
driving circuit should have a low output resistance. Because of the similarities of the 
parallel and series cases, only the series case will be explained in this section.

A typical circuit for inductive power transfer is shown in figure 2.4, with the AC model 
used for analysis shown in figure 2.5. Cd in the AC model represents the capacitance 
added  by  the  rectifier  and  Rac is  an  AC  equivalent  resistance.  The  value  of  the 
resistance in the AC model is calculated to dissipate the same amount of power as the 
load. With V2 being the rms voltage over C2, the AC resistance is:

Rac=
V 2

2

(PLoad+Prect)
. (2.10)

Where Prect is the power loss of the rectifier and PLoad is the power dissipation of the 
load resistance RL. The circuit can be analyzed in many ways; in  [12] for example a 
method based on feedback is used. However a simpler analysis can be done by using 
Kirchhoff's voltage law for the two loops formed by the circuit in figure 2.5 as in [13]:

[V s

0 ]=[ Z1 jωM
jωM Z2

][ I1

I2]  (2.11)

Where Z1 is the impedance seen in a loop of the left circuit of figure 2.5 and Z2 is the 
impedance seen in a loop of the right circuit. M is the mutual inductance and ω is the 
angular frequency. The currents can be calculated by multiplying with the inverse of the 
Z matrix giving:

[I 1

I 2]=
1

Z1 Z2+ ω
2 M 2 [ Z2 − jωM

− jωM Z1
][V s

0 ]=
1

Z1 Z2+ ω
2 M 2 [ Z2V s

− jωM V s]
The input impedance as seen from the voltage source can then be found from V1/I1.

Z in=
V 1

I 1

=Z1+
ω

2 M 2

Z2

(2.12)

If both Z1 and Z2 are resonating at the same frequency then the impedance is real at 
that frequency. Using Q1 as the quality factor of the primary resonator Q1=ωL/R1 and 
Q2' as the quality factor of the secondary circuit including Rac the input impedance can 
be simplified to 

Z in=R1(1+k2 Q1Q ´2) . (2.13)
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Figure 2.5: AC model of typical series resonant 
circuit including parasitic resistances of the 
coils.

Figure 2.4: Typical series resonant coupling circuit.



The input power is found from:

 Pin=ℜ(
Z2(ω)V s

2

Z1(ω)Z2(ω)+ ω
2 M 2 ) (2.14)

And the output power from :

Pout=(∣ ωM V s

Z1(ω)Z2(ω)+ ω
2 M 2∣)

2

ℜ(Z2(ω)−R2) (2.15)

The efficiency is then:

η=
Pout

Pin

=
ω

2 M 2

R1(R2+RLeq)+ω
2 M 2

RLeq

RLeq+R2

(2.16)

Where Z1=R1, Z2=R2+RLeq  and RLeq=
Rac

1+(ωRac(C2+Cd))
2  is the equivalent series 

resistance of Rac and the capacitors C2 and Cd.

This can be re-written to use the coupling coefficient and quality factors of the coils to 
simplify  the  expression,  resulting  in  the  same  equation  as  in  [12],  which  is 

η=
k2 Q1Q ´2

1+k2Q1 Q´ 2

⋅
Q2

QL+Q2

. (2.17)

In both expressions, the first term represents the efficiency of transferring power from 
one coil  to the other coil.  The second term represents the power division between 
power transferred to the load and the losses in the power receiving coil.

The final  important  design factor  is  the voltage at  the power receiving side.  This 
voltage is given in [14] as:

V 2=
V s k

√ L1

L2

(
1

Q1 Q´ 2

+k 2
)

. (2.18)

This can in turn be rewritten as V 2=
V s

k √ L2

L1

k2 Q1Q ´2

1+k 2Q1 Q´ 2

. (2.19)

This  shows  that  the  received  voltage  is  proportional  to  the  square  root  of  the 
inductance ratio,  and depends on the coupling  coefficient  and the first  term of  the 
power efficiency. Because the voltage is only proportional to the square root of the 
inductance ratio, the ratio of inductance is not a practical way to set the voltage level in 
the  power  receiver.  The  maximum voltage  for  a  fixed  qualify  factors  occurs  when 

k2 Q1Q ´2=1 .  Therefore,  this  is  a  good  design  choice  to  minimize  the  voltage 
variation when the coupling coefficient changes because the coils move. However, the 
efficiency is limited to a maximum of 50 %. 

If k2 Q1Q ´2≫1  the efficiency can be close to 100 %, but then the voltage will be 
approximately inversely proportional to k. This difference would have to be absorbed in 
the voltage regulator resulting in low efficiency. Therefore, it  is impossible to get an 
efficiency close to 100 % without changing the amplitude of the voltage source if large 
variations of k is to be tolerated.
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If  large  changes  in  the  coupling  coefficient  are  to  be  tolerated  it  is  therefore 
impossible to design for a high efficiency over the entire range, unless the amplitude of 
the voltage source can be changed efficiently. The quality factors also have to be large 
in comparison to the inverse of the coupling coefficient, requiring the range to be short 
or the coils to be large.

The inductance of  the secondary coil  L2 can be determined by the optimal  load 
quality factor. The quality factor can be optimal either in terms of maximizing power 
transfer  or  maximizing  efficiency  for  a  given  coupling  coefficient.  The  two  different 
equations are given in [15] as:

QL ,max efficiency=
Q2

√1+ k 2Q1Q2

(2.20)

QL ,max power=
Q2

1+ k2Q1 Q2

(2.21)

L2 is then determined by :

QL=ω0(C2+Cd)Rac=
Rac

ω0 L2

⇒L2=
Rac

ωQL

(2.22)

As the coupling coefficient  is reduced both values approach Q2.  Therefore,  when 
designing  for  low  efficiency  and  maximum  range,  the  load  quality  factor  can  be 
selected equal to the quality factor of the secondary coil.

The state of  the art  solution for  increasing the range of  high efficiency resonant 
inductive power transfer systems is to add more coils [15], [16], [17]. By using 4 coils 
the efficiency can be improved at distances larger than the geometric mean of the coil  
radiuses.  In  fact,  the  efficiency  of  the  system can  increase  with  distance  until  the 
maximum is achieved and the efficiency starts to drop. However, the 4 coil  system 
requires  coils  with  very  large  quality  factors  complicating  the  manufacturing  and 
increasing the difficulty of using physically small coils. In [16] wire wound coils made of 
litz wire are used to achieve a very high quality factor for the middle coils; 330 for the 
external coil and 148 for the internal coil. Additionally, as shown in [15], the amount of 
power  delivered  by  the  4  coil  system  is  much  lower  at  high  efficiency  operation 
compared to maximum power transfer.

The three coil system of [15] solves the problem by allowing higher power transfer to 
occur at the same time as high efficiency. Using more coils also allows the coils to be 
designed  for  maximum quality  factor  without  aiming  for  a  specific  inductance.  The 
equations for the 3 coil system are given by [15] as:

η3−coil=
(k23

2 Q2Q3)(k34
2 Q3Q 4L)

(1+k23
2 Q2 Q3+k34

2 Q3Q 4L)(1+k34
2 Q3Q 4L)

⋅
Q 4L

QL

(2.23)

PL ,3−coil=
V s

2

2R2

(k23
2 Q2Q3)(k34

2 Q3Q4L)

(1+k23
2 Q2Q3+k 34

2 Q3 Q4L)
2⋅

Q4L

QL

(2.24)

As  can  be  seen  in  equation  (2.23),  the  efficiency  depends  on  the  efficiency  of 
transferring power from coil 2 to coil 3 and then from coil 3 to coil 4. The efficiency is 
increased comparing to a two coil system optimized for efficiency only if  the quality 
factor of the coils can be increased.
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In addition to transferring the power efficiently,  the transferred voltage should not 
vary  too  much.  Different  state  of  the  art  techniques  used  to  reduce  the  voltage 
variations  at  the  load  are  described  below.  Keeping  the  voltage  stable  even  with 
variations in the coupling coefficient is desirable to reduce the power loss in the voltage 
regulator, as well as preventing the load circuit from being damaged from high voltage.

In [18] a method using a class E power amplifier in a feedback loop which forms an 
oscillator that changes frequency with the coupling coefficient is described. It is showed 
that the received voltage and efficiency does not change significantly when k is in the 
range 0.4 – 0.1. This could allow the inductive link to operate with a wide range of 
distances,  but  unfortunately  the  large  variation  of  frequency  limits  the  available 
frequency bands to use. In [19] it can be seen that the only available frequency band 
for inductive transfer in Sweden is the 5 – 30 MHz band with a maximum allowed 
magnetic field intensity of -20 dBµA/m at 10 m. Using this band would limit the range of 
the  device.  The high coupling  coefficient  is  also  a  problem because much smaller 
coupling coefficients have to be used to increase the range.

The second way is by using stagger tuning [20]. This method works by tuning the two 
circuits at slightly different frequencies, one above the frequency used and one below. 
However this is not the optimal choice for efficiency in the transmission, but it achieves 
a  more stable  voltage gain  [20],  which will  in  turn lower  the losses in  the  voltage 
regulation. However, a high coupling coefficient is required meaning that this method is 
not suitable when the distance is comparable to the diameter of the coils. 

The third way is to change the amplitude of the AC voltage source, used to drive the 
transmitter coil.  This requires that the receiving voltage level is transmitted back, as 
well as the possibility of changing the amplitude of the voltage source.

 2.2.2  Communication
The second function of an inductive link for an implantable biomedical sensor is to 

transmit information. In this thesis only communication from the implantable device to 
the  external  device  is  considered.  One often  used  approach  for  communication  is 
impedance modulation, also called back-scatter modulation or load modulation. This 
technique works by reflecting electromagnetic waves back to the source. But as stated 
earlier  the  typical  distance  for  inductive  coupling  links  are  much  smaller  than  the 
wavelength.  The short  distance relative to the wavelength means that  the reflected 
wave  is  received almost  instantly.  Therefore  instead of  receiving a  pulse  back the 
mutual inductance behaves as a feedback loop and changes the apparent impedance 
of the inductor, as shown in equations (2.12) and (2.13). The change in inductance will 
then change the current that passes through the coil. The changed current will then 
change the amplitude of the voltage over the coil, and the data can be treated as an 
amplitude modulated signal.

In principle any method that changes the impedance in the secondary resonator can 
be used to transmit data. In [21] a simple system is described for communication and 
powering.  It  achieves  amplitude  modulation  for  the  downlink  (from  reader  to  the 
implantable device) by changing the voltage available to a Class E power amplifier. The 
uplink (from implantable device to reader)  uses load shift  keying, where the quality 
factor of the load is changed according to the data being sent. A simplified schematic of 
the  data  receiving  circuit  is  shown  in  figure  2.6.  The  load  is  sensed  by  using  a 
transformer, which senses the current that passes through the coil  used to transmit 
power. An envelope detector followed by a band pass filter and comparator is used to 
recover the data.
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Many state of the art systems such as the one described in [22] separates the data 
transfer  from the power transfer  to be able to optimize each independently.  This is 
primarily used for systems requiring high bandwidth. The downside is that multiple sets 
of  coils must be used,  and the links have to be separated by frequency and/or by 
geometry to reduce crosstalk.

The geometric approach is described in [23], and it relies on forming multiple loops 
winded in opposite directions to generate magnetic fields in opposite directions. For 
example the coil can be split in the middle with the left side winded clockwise and the 
right side counter clockwise. If a circular coil is perfectly aligned with a coil winded in 
this way, each side will induce an equal voltage, but 180° out of phase. This can be 
used to place a data transmission coil inside the power transmission coil to separate 
power and data transmissions without increasing the total size. However if the coils are 
misaligned the mutual inductance will not be zero and crosstalk will occur. This is a 
problem because the data transmission should use much less power than the power 
transmission to avoid lowering the overall system efficiency. Even more important, the 
mutual inductance of the two coils for data will be sensitive to rotation around the axis 
of the coil.

The same effects can also be achieved by placing a coil orthogonal to the power 
transmission coils as in [22]. This has the same problems as the special shapes.

 2.2.2.1  Modulation circuits

The simplest way to generate the LSK modulation is to include a transistor in parallel 
with the capacitor of the LC tank in the implantable circuit. This transistor can be turned 
on to short-circuit  the capacitor  and change the reflected impedance.  This has the 
downside that all energy stored in the tank is lost. When the transistor is then turned off 
again it will take some time for the voltage to build up in the LC tank. During this time it 
is impossible to extract power for the sensor. A large capacitor is needed to store the 
necessary energy to power the sensor while the transistor is turned on and until the 
voltage builds up to the required level.  To minimize this problem, the time that  the 
transistor is turned on should be kept as low as possible. One way in which this can be 
achieved is by using a high bit rate. The other is to code the data to reduce the number 
of bits during which the transistor is short-circuited. If the data is not coded before it is 
sent, there is a risk that a long sequence of 0s or 1s (depending on which is transmitted 
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Figure 2.6: Simplified schematic showing the data receiving circuit of the external device in [21].



by shorting the coil) will occur. That sequence could prevent the circuit from receiving 
power  for  long  time,  causing  the  supply  voltage  for  the  sensor  to  drop  below the 
minimum level required. A third possible solution is to insert delays between the bytes 
which are sent. In this case, the delay has to be large enough to build up a sufficient  
voltage to send the worst case byte. 

 The required circuit for short-circuiting the LC tank is shown in figure 2.7. The circuit 
has the drawback of not working if the voltage drop of the rectifier is larger than the 
threshold voltage of the transistor, because the transistor will then not be able to turn 
off. If a half-wave rectifier was used it would also be impossible to turn off the transistor 
because the drain voltage would then fall below the gate and source voltage turning the 
transistor on.

A circuit that eliminates these problems is described in  [21]. The data transmission 
part of the circuit  is shown in figure  2.8, with the load of the rectifier replaced by a 
resistor to simplify the schematic. When the transistor is turned off, D1 and D2 operate 
as a half-wave rectifier. In the other state, when the transistor is turned on, D2 prevents 
the  capacitor  CL from  being  discharged  by  the  transistor.  At  the  same  time,  D1 
prevents the drain voltage from becoming lower than the source voltage. However, this 
circuit suffers from additional power loss from the extra diode in comparison to a half-
wave rectifier. Furthermore, the data transmission will not be as strong because the coil 
is  not  short-circuited  but  instead the voltage is  limited  to  approximately  one  diode 
voltage drop. The first problem could be solved by placing a transistor in parallel to D2 
and turning the transistor off during data transmission and on while receiving power.
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Figure 2.8: Data transmission circuit from 
[21] with the load replaced by a resistor.

Figure 2.7: Simple data transmitter



 3  System description
The proposed  system  has  been  designed  to  power  an  implantable  sensor.  The 

system can provide the sensor  with  a  360 µA current  at  a  regulated 1.8 V supply 
voltage. This corresponds to a sensor power consumption of approximately 650 µW. 
The system consist of two devices. One external reader device, and one implantable 
device.  The  external  reader  device  transfer  power  to  the  implantable  device  by 
inductive  coupling.  At  the  same time,  the  implantable  device  transfers  data  to  the 
external reader device.

Different versions of these devices have been implemented. First, to test the basic 
circuit for power transfer, a simplified version was implemented using a breadboard. 
This  version  was  then  extended  to  include  the  data  transmission  circuit  of  the 
implantable device. Theses two versions are described in subsection  3.1. When the 
breadboard  version  of  system  had  been  implemented,  the  measurement  results 
presented in section 4.2 were used to help design the PCB implementation. 

A detailed descriptions of the PCB prototype as well  as the design decisions are 
given in subsection 3.2. In addition, the data coding scheme of the system is described 
in subsection 3.2.1. As the size of the PCB prototype is large, an ASIC was designed. 
This ASIC, described in subsection 3.3, implements the rectifier and voltage regulator 
of the system. This allows the size to be reduced and improves the efficiency. 

 A short  description of  devices in  the system is  given here.  Followed by a short 
description  of  the  purpose  of  each  implementation.  The  external  reader  device, 
consists of an oscillator, power amplifier, matching network including the coil used for 
power  transfer,  envelop  detector  and  amplifier  chain.  The  oscillator  generates  the 
carrier frequency used. The PA drives the coil, with help from the matching network. 
The envelope detector and amplifier chain are used to receive data. 

The  implantable  device  consists  of  an  LC  resonator,  including  the  coil  used  to 
receive power, a transistor used for load modulation, a rectifier and a voltage regulator. 
The LC resonator is  used to receive power.  The rectifier  converts the received AC 
voltage to a DC voltage. However, this DC voltage is not stable. Therefore, the voltage 
regulator is used to provide a stable voltage to the sensor. 

The complete system has been implemented on PCBs, with the exception that a 
resistor was used instead of a sensor. The purpose of the PCB implementation was to 
allow measurements on the complete system. An ASIC for the implantable device has 
been designed with the purpose of increasing the efficiency. Thereby, increasing the 
maximum distance the device can be powered at.

The breadboard version focuses on simplicity, and was used to test the basic circuit 
before the other versions were designed. The PCB implementation has a complete 
version of the proposed system.

 3.1  Breadboard prototype
As stated before, the breadboard version of the system was designed to be used for 

basic measurements, as well as testing the principles of the proposed system. To this 
end, four different circuit configurations have been used for power transfer. The main 
reason for using multiple configurations was that the performance of configuration 0, 
was very poor. Therefore, the other configurations were used to solve the performance 
problems.  However,  all  configurations  use  a  similar  circuit.  The  difference  is  the 
resonance circuit used for the power transmitting coil, as well as the value of some 
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components.

The circuits for the different configurations, are shown in figures 3.1 and 3.2. The pair 
of coils L1 and L2, are used to form the inductive coupling required to transfer power. 
As described earlier in section  2.2.1, each inductor should be placed in a resonant 
circuit. That have been done for both L1 and L2. However, to transfer any power at all, 
the power first has to be transferred to the resonance circuit containing L1. The power 
amplifier (PA) of the system is used for this. The PA consists of two transistors, one 
BSS84 P-MOSFET and one 2N7002 N-MOSFET, both from NXP. These two transistors 
act together as a class D PA.

Figure 3.1: Schematic of the breadboard implementation for configuration 0.

Figure 3.2: Schematic of the breadboard implementation for configuration 1,2 and 3. In configuration 1 
the capacitance C6 does not exist.

With  the parts  of  the  system described  so  far,  power  can  be  transferred  to  the 
secondary circuit containing L2. This power needs to be converted to a DC voltage. 
This conversion is performed by a full-wave rectifier, made of 4 SB120 Schottky barrier 
diodes. The capacitor C4 is used to hold the DC voltage stable. The resistor R1, is 
used to represent the power consumption of an implantable device.

In circuit configuration 0 and 1, the output of the amplifier was connected to a series 
resonant circuit, consisting of the coil used to transmit power and some capacitors. In 
configurations 2 and 3, the capacitors C2 and C6 form an impedance transformation 
network. The network is most easily analyzed by using the Thévenin equivalent of the 
PA output, C2 and C6. Assuming that 1/(ωC2)≫Rs , the amplitude of the Thévenin 
equivalent voltage source can be approximated by:

V s , eq=V s

C2

C2+C6

(3.1)

And the source impedance can be approximated as :

Z s=
1

jω(C2+C6)
+R s(

C2

C2+C6

)
2

(3.2)
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Where Vs is the amplitude of the equivalent voltage source of the PA at the angular 
frequency  ω. Rs is  the  on-resistance  of  the  transistors.  Furthermore,  the  voltage 
amplitude of the voltage source Vs is  V s=V DD⋅2/π . As a class D amplifier has a 
square wave voltage output, a Fourier series  expansion can be used to find Vs. This 
gives the AC peak voltage at the fundamental frequency as V s=V DD⋅2/π , when the 
duty factor is 50%. Using a 5 V supply voltage, Vs ≈ 3.183 V. 

Both coil L1 and L2 are air core coils having 5 turns of a 0.25 mm diameter single 
strand copper wire with thin insulation. The diameter of the coils are approximately 
2 cm, with some variations due to being hand made. The ends of the wires, used to 
make the coils, were soldered to a thicker copper wire without insulation. This allowed 
the coils to be connected to the breadboard. In addition to the variations in size, the 
coils also changed shape slightly when touched.

The differences between the circuits are summarized in table 3.1.

Circuit 
configuration

R1 
(kΩ)

C2 
(pF)

C6 
(pF)

C3 
(pF)

Voltage source of 
Thévenin equivalent 
(V)

Approximate 
Source resistance of 
Thévenin equivalent 
(Ω)

0 10 247 - 247 3.2 V 7.5

1 2.2 247 - 100 3.2 V 7.5

2 2.2 147 100 100 1.9 V 2.7

3 2.2 47 200 100 0.61 V 0.27

Table 3.1 Differences between the circuit configurations of the breadboard prototype.

For the data transmission test, the circuit was changed to that in figure 3.3 and 3.4. 
The only change to the power transmitter was that an envelope detector was added. 
The capacitor C5 holds the output voltage of the envelope detector,  since the time 
constant τ=RC=5.17 µs≫1/ f≈0.09 µs , with f≈11 MHz being the frequency used. 
Hence, the voltage over the capacitor should be almost constant during a single cycle. 
To find the voltage over C5, R1 and R2 can be considered as a voltage divider. The 
average voltage over C5, can then be written as C5 Vc5=R2/(R1+R2)·Vin=0.4·Vin, where 
Vin is the average voltage at node A.

The changes to the simplified implantable device were larger. The full-wave rectifier 
was replaced by a half-wave rectifier, and a second diode was added after the rectifier. 
A voltage limiting circuit  consisting of 2 LEDs, connected in series with an ordinary 
diode were used to limit the AC voltage over the coil.  The diodes will dissipate any 
additional power transferred once the voltage over the coil is large enough to forward 
bias  the  diodes.  While  this  type  of  protection  was  not  required  to  protect  the 
breadboard device, it was needed for the PCB device. Therefore, the protection was 
included to test the voltage limiting capability. Finally Q1, an N-MOSFET was added to 
complete the data transmission circuit.
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Figure 3.3: Breadboard implementation of the external device for data transmission testing.

Figure 3.4: Breadboard implementation of the implantable device used for data transmission testing.

 3.2  Prototype PCB 
This section describes the proposed system, and the PCB implementation of it. The 

system consists of one reader device and one implantable device. Both PCBs were 
designed using the tool KiCad and manufactured using a PCB milling machine.

The power transfer operates at 10.75 MHz in the 10.2 – 11 MHz frequency band for 
inductive  communication,  allowing a magnetic  field  intensity  of  9 dBµA/m  [19].  The 
data-transmission from the implantable device to the external device uses LSK with two 
levels. A high reflected impedance represents a '1', while a low impedance represents a 
'0' bit. This allows the '1' state to be used for receiving power.

 3.2.1  Data coding
The proposed system uses a non-return-to-zero coding scheme, provided by the 

asynchronous serial communication capability of the Enhanced Universal Synchronous 
Asynchronous  Receiver  Transmitter  (EUSART)[24] of  the  PIC  microcontroller.  This 
means that each unit of data is sent as a start bit followed by 8 data bits and ends with 
a stop bit. The start bit is a '0' and the stop bit is a '1'. When the communication is idle a 
constant '1' is transmitted.

 The  data  is  encoded  before  the  EUSART  is  used,  resulting  in  the  following 
encoding. To send a byte, the data is split into chunks of 4 bits, which are then mapped 
to 8 bit codewords. The microcontroller then adds a start and stop bit resulting in a 10 
bit codeword. The codewords are then sent by the implantable device starting with the 
codeword corresponding to the 4 most significant bits. The data can both be sent as a 
continuous data stream or as burst of any length.

The data coding is shown in table 3.2. The codewords have been chosen to create 
an unbalanced code, with as few 0s as possible. This maximizes the amount of time 
that power can be received by the implantable device. The second priority was to allow 
simple and efficient software decoding of the data without using a look-up table. Since 
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the hardware of the microcontroller automatically removes the start and stop bit, only 
the 8 bit codeword has to be decoded. To simplify this decoding, 0 – 6 and 8 – 10 is 
encoded as the bitwise inverse of the data. 

The  worst  case  percentage  of  0s  for  the  proposed  encoding  is  30 %,  and  the 
average for uniformly distributed random data is 23.75 %. Both values are calculated 
with start bit and stop bit included. This can be compared to Manchester encoding, 
where  the  combinations  '01'  and  '10'  are  used  to  code  a  single  bit.  Manchester 
encoding  is  used  in  systems such  as  [25],  [26],  and  the  percentage  of  zeros  for 
Manchester encoding is 50 %. The proposed encoding scheme increases the worst 
case available time for receiving power by 40 % during a long data stream compared to 
Manchester encoding, increasing the average received power by at least 40 %.

Data to be coded, in 
binary format

Codeword in binary format, not including start and stop bits

0000 1111 1111

0001 1111 1110

0010 1111 1101

0011 1111 1100

0100 1111 1011

0101 1111 1010

0110 1111 1001

0111 1011 1101

1000 1111 0111

1001 1111 0110

1010 1111 0101

1011 1101 1011

1100 1110 1111

1101 1101 1111

1110 1011 1111

1111 0111 1111

Table 3.2: The proposed data encoding.

 3.2.2  External reader device
The function  of  the  reader  device  is  described in  this  subsection.  The important 

design decisions are then described and clarified in subsection 3.2.2.1.

The complete reader device consists of 2 modules. One reader module, and one 
USB module. The reader module has been implemented as a PCB. The USB module 
has not been implemented. The purpose of the USB module is to act as an interface 
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between the reader module and the USB connector. To this end, the module would only 
need to have a microcontroller  and an USB connection.  To allow the device to be 
powered by any USB host capable device (such as a PC or a smartphone), the USB 
module would use the power available from the USB connection to power the reader 
module. Furthermore, the USB module would use a comparator to invert the data out 
signal from the reader module. The comparator output would be used as the input to 
the USART on the microcontroller. The microcontroller could then decode and forward 
the data to the USB host device. The schematic of the proposed reader module is 
shown in figure 3.5, and a larger figure is included in Appendix B Schematic of the PCB
version of the external reader device . 

Figure 3.5: Schematic of the reader PCB module.

The reader  device  was designed to be able  to supply  the coil  with  an AC peak 
current of 0.3 A, when it is powered from a 5V supply voltage. The system consists of 
an  oscillator,  PA,  transmitter  coil  with  resonance  circuit,  envelop  detector  and  an 
amplifier chain. The general operation of the device is as follows. The oscillator is used 
to drive the PA at the carrier frequency. The power amplifier provides the power to the 
coil  L1, used to transmit power to the implantable device. The envelope detector is 
used to detect changes in the amplitude of the voltage over L1. These changes in 
amplitude are caused by the data transmission of the implantable device, as described 
in section 2.2.2. To recover the data signal, the amplifier chain is used to amplify and 
filter the envelope detector output.  A more detailed description of each block is given 
below.

The oscillator is a pierce oscillator using a crystal to determine the frequency. The 
values  of  the  passive  components  have  been  determined  by  the  equations  in  the 
application note  [27].  The oscillator uses a NC7WZ04 high speed inverter  (U5A on 
schematic) as an amplifier. A 1 MΩ resistor (R11) is used to bias the inverter in the 
linear region. The crystal (X2), which is a 10.75 Mhz crystal is used with two 56 pF 
capacitors (C13,C14)  to set  the frequency.  The resistor  R9 is  a 1.5 kΩ resistor  to 
reduce the harmonics content at the input of the inverter. This value was chosen to be 
the same as the impedance of the resonator. The impedance is given by [27] as:

Z L=
X C

2

RL

, with XC=1(/jwC14) and RL being the series resistance of the crystal

The power amplifier is a class D PA built with two NC7WZ04 high speed inverters in 
the same package. The inverters are connected in parallel to reduce the effect of the 
on-resistance of the output transistors. The outputs of the inverters are connected to 
the matching network. 
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As the inverters provide a square wave voltage at their output, filtering is required to 
avoid transmitting power at the harmonics frequencies of the carrier frequency. The 
matching network together with the coil forms a LC resonator with a high quality factor. 
It will therefore provide good filtering of the power amplifier output. The second purpose 
of the matching network is to set the power that is transmitted. This is achieved by 
effectively changing the amplitude of the PA output voltage, as described in equation 
(3.1). C1 and C2 are both trim capacitors used to tune both the resonant frequency and 
transmitted power.

The voltage over the coil can become approximately 50 V at the designed current 
level. An envelope detector using such a large input voltage would have a high power 
dissipation, reducing the quality factor of the LC resonator. Therefore, a voltage divider 
is needed to reduce the voltage before an envelope detector can be used. C3 and C4 
are used as a capacitive voltage divider. The voltage divider was designed to provide 
63pF of capacitance to the resonator, as well as dividing the AC voltage by a factor of 
13 in the middle node of the divider. 

The divided voltage is used as input for two envelope detectors, one used to recover 
data  and  one  dummy for  symmetry.  The  symmetry  forces  the  DC  voltage  of  the 
capacitive voltage divider to ground. At the output of the envelope detector, the DC 
level is removed by the high pass filter made by C6, R3 and R4. The filter set the DC 
level of the input to the amplifier chain to 0.20·VDD. The filter has a time constant of 
9.6 ms, and the -3 dB cutoff frequency is 17 Hz. 

With the DC level removed, the data signal is amplified and filtered to recover the 
transmitted  signal.  Each  opamp  is  used  to  form  an  amplifier  with  band  pass 
characteristics. The gain for the pass band is 11, and the DC gain is 1. Therefore, the 
output voltage will return to the DC input level, when the communication is idle. The 
high frequency limit is set by the gain-bandwidth of the opamps used. The specified 
typical gain-bandwidth for the opamps is 1 MHz, which is more than one decade lower 
than the carrier frequency of 10.75Mhz. The -3 dB high frequency corner is determined 
by the gain-bandwidth of the opamp, and is approximately 90 kHz.

The interface of the module is a 4-pin connector, show as P1 in the schematic. Pin 1 
is used as supply voltage for the module, and can be directly powered by USB at 5 V or 
a voltage regulator can be used to change the voltage from 5 V to 1.8 V, to control the 
power that is transmitted. Pin 2 is an enable signal that turns the oscillator and power 
amplifier  on  when  the  signal  is  high.  Pin  3  is  data  out,  and  pin  4  is  the  ground 
connection.

 3.2.2.1  Design considerations

In this sub-section, the important design choices will  be motivated and explained. 
Starting with the choice of power amplifier.   As the power amplifier  supplies all  the 
power to the inductive link, the efficiency is the most important factor. The choice of 
using a class D PA instead of the more common class E PA was based on the following 
reasoning about the efficiency. 

The class E PA is sensitive to changes in the load resistance, while a class D PA is 
not  as  sensitive.  The  class  E  PA would  lose  efficiency  when  the  load  resistance 
deviates too much from the load it was designed to drive. Because the inductive link is 
designed to allow a large range of operation distances, the load resistance can change 
by a large factor. The problem could be reduced by designing the PA for the highest 
power consumption conditions. This could allow the efficiency advantage of the class E 
PA, compared to a class D PA, to be used for high power operation. However, the 
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tradeoff would be lower efficiency in low power operation, such as when the inductive 
link  is  operating  at  a  high  efficiency.  Based  on  this  reasoning  there  is  no  clear 
advantage for either class D or class E amplifiers.

The second consideration is finding appropriate transistors to act as switches in the 
PAs. To decide the transistors to be used, the amount of power needed to drive the 
transistor has to be considered. To determine this power, the transistor was assumed to 
be driven by the square wave output of the oscillator. Therefore the needed power is:

P=f C in V DD
2
=f Qgate V (3.3)

Where Cin is the input capacitance  and Qgate is the total gate charge.

In this comparison,  class D PAs have the advantage that digital  inverters can be 
used instead of discrete transistors. Using digital inverters can result in a significant 
reduction in power required, as shown bellow.

Here the transistor FDV301N is used as an example of the power needed to drive a 
transistor. The needed power was estimated to be 26 mW for the typical value, and 
38 mW for the maximum value of the total gate charge. As a class E PA uses a single 
transistor while a class D PA uses two transistors, it seems that a class E PA is a better 
choice.  However,  the  power  needed  to  drive  even  a  single  transistor  is  large. 
Therefore, a transistor with lower input capacitance should be used. No such discrete 
transistor was found from a quick search.

Trying to find an option with lower power dissipation, a class D PA, using digital 
inverters was considered. The power needed to drive the class D PA of the proposed 
reader device was calculated as 2·(f·(Cin+Cpd)·V2)= 7.3 mW, using the typical values for 
the input  capacitance Cin and power  dissipation capacitance Cpd.  In addition to the 
power  required  to  drive  the  inverters,  the  class  D  PA will  dissipate  approximately 
10 mW because of the on resistance of the output transistors. The on-resistance value, 
was  derived  from  the  output  voltage  characteristics  for  a  single  inverter  as 
Ron,n=VOL,max/IOL=17 Ω  and Ron,p=(Vdd-VOH,min)/IOH=22 Ω, with VOL,max being the specified 
maximum low output voltage at IOL current, and VOH,min being the specified minimum high 
output voltage at IOH current. Both IOL and IOH are specified to be 32 mA. It is clear that 
this  is  better  choice  than  using  any  PA built  with  discrete  transistors  similar  to 
FDV301N.

One downside of using digital inverters is that the output is rated for voltages in the 
same range as VDD. The diodes U6 were added to protect the output of the inverters 
from high and low voltage. The voltage protection is needed to ensure that the device 
is not damaged during power off. When the power is lost, the output of the inverters is 
high impedance. The voltage at the output would therefore follow the voltage of the LC 
resonator, which can be almost 50 V. 

The high pass filter,  following the envelop detector  was designed to remove low 
frequency variations of the envelop. These changes can be caused by movement of 
the devices, which result in a change to the coupling coefficient. The DC output level 
was set low to increase the difference between the high voltage and the idle state, 
allowing the threshold for detecting data to be set further apart from the idle voltage. 
This reduces the risk of falsely identifying moment as data transmission.

The  amplifier  chain  was  designed  to  be  able  to  receive  data  for  a  worst  case 
condition when the inductive link is operating at 2% efficiency from coil  to coil,  and 
operating  with 5V VDD.  At  2% efficiency,  equation  (2.17) gives  k2 Q1Q ´2≈0.02 . 
Equation (2.12) shows that the feedback from the inductive link changes the equivalent 
series resistance by the same factor. The feedback is effectively removed during the 
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transmission of a '0'. Hence, the resistance is reduced, and the current increased. The 
increased  current  will  increase  the  voltage  over  the  coil  by  approximately  2 %. 
Assuming  that  the  current  without  feedback  is  0.3  A as  designed,  the  voltage  is 
approximately V=IωL=48 V. A change of 2 % will then become a 0.86 V peak to peak 
change.  The  voltage  divider  reduces  the  voltage  change  to  66  mV.  To produce  a 
clipped output at the first peak, the signal must be amplified to 4V, which requires a 
gain of Av=60. A larger total gain of 121 was chosen to have some margin of error, as 
well as to account for the fact that the DC level will drift for long burst of data. The 
drifting  DC  level  will  reduce  the  difference  between  DC  level  and  peak  voltage 
depending on the percentage of zeroes in the data transmitted.

As the peak to peak signal at the input to the first amplifier has been assumed to be 
66 mV, no noise analysis was used during the design. Because the voltage level is 
much larger than what can be expected from thermal noise of the resistors and the 
noise of the amplifiers, the noise will not affect the performance of the data reciever.

The first step in designing the coil L1 was to determine the physical size of the coil.  
The following issues were taken into account when choosing the coil geometry.

• A larger physical size increases the coupling coefficient at long distances and 
reduces it  at short distances. Therefore, a large coil increases the maximum 
distance the system can be used at and reduces the variation of the coupling 
coefficient.

• The overall size of the PCB has to be small for a convenient operation of the 
reader.

• The coil should use 2 metal layers to allow the use of 2 layer PCB for the rest of 
the  PCB  without  complicating  the  manufacturing,  using  the  available  PCB 
milling machine.

Based on this,  a 4 cm x 4 cm rectangular coil,  with the two layers connected in 
parallel has been chosen. This allows using more turns on each layer compared to 
having the layers connected in series. The use of many turns per layer was desired to 
reduce the risk of damaging the coil when the unused copper in the middle of the coil 
was removed. Equations (2.5) – (2.8) were then used as a starting point, to decide the 
width and number of turns. The coil was simulated in ADS momentum and tweaked to 
increase the quality factor.  The simulated quality factor was 126 at 10Mhz, and the 
results are shown in figure 3.6.

Figure 3.6: Smith chart of the simulated coil
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 3.2.2.2  Layout

The layout of the PCB is shown in figure 3.7. The coil is the large spiral at the right 
side of the PCB. The outer dimension of the coil is 4 cm x 4 cm. The coil consists of  
two identical 6 turns rectangular spiral coils, one on each side of the PCB, connected in 
parallel. The coil was intended to have turns with a spacing of 0.2 mm and a width of 
0.8 mm. However,  the width of  each turn had to be changed to 0.79 mm and the 
spacing between turns changed to 0.21 mm, to allow fabrication of the PCB.

The oscillator is located at the top of the PCB with the crystal located at the very top. 
The PA and matching network is located along the left side of the coil. The envelope 
detector, filters and amplifiers are located at the left side of the PCB under the 4 pin 
connector. A photo of the manufactured PCB is shown in figure 3.8.

Figure 3.7: PCB layout of reader module

 

Figure 3.8: Photograph of the external reader 
module

 3.2.3  PCB implementation of the implantable device
The  PCB  prototype  implementation  is  shown  in  figure  3.9,  with  larger  version 

included in appendix C. The components of the schematic as well as their functions are 
described below, starting from the lower left corner of the schematic and continuing in 
an anti-clock wise circle.

L1 is the coil used for the inductive transfer. The coil is connected with a socket to 
allow the coil to be changed, to test different coil sizes and inductance values. C2, C3 
and  C5  forms  the  parallel  capacitance  required  for  resonance.  C2  is  an 
TZB4R500AB10R00 trim capacitor soldered on the PCB. C3 and C6 are through hole 
ceramic capacitors connected with sockets to allow large changes in the capacitance. 
The trim capacitor C2 allows fine grain control over the capacitance, and therefore fine 
tuning of the resonance frequency.

The rectifier  is  built  by the 4  Schottky diodes U2,  U4,  U5  and U7 and the two 
contacts P3 and K1. The rectifier can be changed between a half-wave rectifier and a 
full-wave bridge rectifier by placing jumpers on the connectors. By short-circuiting pin 1 
and 2 of K1 and leaving P2 unconnected the rectifier operates as a half-wave rectifier. 
To configure the rectifier as a full-wave rectifier, pin 2 and 3 of K1 are short-circuited, as 
well as the pins of P2.

At the output of the rectifier the LEDs D2 and D3 act as an over voltage protection. 
The two series LEDs start conducting current when the voltage becomes larger than 
their forward voltage drop. LEDs are used instead of ordinary diodes because they 
provide a visual feedback when the circuit is receiving too much power. In addition, 
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LEDs have a larger forward voltage drop, and therefore require fewer diodes, reducing 
the complexity of the PCB. 

    Figure 3.9: Schematic of the PCB implementation of the implantable device

The transistor U6 is used to transmit data by shorting the output of the rectifier to 
ground, when a high voltage is applied to the gate of the transistor. This will limit the 
voltage over the coil to the voltage drop of the rectifier. This will significantly reduce the 
quality  factor  of  the  LC resonator,  changing  the effective  impedance in  the  reader 
device according to equation (2.13).

To prevent the transistor U6 from unintentionally being turned on, R3 is used as a 
pull-down resistor, ensuring that U6 remains off when the data input is not driven high. 
The diode U1 prevents the transistor from discharging the capacitor C6, used to store 
the received power. The capacitor also acts as voltage supply when data-transmission 
prevents any power from being received. 

The resistors R5 and R6 form a voltage divider with the output  connected to an 
analog input of the microcontroller. The voltage divider can be enabled by placing a 
jumper at the connectors of P3. Otherwise the voltage divider is disabled and does not 
consume any current in order to avoid affecting the measurements. R2 is a resistor 
connected  with  a  socket.  The  resistor  was  only  connected  when  the  power 
transmission was measured.

U10 is a low drop-out (LDO) voltage regulator that provides a 1.8 V output voltage. 
The output voltage is stabilized by the capacitor C1. Resistor R4 is used to consume a 
current of approximately 100 µA, to represent the current consumption of a sensor. A 2-
pin connector is placed between the voltage regulators input pin and C1, allowing a 
jumper to be used to connect them. The output is connected to the supply voltage of 
the microcontroller in the same way.
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P6 is a connector that can be used to test the ADC of the microcontroller, and P5 is a 
connector used to program the microcontroller. C6 was never used, but was intended 
as  a  location  to  solder  a  10 nF  capacitor  if  the  microcontroller  would  have  had 
problems with the quality of the supply voltage, because of the distance to the voltage 
regulator and the use of a jumper to connect the supply voltage.

The LED D1 and current limiting resistor R1 were used to test if the microcontroller  
was  functioning.  U3  is  a  PIC16LF1823  microcontroller.  The  USART  TX  port  is 
connected to one pin of the connector P4. The other pin of P4 is connected to the 
transistor U6 for transmitting data. 

The values of the passive components are shown in table 3.3.

Component Value

C4 1 µF

C1 1 µF

R3 50 kΩ

R4 18 kΩ

R6 68 kΩ

R5 22 kΩ

Table 3.3: Table of the values for the passive components used in the PCB prototype, of the implantable 
device.

The layout of the PCB is shown in figure 3.10, and the prototype circuit is shown in 
figure 3.11. The layout uses a two layer PCB. Unused parts of both copper layer are 
used as ground plane. The socket for the coil is placed at the middle of the left edge of  
the PCB. The capacitors used for the resonant circuit are placed as close to the coil as 
possible. Then the rectifier, over voltage protection and data-transmission circuit are 
placed as close as possible. Finally the microcontroller and the voltage regulator are 
placed at the right side of the PCB to have enough space for the traces. The connector 
P5 is located at the top of the PCB and P10 to the right side. The size of the PCB 
layout is approximately 5 cm x 3 cm.

Figure 3.10: The PCB layout of the prototype circuit; the yellow color represents 
copper on both top and bottom layer; green shows copper only on the bottom 
layer, and red represents copper only on the top layer. 
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Figure 3.11: Photograph of the manufactured prototype circuit. The jumpers 
are used to configure it as a half-wave rectifier and everything else enabled.

 3.3  ASIC implementation
The design of the ASIC was performed in Cadence Virtuoso Schematic Editor using 

a  150  nm CMOS process.  The  implementation  of  the  implantable  device  aims  at 
keeping a small size including off chip components, as well as keeping the total voltage 
drop from the AC coil voltage to regulated DC voltage low. Keeping the voltage drop 
low reduces the power dissipation of the implantable device. A second benefit is the 
reduction of the optimal value for the inductance of the coil in the implantable device, 
according to equations (2.10) and (2.22). A reduced inductance will simplify the design 
of a physically small coil.

A block diagram of the system is shown in figure 3.12. C1 should be approximately 
300 pF to set  the resonant  frequency,  and have a high quality factor  and linearity. 
Therefore, an off-chip ceramic capacitor has to be used. 

C2  has  to  be  able  to  supply  the  implantable  device  with  current  during  data 
transmission of  0s.  The required capacitance can be determined by calculating the 
smallest capacitance needed to keep the voltage drop at an acceptable level, as:

C2≥
I DC

ΔV C2

⋅Tbit (3.4)
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Figure 3.12:  Simplified schematic of the implantable device power receiver and transmit circuit.



Where IDC is the current consumption of the implantable device, Tbit is the time to 
transmit a single bit, and ΔVC2 is the acceptable voltage drop. Using equation (3.4), with 
IDC=400 µA, ΔVC2=100 mV and Tbit=0.1 ms, gives C2 ≥ 400 nF. As 400 nF is too large to 
be implemented on-chip, the capacitor has to be off-chip. With the capacitor being off-
chip, the capacitance can be chosen as large as possible while still  having a small 
package. Based on this, a value of 10 µF has been chosen. C3 also has to be large in 
order  to  act  as  decoupling  capacitor  for  the  microcontroller.  Based  on  the  same 
reasoning an identical capacitor as C2 is chosen for C3. 

The coil  L2,  also has to be off-chip to maximize the quality factor.  However,  the 
actual  coil  has  not  been  designed.  This  is  because  the  optimal  coil  geometry  is 
dependent on the packaging of the implantable device. For simulation the quality factor 
has been assumed to be 65,  the same as the measured quality factor  of  the wire 
wound coil with 7 turns and a diameter of 10 mm used with the PCB implementation. 
The  inductance  is  changed  to  737 nH  and  the  resistance  to  0.764  Ω,  based  on 
equation (2.22). 

The on-chip components are M1 – M3, which are diode connected PMOS transistors 
that act as a voltage divider providing an output voltage of VDD_3=VC2/3. This output can 
be measured by the microcontroller before or after any measurement from the sensor, 
to ensure that the voltage is sufficiently high for the sensor. Additionally, the rectifier, 
bias generation, bandgap voltage reference and the LDO voltage regulator are located 
on-chip. 

 3.3.1  Rectifier, data-transmitter and voltage limiter
The most critical part for the power consumption of the proposed ASIC is the rectifier, 

since it dissipates the most power in the system when the received voltage is close to 
the  lower  limit  of  operation.  An  on-chip  rectifier  is  used  to  reduce  the  total  area, 
compared to using a single off-chip Shottkey diode as a half-wave rectifier. Figure 3.13 
shows the on-chip CMOS rectifier of the proposed system.

Figure 3.13: Schematic of the rectifier with voltage limiting and data transmission. 
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The rectifier is a full-wave rectifier which uses the transistors M40 – M44 to perform 
the rectification. When a differential voltage is applied to the input, one of the NMOS 
transistors M40 and M41 is turned on. This results in the input with the lowest voltage 
being pulled to ground. Therefore, the cross coupled NMOS transistors connect one 
end of the coil to ground at a time.

M42 and M43 are both functionally equivalent to diodes, conducting current when Vsd 

is positive and large enough and blocking the current otherwise. Instead of connecting 
the gates to the drains, threshold cancellation as described in [28] is used. Instead of 
canceling  the entire  threshold  as  described in  [28],  only  a part  of  the  threshold  is 
canceled  to  reduce  the  leakage  currents.  Assuming  that  the  transistor  remains  in 
saturation, the current vs voltage characteristics is simply shifted by approximately the 
VDG bias voltage.  This  reduces the voltage drop over the transistors by a constant 
amount for any current. Hence, the entire current vs voltage characteristic is shifted, 
resulting in a constant reduction of the voltage drop of the rectifier independent of the 
current. This will reduce the power dissipation of the rectifier.

M45–M48 are used to reduce the risk of latch-up by dynamically connecting the N-
wells  of  M42 and  M43 to  the  highest  voltage  of  the  input  voltage  and  the  output 
voltage. This prevents the source-body pn-junction from becoming forward biased. 

The  transistors  M49-M53  and  diodes  D40  –  D42,  are  used  to  bias  the  PMOS 
transistors M42 and M43 in the rectifier. M49-M50 mirrors a current of almost 200 nA 
from  the  shared  bias  structure.  The  diodes  conduct  a  current  with  an  almost 
exponential dependency of the output voltage. The diodes play an important part in 
limiting the output voltage, as will be described later. The currents from both diodes and 
M49-M50 are added and mirrored by the current mirror M51-M52. It is important that 
the current mirror has a low input resistance. If the input resistance would be large, the 
current from the diodes would be limited by the current mirror. This would result in a  
significantly reduced ability to limit the output voltage. To have a low input resistance, 
the transistors in the current mirror need to have a large width. However, a large width 
reduces the output resistance, resulting in low accuracy for the current mirror. 

The output current of the current mirror is used to generate the bias voltage using the 
diode connected transistor M53. The impedance of the bias voltage source is reduced 
by using the capacitor C40. A low impedance is needed to reduce the variation of the 
bias voltage caused by capacitive coupling from the rectifier input voltage to the gate 
voltage of M42 and M43. 

 The data transmission circuit was designed to be as simple as possible. A single 
transistor, M44 is used. The gate of M44 is connected to the pull-down resistor R40 
and to the data input of the rectifier, marked as Tx on the schematic. R40 is used to 
prevent M44 from turning on, unless the input is actively being driven high. When the 
Tx input is pulled high, M44 short-circuits the coil to transmit data.  The sizes of the 
components in the schematic are show in table 3.4.
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Components Device type W L Value

M40,M41 NMOS 100 µm 150 nm

M41,M42 PMOS 500 µm 150 nm

M44 NMOS 200 µm 150 nm

M45,M46,M47,M48 PMOS 10 µm 150 nm

M49,M50 PMOS 10 µm 2 µm

M51,M52 NMOS 16 µm 500 nm

M53 PMOS 130 µm 150 nm

C40 MOS capacitor 10 µm 50 µm 4.4 pF

R40 Poly-silicon resistor 1 µm 100 µm 200 kΩ

D40,D41,D42 Diode 3.2 µm 3.2 µm

Table 3.4: Table of device sizes for the CMOS rectifier.

 3.3.1.1  Biasing

The biasing of the rectifier is important for efficiency. If too much of the threshold 
voltage is canceled, the leakage current will  reduce the efficiency. But if  too little is 
canceled the unnecessary large voltage drop will reduce the efficiency. The fact that 
the efficiency can be reduced by changing the bias voltage is used to improve the 
voltage limiting circuit, as will be described later.

By summing the current  from one constant  current  source and from the voltage 
limiting diodes, the biasing of the rectifying PMOS transistors changes with voltage. At 
low voltages, the constant current source is turned off and the voltage over the diodes 
is too small to cause any significant current. The gate of the PMOS will act as a floating 
node,  but the diode connected M53 prevents the voltage from becoming too low and 
turning on M2 and M3. When the voltage becomes large enough for the shared bias 
structure to start-up, the current is dominated by the constant current source. When the 
voltage is further increased, the current will  eventually be dominated by the current 
from the diodes D40 – D42. 

The PMOS transistors are biased by the current source when the output voltage is 
close to the lowest operating voltage of the implantable device. This maximizes the 
efficiency  when  it  is  needed  the  most.  When  too  much  power  is  received,  the 
transistors are biased for a lower voltage drop, and high leakage current, to limit the 
voltage  swing  at  the  input.  Furthermore,  the  current  from the  diodes  is  effectively 
mirrored to each of the PMOS transistors by a factor of approximately 10. The size of 
the diodes can be reduced, compared to having separate voltage limiting and biasing 
of the rectifier transistors.

The transistors were selected as a trade-off between size and efficiency. The power 
loss was estimated as: Ploss=1.5·Ileak·VDD+Iavg·Vsd. Where Ileak is the DC leakage current of 
one  transistor  with  threshold  cancellation,  VDD=2 V  is  the  rectifier  output  voltage, 
Iavg=370 µA is the average load current, Vsd is the voltage drop at the peak drain current 
and the constant  1.5 represents  an assumption that  each transistor  with  threshold 
cancellation leaks current 75% of the time.

Two simulations were used to find the voltage drop and leakage current.  First,  a 
transient simulation of the rectifier was performed, with all rectifying transistors having 
a size of 100µm / 150nm. From this simulation the peak drain current of the rectifying 
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transistors was found to be 2.8 mA. A DC simulation was then used to find the leakage 
current and Vsd. The DC leakage current was found from a current mirror of identical 
sized transistors, with the output having a 3V drain source voltage. The voltage drop 
Vsd was found from biasing a transistor with the gate voltage of the current mirror, and 
using a constant current source to set the drain current to the peak drain current of 2.8 
mA.  The drain voltage was then used as  estimation of  the voltage drop.  For  both 
NMOS and PMOS transistors the number of fingers was set to 50. The finger width 
was then swept from 1 µm to 40 µm, the bias current for the bias generation was also 
swept from 0.5 µA to 4 µA. The estimated power loss is shown in figure 3.14. Both a 
PMOS and a NMOS transistor without threshold cancellation have been included for 
comparison.

Figure 3.14: Estimated power loss for the diode connected transistor pair in the rectifier. The 
result with highest power consumption for both NMOS and PMOS represents a transistor without 
threshold cancellation.

The  transistors  without  threshold  cancellation  have  a  significantly  larger  power 
dissipation compared to the transistors with threshold cancellation. It  can clearly be 
seen that  as  the width  is  increasing,  the  efficiency is  increasing for  all  transistors. 
Comparing  the  transistors  with  threshold  cancellation,  the  NMOS  transistor  has  a 
significant  advantage  at  finger  widths  less  than  2  µm.  At  larger  finger  widths,  the 
difference  becomes  insignificant.  In  addition,  the  NMOS  transistor  shows  a  larger 
variation with bias current changes. Choosing a PMOS transistor has the benefit  of 
being less sensitive to imperfections in the biasing. 

 3.3.2  Bandgap voltage reference
The voltage  reference of  the  system is  used  by the voltage  regulator  to  set  an 

accurate supply voltage for the reset of the circuit. Therefore, the voltage reference has 
to be insensitive to supply voltage changes, process variations and temperature. To 
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this  end,  the  voltage  reference  is  implemented  as  a  classical  bandgap  voltage 
reference source. The core of the reference generator consists of R1, R2 and R3, as 
well as the pnp transistors Q0 and Q1. Q1 is made up by 10 parallel pnp transistors, 
each being identical with Q0. The rest of the circuit in figure 3.15 is an amplifier, with 
C0 and R0 as frequency compensation circuitry.  The amplifier forces the voltage of 
nodes A and B to become (almost) equal, and therefore the currents through R3 and 
R1 must also be (almost) equal. These currents have to be (almost) equal to generate 
an output voltage insensitive to temperature and supply voltage changes. The function 
of the circuit will be explained in more detail in subsections  3.3.2.1 and  3.3.2.2. The 
sizes of the components are listed in table 3.5.

Components Device type W L Value

M0,M1 PMOS 80 µm 500 nm

M2,M3,M4 NMOS 6 µm 10 µm

M5 PMOS 1 µm 450 nm

M6 PMOS 9 µm 450 nm

M7 PMOS 40 µm 2 µm

R0 Poly-silicon resistor 1 µm 50 µm 102 kΩ

R1,R3 Poly-silicon resistor 1 µm 126 µm 250 kΩ

R2 Poly-silicon resistor 1 µm 14.2 µm 32 kΩ

C0 MOS capacitor 6.8 µm 10 µm

Table 3.5: Component sizes for the bandgap reference circuit
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Figure 3.15: Bandgap voltage reference circuit schematic



 3.3.2.1  Bandgap core

To explain the bandage core, the temperature dependence of the pnp-transistors is 
important. The voltage between emitter and base (VEB) of Q0 is given in [29] as :

V eb=V T ln( I C / I S) (3.5)

Where Ic is the collector current and Is is the saturation current of the transistor. The 
temperature dependence of this voltage is given in [29] as:

∂V eb

∂T
=
∂V T

∂T
ln(

I C

I S

)−
V T

I S

∂ I S

∂T
+

V T

I C

∂ IC

∂T
(3.6)

Where VT=kT/q, k is the Boltzmann constant, T is the temperature in Kelvin and q is 
the magnitude of the charge of an electron.  The voltage difference between the two 
pnp transistors is:

ΔV eb=V eb0−V eb1=V T ln(
I 0

I S0

)−V T ln (
I 1

N I S0

)=V T ln(N
I 0

I 1

) (3.7)

The temperature dependence of the voltage difference is then:

∂ΔV eb

∂T
=

k
q

ln (N
I 0

I 1

)=
V T

T
ln(n) , n=N

I 0

I 1

(3.8)

It has been assumed that I0/I1 is temperature independent. This is true in this circuit if 
the nodes A and B have the same voltage and the resistances R1 and R3 have the 
same  relative  change  with  temperature  ∂R

∂T
⋅

1
R

.  The  first  condition  is  a  good 

approximation if the loop gain is high and the second condition is achieved by using 
identical resistors for R1 and R3. The collector current is determined by the resistance 
of R2 as:

IC=
V T ln (n)

R2

(3.9)

Differentiating this with respect to temperature gives:

∂ I C

∂T
=

ln (n)
R3

∂V T

∂T
−

V T ln(n)

R3
2

∂ R3

∂T
=

IC

T
−IC⋅TCR3 ,TCR=

∂R
∂T
⋅

1
R

(3.10)

And

∂V eb

∂T
=

V EB−(3+m)V T+Eg/q
T

−V T⋅TCR (3.11)

Where Eg is the bandgap energy of the semiconductor.

To eliminate the output temperature coefficient the following equation must hold:

∂V out

∂T
=0⇒

V EB−(3+m)V T−Eg /q
T

−V T⋅TCR+
R2

R3

V T

T
ln(n)=0 (3.12)

This gives :

R3=R2

ln (10)

(TCR+(3+m)−
(V EB−Eq /q)

V T

)

(3.13)
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And

V out=Eg/q+(3+m+TCR⋅T )V T (3.14)

The values of the resistances were selected by using equations (3.9) and (3.14) as a 
starting point and then simulating Vout vs temperature with a parametric sweep of the 
length of the resistors R1 and R3.  An ideal voltage controlled voltage source was used 
as amplifier  for  the simulation.  The simulation results were then used to select  the 
length needed to achieve a zero temperature coefficient slightly above 37 °C.

 3.3.2.2  Amplifier

The amplifier  has a differential  source coupled PMOS input  stage with a current 
mirror  load.  The input  stage  is  biased  with  approximately  400 nA per  branch.  The 
second stage consists of a common source NMOS transistor with the output current 
mirrored  to  the  bandgap  core.  The  use  of  the  current  mirror  in  the  second  stage 
increases the power supply rejection[30]. The NMOS transistors are larger than the 
PMOS transistors, because of worse matching at the same transistor size. 

Because of  the  low bias  current,  Vgs is  low,  unless  the width/length  ratio  of  the 
transistor is small. A small Vgs would result in a low drain-source voltage Vds. A low Vds 

limits the voltage swing and reduces rds of  the NMOS transistors in the first  stage. 
Therefore, the lengths of the NMOS transistors were chosen to be as long as allowed.

The size of M4, the NMOS transistor in the second stage, is identical to the size of 
NMOS transistors in the first stage. This guarantees that M4 – M6 are biased correctly. 
The output of the amplifier should not be 0 V when the differential input is 0 V. Instead 
the amplifier  is  designed to give  an output  close to the required voltage.  This  will 
prevent the circuit from having start-up problems, when both inputs are at 0V.

When the differential input voltage is 0 V, both M0 and M1 will have the same Vgs. 
Because of symmetry, both M2 and M3 act as diode connected transistors. This is true 
even if the common mode voltage is 0 V at the moment the power is turned on. M4 will 
then act as a current mirror together with M3, mirroring the bias current.  The drain 
current of M4 will in turn be mirrored to the output of the amplifier. The magnitude of 
this current is set by the magnitude of the bias current and the size ratio of M5 and M6. 
This sets a well defined output bias current. This will in addition to reducing the error, 
ensure correct start-up of the bandgap voltage references, as long as the bias voltage 
for M7 is correct. However, there is an issue when the supply voltage is slightly below 
what the output voltage should be. In this case, the gate voltage of M4 will be large 
enough to enter the linear region. This will set the gate voltage of M5 and M6 close to 
ground. For M6 this is not a problem as the drain current is limited by the bandgap 
core. However, M5 will effectively be diode connected between the supply voltage and 
ground, possibly resulting in a large current. If the current is too large, the implantable 
device might never be able to turn on. To keep this current low, M5 has to have a small 
width / length ratio.

The low frequency loop gain of the bandgap reference voltage can be calculated by 
using a small signal model of the amplifier. This gives the loop gain as:

Aβ=
gm0,1

gds 0,1+gds 2,3

gm4

gm5

gm6

gds6+
1

R3+1 /gmQ0

+
1

R2+R1+1 /gmQ1

(

1
gmQ0

1
gmQ0

+R3

−

R2+
1

gmQ1

R2+
1

gmQ1

+R1

)≈−
gm 0,1

gds 0,1+gds 1,2

9gm3

R2

2
(3.15)
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For the last approximation, the following assumptions have been used:  R1=R3 ,

gmQ0=gmQ1 ,  R1≫R2+
1

gmQ1

,  rds6≫R1/2 ,  gm4=gm5=
gm6

9
.  Using  the 

approximation and small signal parameters obtained from a DC-bias point simulation, 
the calculated loop gain is = 47.9 dB.

To design the frequency compensation, the output of the first stage was identified as 
having a dominant pole. The resistance seen in that node is much higher than all other 
nodes, while the capacitance is also large. An extra capacitor was added to the node to 
move the pole closer to DC and improve stability. A resistor was connected in series 
with the capacitor to add a left half plane zero for increasing the phase margin.

 3.3.3  Low Drop-Out voltage regulator
The voltage regulator of the system is supposed to regulate the voltage available to 

an implantable sensor, including the microcontroller. The voltage regulator should have 
a reasonable accuracy and a good power supply ripple rejection. Both can be achieved 
by having a high loop gain. In addition, the minimum drop out voltage, the difference 
between the unregulated supply voltage and the regulated output voltage, should be 
low.

The schematic  of  the  voltage  regulator  is  shown in  figure  3.16.  It  consists  of  a 
negative-feedback voltage amplifier. R10 and R11 are used as the feedback resistors 
that defines the voltage gain. The input to the amplifier is the output voltage of the 
bandgap voltage reference. Therefore, the gain is selected to be 1.8/Vref, to have an 
output voltage of 1.8V. 

The input stage of the amplifier uses the NMOS transistors M10,M11 as a source 
coupled  differential  pair.  The  PMOS transistors  M12,  M13,  are  used  as  an  active 
current  mirror  load,  to  create  a  single  ended output.  M15-M16 are  the tail  current 
source for the differential input stage, setting the bias current to approximately 400nA 
per branch. The output  stage consists of  a single large PMOS transistor M14. The 
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Figure 3.16: LDO voltage regulator schematic.



sizes of all the components can be found in table 3.6.

Components Device type W L Value

M10,M11 NMOS 30 µm 300 nm

M12,M13 PMOS 10 µm 600 nm

M14 PMOS 500 µm 150 nm

M15,M16 NMOS 24 µm 5 µm

R10 Poly-silicon resistor 1 µm 84.6 µm 167 kΩ

R11 Poly-silicon resistor 1 µm 143 µm 283 kΩ

Table 3.6: Component sizes for the voltage regulator.

Because the output is supposed to be a DC voltage, the bandwidth of the amplifier is 
not important, except for increasing the ripple rejection. As the output of the LDO is 
used as supply voltage for  the implantable device,  the load is the sensor,  with the 
microcontroller, in parallel to the 10 µF capacitor described earlier. The large capacitor 
is used to create a single dominant pole, at the output of the voltage regulator.

The feedback resistors are much larger than the small-signal drain-source resistance 
of M14, which is 36 kΩ at a load current of 100 µA and 3 V supply voltage. At higher 
load currents, and lower supply voltage, this resistance is even lower. Therefore, the 
feedback resistors do not  significantly affect  the location of the dominant  pole.  The 
values  of  the  resistors  were  selected  as  a  trade-off  between  size  and  current 
consumption.

The loop gain of the voltage regulator can be calculated as:

gm0,1

gds0,1+gds2,3

gm4

gds4+1/RL+1/(R10+R11)

R11

R10+R11

≈
gm0,1

gds 0,1+gds 2,3

gm4

gds4

1.133
1.8

(3.16)

The first term represents the gain of the first stage, the second term is the gain of the 
output  stage and the last  term corresponds to the feedback.  The first  stage has a 
calculated gain of 39.3 dB. However, the gain of the output stage changes with load 
current and supply voltage. It can drop as low as -1 dB without the loop gain becoming 
less than 34 dB  ≈ 50. At 2 V and 400 µA load current,  the calculated loop gain is 
65.0 dB. 

To design the output stage, one of the most important performance metrics for this 
application was used, the dropout voltage. A low drop out voltage can be achieved by 
the output transistor having a large width/length ratio. Another way is that the gain of 
the other stage can be large enough to allow the output stage to operate in the linear 
region,  without  the  loop gain  falling  too low.  The size  of  the  output  transistor  was 
chosen to have a gain at the output stage > 0 dB, with only 50 mV drain-source voltage 
at the output transistor. The low gain allows the transistor to be used slightly out of the 
saturation region, allowing a smaller transistor to be used.

To evaluate the stability of the voltage regulator, the gain-bandwidth product of the 

output was estimated as
gm15

gds15

gds15

CL

=
gm15

CL

. A phase margin close to 90° is achieved if

ω1≫A1

gm15

CL

≈65 krad /s . (3.17)

Where A1 is the gain of the first stage and ω1 is the lowest frequency of the poles of 
the first stage. 
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The calculated position of that pole is:

ω1≈
gds10,11+gds12 ,13

(C gd14+Cgb14+Cgs14)
≈199 krad /s≈32kHz . Therefore, frequency compensation is 

not used.

 3.3.4  Bias structure
The  bias  structure  is  shared  by  all  the  other  implemented  circuit  blocks.  This 

structure is  shown in figure  3.17.  Transistors M20-M27 generate the bias voltages, 
while M28-M31 are used as start-up circuit.

Figure 3.17: Schematic of bias generation circuit

The PMOS transistors M20,M21,M26 and M27, form a cascoded current mirror, used 
to force the same current in both branches of the circuit. The magnitude of the current, 
is  determined  by  M24,M25  and  R20,  where  M24  has  been  implemented  as  two 
transistors connected in parallel, each identical to M25. All transistors operate in the 
sub-threshold region. The size of the resistor was initially chosen with the help of the 
expression 

R20=
S log10(2)

I D

. (3.18)

Where R20 is  the resistance of  the resistor,  S  is  the sub-threshold swing for  the 
NMOS transistors  and  ID is  the  bias  current.  The  initial  value  of  the  resistor  was 
calculated  based  on  a  200 nA bias  current,  and  later  was  fine  tuned  based  on 
simulations.
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The circuit has two stable states, where one is the intended operating point and the 
other is that all currents are 0. Hence, a start up mechanism is needed to guarantee 
start-up,  once the voltage is  high enough.  This  is  accomplished by M20,M21,M28-
M31,M24 and M25, which form a chain of diode connected transistors. If the supply 
voltage  is  sufficiently  high,  a  small  current  will  start  to  flow.  Once  the  circuit  has 
reached  its  intended  operating  point,  the  current  conducted  by  M28-M31  will  be 
reduced due to a smaller voltage applied across them. Therefore, the start up circuit 
has only a small impact on the generated bias voltages.

The sizes of the components used are presented in table 3.7.

Components Device type W L Value

M20,M21,M2
6,M27

PMOS 10 µm 2 µm

M22,M24,M2
5

NMOS 6 µm 5 µm

M23 NMOS 12 µm 5 µm

M28,M29,M3
0,M31

PMOS 320 nm 1 µm

R20 Poly-silicon resistor 1 µm 61.9 µm 125 kΩ

Table 3.7: Component sizes for the bias generation circuit
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 4  Measurements and simulations
In  this  section,  measurement  and  simulation  set-ups  and  environments  are 

presented together with the results. The section is divided into subsections based on 
the different implementations.

 4.1  Coil measurements
The coils  used in  different  measurement were all  measured with an s-parameter 

vector network analyzer. For the handmade coils, a two port measurement was used 
with the pins of the coil plugged in the center contact of a female SMA connector. For 
the printed spiral coil on the reader PCB, one port measurement was used. A separate 
PCB with SMA connector and a normal socket was used to connect the reader PCB to 
the  SMA  connector  of  the  vector  network  analyzer.  The  distance  between  the 
connector and socket on the extra PCB is approximately 3 cm.

The network analyzer was calibrated to remove the influence of  the cables.  The 
calibration function of the analyzer was used with calibrations standard. Short, open 
and load measurements were used to calibrate for the one port measurements. For the 
two port measurement short, open and load calibration were used from each port as 
well as isolation and through calibration.

During two port measurements the pins of the coil to be measured were placed in the 
middle connector of a female SMA connector and the plastic casing of a pen was used 
to press the pins to the side for better contact.

The measured values are shown in table 4.1.

Coil Resistance (Ω) Inductance (µH) Quality factor 

5cm diameter 2.8–3.2 2.64 59

3 cm diameter 1.7–1.9 1.78 67

2cm diameter receive 0.6–0.8 0.8 77

2cm diameter transmit 0.6–0.8 0.8 77

1cm diameter 5 turns 0.4–0.6 0.45 61

1cm diameter 7turns 0.8–0.9 0.82 65

1cm diameter 9turns 1.1 – 1.3 1.17 66

1cm diameter 10turns 1.4 – 1.6 1.38 62

4cm x 4 cm PCB coil 1.6 – 1.8 2.35 93

1cm 9 turns 1 port measurement 1.2 – 1.3 1.20 65

1cm 5 turns 1 port measurement 0.58 – 0.61 0.46 52

Table 4.1 Coil measurement results. The resistance column shows the range that the measured resistance 
varied in. The quality factor results are calculated using the mean value of the resistance range.

The results show that the coil on the PCB has a larger quality factor than any other 
coil. However, the quality factor of 93 is lower than the 126 predicted by simulation with 
ADS momentum. The biggest difference comes from the AC resistance being larger 
than the simulated 1.1 Ω.
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 4.2  Prototype breadboard
This  section  presents  the  results  from  the  measurements  on  the  breadboard 

prototype. 

 4.2.1  Power transfer
The power transfer of the breadboard prototype shown in figure  3.1 and  3.2, was 

measured by using a Rigol DG1022 Function generator to generate a 5 V sinusoidal 
input to the power amplifier. The reason for using a sinusoidal input instead of a square 
wave is that the signal generator can not generate a square wave at the frequencies 
used in the test.  The voltage at different nodes of the circuit  was measured with a 
RIGOL DS1102D oscilloscope together with an RP2200 probe. The power supply used 
was Agilent  E3631A,  and it  was used to generate a 5V DC voltage for  the power 
amplifier.  The current  used was measured by a 2400 SourceMeter.  Some example 
waveforms saved from the oscilloscope are shown in figures 4.1 – 4.4.

Figure  4.1 shows that  a voltage of almost  7.6 V is obtained at  the output  of the 
rectifier at 11.3 MHz using circuit configuration 3. However, this voltage is not stable. 
This is shown more clearly in figure 4.2, which shows the AC part of the voltage. The 
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Figure 4.2: Voltage at rectifier output at 11.3 MHz for 
circuit configuration 3, measured with AC coupled 
oscilloscope

Figure 4.3: Voltage at power amplifier output at 11.3 MHz 
for circuit configuration 3.

Figure 4.4:Voltage at power amplifier output at 11.0 MHz 
for circuit configuration 1.

Figure 4.1: Voltage at rectifier output at 11.3 MHz for 
circuit configuration 3, measured with DC coupled 
oscilloscope



voltage variations are 1.7 V peak to peak. 

Figure 4.3 shows the voltage at the output of the power amplifier for configuration 3. 
Some ringing can be seen but otherwise it is a good approximation of a square wave. 
However, for circuit configuration 0,1 and 2, the output voltage does not look like a 
square wave.  An example for  circuit  configuration 1 is  shown in Figure  4.4.  It  can 
clearly be seen that the on resistance is too large to drive a square wave output.

The frequency behavior was measured by changing the frequency of the function 
generator output, while measuring the total current consumption and received voltage. 
The measurement started with using the lowest frequency. The frequency was then 
increased  in  small  steps.  It  can  be  seen  in  figure  4.5 that  when  the  frequency is 
increased the received voltage increases up to a maximum, until the voltage suddenly 
drops to 0 V for a small increase in frequency. Because of the low number of points 
saved, the figure does show how quickly the voltage is reduced to zero. However, it 
can still bee seen that the slope rises slower with frequency than it is falling, once the 
resonant frequency has been passed.

It can be seen that the resonant frequency for configuration 0 was between 8 and 
9 MHz.  This  indicates  that  the  rectifier  adds  a  significant  amount  of  capacitance. 
Therefore,  a  smaller  parallel  capacitance  was  used  in  the  other  configurations. 
Because of the low resonant frequency in the receiver it was not possible to measure 
the  maximum  amount  of  power  that  could  be  transmitted  to  the  receiver  using 
configuration 0. The current consumption of the power amplifier in the transmitter was 
measured at higher frequencies close to the resonant frequency of the primary circuit. 
It can be seen that the current consumption increases with frequency up to 11.2 MHz, 
and after that it decreases with frequency. This indicates that the resonant frequency of 
the  transmitter  was  close  to  11.2  MHz,  because  at  the  resonant  frequency  the 
impedance of the series circuit is the lowest and therefore draws more current from the 
power amplifier.

Using configuration 1 at 11 MHz, the average voltage after the rectifier was 5.2 V, 
which corresponds to approximately 12 mW of power delivered to the load resistance. 
For configuration 2, the DC current used is lower than for configuration 1. The voltage 
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Figure 4.5: Left figure shows the current used by the entire circuit for the different configurations. To the  
right the received voltage is shown.



is also lower than that of configuration 1 at low frequencies, but at 11Mhz the voltage is 
the same. This indicates an increased quality factor for the transmitter. 

For  configuration  3,  the  dc  current  is  the  lowest  of  all  configurations,  while  the 
maximum transferred power is the highest. At 11.3 MHz, 41.9 mA of DC current is used 
from the supply voltage and a voltage of  7.6 V is  present  over the resistor  at  the 
rectifier output. This means that the power transferred to the resistor is 26 mW. At the 
same time 210 mW is used from the power supply. The power transfer efficiency is 
therefore 12 %.

The measured efficiency is  lower than the real efficiency because the transistors 
used were leaking current. When the gates of the transistors were connected to ground 
the current consumption was 28 mA, and when connected to Vdd it was 8 mA. Further 
investigation showed that when only the gate and source of the PMOS transistor was 
connected, with the gate connected to ground and the source to +5 V, the current was 
almost 28 mA. This show that the transistor leaks current between the gate and the 
source. Assuming a 50% duty factor of the input, the leakage of the transistors causes 
an average current of 18 mA. If this leakage current is subtracted from the total current 
consumption, the power transfer efficiency of configuration 3 is 22 %.

 4.2.1.1  Discussion

The results show that by using impedance transformation instead of a pure series 
resonant circuit, the power transferred can increase, and at the same time the power 
consumption  can  be  reduced.  However,  the  exact  results  have  a  limited  accuracy 
because of  relatively large parasitic inductance and capacitance of the breadboard. 
The same type of matching network can be used for the PCB implementation, but a 
more efficient power amplifier should be used.

The frequency behavior of the received voltage could be explained by the diodes in 
the  rectifier  being  much  larger  than  needed.  The  large  diodes  have  a  higher 
capacitance and leakage currents than a smaller  diode would have.  Especially the 
capacitance  could  cause  problems,  because  of  its  non-linear  behavior.  When  the 
received  voltage  increases,  the  average  capacitance  is  reduced.  The  resonant 
frequency is then increased. When the frequency becomes higher than the resonant 
frequency,  the  voltage  start  to  drop  and the capacitance increases.  Therefore,  the 
resonant  frequency is reduced,  thereby further reducing the voltage and creating a 
positive  feedback  that  reduces  the  voltage  to  almost  zero.  Large  non-linear 
capacitance should  therefore be avoided,  and the diodes in  the rectifier  should be 
selected to have a capacitance much lower than the total capacitance of the resonator.

The dc currents, when the gates were connected to ground or +5V, show that the 
transistors  are  not  working  as  they  should.  It  is  possible  that  the  packages  or 
transistors have been damaged when wires were soldered to the pins of the package. 
Because of this dc current, the measured current was larger than it should have been.

 4.2.2  Data transmission
The data transmission was tested by using the circuit described in section 3.1, and 

shown in figures 3.1 and 3.2. For the measurements presented in this subsection, the 
same setup was used as for  the power  transfer  measurements in  section  4.2.1.  A 
second output of the function generator was used to drive a square wave voltage, with 
50% duty cycle, at the gate of the transistor used for data transmission.
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Figure 4.6 show that the load voltage changes considerably when a 10 kHz square 
wave is transmitted. When the frequency of the square wave is increased to 50 kHz, as 
shown in figure 4.7, the variation of load voltage reduces.

Figure 4.6: Voltage at load when transmitting a 10kHz 
square wave

 

Figure 4.7: Voltage at the load when transmitting a 50kHz 
square wave

The voltage over the coil in the power receiving circuit, is shown in figures 4.8 and 
4.9. The envelop changes rapidly both from high to low and low to high, showing that 
the transmission rate is not limited by the time it takes to build up voltage after the 
short-circuit is removed. 

Figure 4.8: Coil voltage when transmitting a 10kHz square 
wave.

 

Figure 4.9: Coil voltage when transmitting a 50kHz square 
wave.

The output voltage of the envelope detector is shown in figures  4.10 and  4.11.The 
received waveform at 50 kHz, is close to what is possible to detect as a square wave, 
because the rise and fall times are significant in comparison to the period. The 10 kHz 
signal  has much smaller  rise and fall  time in  comparison to the period,  but  has a 
problem with ripples at the load. However, this can easily be solved by increasing the 
capacitance that holds the voltage at the load.
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Figure 4.10: Output voltage of the envelop detector for a 
transmitted square wave at 10kHz.

 

Figure 4.11: Output voltage of the envelop detector for a 
transmitted square wave at 50kHz.

 4.3  Prototype PCB 
In this section, measurement set-ups and results including the PCB prototypes, are 

presented. For all measurements presented in this section, a 2400 SourceMeter was 
used both to provide the supply voltage, and to measure the total current consumption.

 4.3.1  Power consumption
The current consumption of the prototype implantable device was measured using a 

2.3 V supply voltage,  connected in  parallel  to the capacitor  C4 in  figure  3.9.   The 
current consumption was found to be between 0.21 mA and 0.40 mA. Therefore, the 
power consumption is 0.48 mW – 0.92 mW.

The current consumption and power consumption of the external reader device is 
shown in table  4.2. The current consumption was measured with a supply voltage of 
5V. The power consumption was calculated by multiplying the current consumption with 
the supply voltage. The maximum total power consumption was measured by placing 
the prototype of the implantable device more than 50 cm away from the reader device. 
The current consumption of the oscillator was measured using an identical oscillator on 
a separate PCB, without a power amplifier. The current consumption of the opamps 
was measured by grounding the enable signal and measuring the total current. The 
power  consumption  of  the  power  amplifier  was  then  calculated  by  subtracting  the 
power  consumption  of  the  oscillator  and  amplifier  chain  from  the  total  power 
consumption. Therefore, the power consumption of the power amplifier includes the 
power required to drive its input. 

Current consumption Power consumption

Oscillator 3.74 mA 18.8 mW

Amplifier chain 0.22 mA 1.1 mW

Power amplifier 19.39 mA 96.95 mW

Total 21.35 mA 106.75 mW

Table 4.2: Current and power consumption of the external reader device.
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 4.3.2  Data transfer
The data communication was tested with various bit  rates.  The data was sent  in 

bursts of 1025 bytes, followed by 100 ms of idle time. The data of the bursts consists of 
a byte being incremented by one for each byte sent. This method was used to test both 
the transitions from idle to data transmission and back, as well as the behavior in the 
middle  of  a  long  transmission.  The  difference  of  using  the  proposed  data  coding 
scheme compared to not coding the data is shown in figures 4.12 and 4.13, at a baud 
rate of 9600 bit/s.

Figure 4.12: Non coded data at 9600 bit/s

 

Figure 4.13: Coded data at 9600 bit/s

For this measurement, the distance between the coil of the reader device and the 
coil  of  the  implantable  device  prototype was  selected to generate  the worst  signal 
condition.  However,  the  distance  was  limited  to  ensure  a  stable  voltage  for  the 
microcontroller  in  the  implantable  device.  The  oscilloscope  was  then  set  to  use 
persistent display to record the voltage levels over time.

When the proposed encoding scheme is used, the high level of the signal is always 
close to VDD. The low level of the signal varies from ground to slightly above the idle 
level. The coded data can therefore be recovered by using a threshold between the idle 
voltage and VDD. 

For the non coded data, it is impossible to recover the data using the same method, 
with the proposed receiver. This is because at the beginning of the burst, the signal 
looks similar to that of the coded data. After a while, the high level of the signal starts 
dropping to a value slightly above the idle voltage, after an initial peak. This is shown 
by the darker color in figure 4.12. At the beginning of a burst, the threshold should be 
between VDD and idle voltage. At the end and in the middle of a burst, the threshold 
should be between idle and ground. Non coded data can therefore only be sent in short 
bursts.

The difference between bitrates is shown in figures 4.14 and 4.15. Using a bitrate of 
25 kbit/s shows some small amount of jitter, but it has a wide eye opening, allowing the 
data to be easily recovered. At 62.5 kbit/s the eye opening is very small, showing that 
the received data is harder to detect, but not impossible if the threshold is set correctly.
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The waveforms captured by the oscilloscope showing the signal at different stages of 
the data receiver are shown in figures 4.16 – 4.18. It can be seen that the opamp input 
signal is weak in comparison to the interference by the carrier frequency. However, the 
amplification and filtering provides a strong signal without much noise or interference.

Figure 4.18: Data out and Tx signals with 4cm distance 
between coils.
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Figure 4.14: The eye opening is very small at 62500 bit/s. Figure 4.15: Received data at a baud rate of 25000 bit/s

Figure 4.16: Opamp1 input signal and Tx signals with 4cm 
distance between coils.

Figure 4.17: Opamp1 output and Tx signals with 4cm 
distance between coils.



The final test of the data transfer, consists in repeatedly transmitting the ASCII code 
of the lower case alphabet at 19.2 kbit/s. A delay of 10 ms was inserted between each 
byte.  The output of the reader module was connected to an additional opamp, used as 
comparator, to generate a clean digital signal. An interface chip was used to convert 
the voltage levels of the digital signal to correspond to the RS322 specifications.  The 
output of this chip was connected to an RS322 to USB adapter, used to receive the 
data using a computer. The received data was displayed on the computer. Over 1000 
bytes were received without any errors.

 4.3.3  Power transmission with different coils
The power transmission to the implantable device has been measured using the 

PCB prototype of the implantable device. The voltage regulator was disconnected to 
not  affect the measurements,  and a resistive load was used instead.  The use of a 
resistive load guarantees well defined behavior when the received power is less than 
what is required for the real circuit. A 6.8 kΩ resistor, measured to have a resistance of 
6.67 kΩ, was used as load to set the current to 345 µA at 2.3 V. The load resistance 
was  chosen  to  set  the  load current  as  close  as  possible  to  360 µA at  2.3  V,  the 
specified  minimum  voltage  required  by  the  voltage  regulator.  This  sets  the  power 
consumption close to that of the real circuit when the received voltage is 2.3 V. Hence, 
allowing the range of operation to be tested.

For the comparison of different receiver coils, the same transmitter circuit was used 
for all tests. The receiver was tuned by placing the receiver at around 3-6 cm from the 
power transmitter and turning on the transmitter. The oscilloscope was connected in 
parallel to the receiver coil and the trim capacitance was changed until a maximum 
voltage was found. The oscilloscope was connected during testing as to not change the 
resonance frequency.  The power transmission distance was measured between the 
closest edges of the coils, using a ruler. The results are shown in figure 4.19.

Figure 4.19: The received voltage using a 6.67 kΩ resistive load, and a transmitter coil with 3 cm 
diameter.

The results show that the physically largest coil results in the longest possible power 
transmission distance,  because of the increased coupling coefficient.  The difference 
between the coils with 7, 9 and 10 turns are small, while the coil with 5 turns has much 
worse performance.  It can also be seen that all 1 cm diameter coils have a maximum 
in  the  power  transfer  around  15  mm,  while  the  coil  with  2  cm  diameter  has  the 
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maximum around 25 mm. It was later found that having the oscilloscope connected in 
parallel to the coil has a negative effect on the results, and the difference between the 
7,  9  and  10  turns  coils  should  be  much  smaller.  A test  without  the  oscilloscope 
connected to the coil showed that the 7, 9 and 10 turns coils were able to receive 2.5 V 
with the same distance between the transmitter coil and receiver coil.

For the transmitter coil test, the breadboard power transmission circuit was used for 
all coils except for the coil on the PCB. For the breadboard, the PA was replaced by 
two inverters in series. The inverters were identical to the PA used before, but with new 
transistors  of  the  same  model.  The  first  inverter  was  used  to  simulate  the  power 
dissipation of an oscillator. The second inverter was used as the PA. Trim capacitors 
were used to tune the matching network. 

To tune the matching network, an oscilloscope was used to measure the voltage at 
the  envelope  detector  output.  The  trim  capacitors  were  then  changed  until  the 
maximum voltage occurred at 10.54 MHz, and the current consumption was around 
29.5 mA. For the PCB, the matching network was tuned to 10.75 MHz and the current 
consumption was around 20mA. The receiver was tuned by adjusting the trim capacitor 
with an oscilloscope connected to measure the received DC voltage, instead of the 
voltage  over  the  coil.  This  reduces  the  negative  effect  of  having  the  oscilloscope 
connected in parallel to the coil. The received DC voltage is shown in figure 4.20, and 
the current consumption of the transmitter is shown in figure 4.21.

Figure 4.20: Received voltage, using a 6.67 kΩ resistive load, vs distance for different transmitter coils. 

 

Figure 4.21: Current consumption vs distance for different transmitter coils.
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The most important part of the results is the maximum distance that sufficient power 
can be transferred.  This distance is  determined by the maximum possible distance 
between the  coils  for  which  the  received  DC voltage  of  the  prototype  implantable 
device is larger than or equal to 2.3 V. This shows at which distance the implantable 
device would stop functioning. The requirement that the voltage has to be larger than 
2.3 V comes from the specification of  the voltage regulator  used on the prototype 
implantable device.

The results show that the coil with 5.75 cm diameter gives a longer power transfer 
distance than the coil with 3 cm diameter, even though the quality factor is lower. This 
clearly show the benefit of using a large transmission coil, as the coupling coefficient is 
improved. The test also show that using a full-wave bridge rectifier slightly reduces the 
power transferred. 

The results also show that the PCB implementation can transmit sufficient power at a 
larger distance between transmitter coil and receiver coil, even with a slightly smaller 
coil and lower current consumption, compared to the breadboard implementation. The 
amount of power transferred at short distances is much higher than needed, and the 
over voltage protection has to dissipate the extra power at distances up to almost 4 cm. 
Reducing the supply  voltage by half,  for  the PCB implementation,  can significantly 
reduce the power consumption of the transmitter. However, the maximum distance that 
sufficient power can be transferred is reduced to approximately 2.5 cm. The reduced 
supply voltage was not sufficient to stop the over voltage protection from limiting the 
received voltage at some distances.

 4.4  ASIC simulation results
In this section the simulation results of the proposed ASIC for the implantable device 

are presented. First simulation results concerning the stability of the bandgap reference 
and the voltage regulator are presented, as well as the current consumption and output 
noise  of  the  bandgap  reference.  Then  the  performance  of  the  combination  of  the 
voltage regulator and bandgap voltage reference is presented. This is followed by the 
simulation results  from the rectifier.  Finally,  the simulation of  the complete  ASIC is 
presented, followed by a summary and discussion of the simulation results. 

 4.4.1  Bandgap voltage reference
The open loop transfer characteristics of the bandgap voltage reference has been 

simulated to test the stability.

The Bode plot in figure 4.22 shows a low frequency open loop gain of 46.5 dB. The 
phase margin is 44°. The plot also shows a large phase shift slightly above 10 MHz, as 
well a reduction of the rate that the gain is reduced. The pole zero plot in figure 4.23 
shows that there are two zeros in the right half plane that is the cause of this phase 
shift.
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Figure 4.22: Bandgap voltage reference Bode plot.

Figure 4.23: Open loop pole-zero plot shows two zeros in the right half plane

The closed loop stability is shown by the root locus in figure 4.24. The two poles at 
low frequency starts to move further into the left hand plane after they split. However, 
the next two poles moves towards the right half plane, but the loop gain is too small to 
move the poles into the right hand plane. Therefore, the bandgap reference is stable 
and will not oscillate.
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Figure 4.24: Root locus for the bandgap voltage reference

The last stability related simulation result is the supply voltage step. The response to 
a voltage supply step is shown in figure 4.25. The output voltage shows a large peak at 
the instant that the step occurs and some ringing, but settles in less than 0.5 µs.

Figure 4.25: Supply voltage step response

As for the DC characteristics, the output voltage and current consumption is shown 
in figure  4.26. The line regulation Vout/Vdd is 239.5 µV/V in the range 1.8 V – 3 V and 
305.8 µV/V in the range 1.3 V – 3.5V. In the operation range, the current consumption 
is 5.2 µA. However, as stated earlier, the maximum current consumption happens at a 
lower voltage. The maximum current consumption is 14.6 µA and occurs at 1.2 V. This 
small value should not result in any start-up issues. 
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Figure 4.26: Simulated output voltage and current consumption of the bandgap voltage 
reference.

The simulated output noise is shown in figure 4.27. At low frequencies, the noise is 
dominated by the flicker noise of the input transistors in the amplifier. A small peak is 
shown between 1 MHz and 10 MHz due to the low phase margin.

Figure 4.27: Simulated output noise of the bandgap voltage reference
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 4.4.2  Voltage regulator
The stability of  the voltage regulator  was evaluated using open and closed loop 

simulations. The load used in the simulations is a 360 µA ideal current source. The 
supply  voltage  is  2  V  for  the  open  loop  AC  simulation.  The  open  loop  transfer 
characteristics of the voltage regulator is shown in figure 4.28. The phase margin is 80° 
and the gain-bandwidth is 5.3 kHz. This clearly shows that there are no stability issues 
at the intended operating point.

Figure 4.28: Bode plot for the voltage regulator

To  evaluate  the  stability  with  different  operating  points,  closed  loop  pole-zero 
simulations, with changing load currents and supply voltages have been used to create 
root locus plots. Figure 4.29 shows the root locus for changing supply voltage at a load 
current of 360 µA. Figure  4.30 shows the root locus for changing load current at a 
supply voltage of 3V. 
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Figure 4.29:  Root locus for load current of 360 µA, and supply voltage sweep 1.85 – 3.5 V.



The root locus shows that the voltage regulator will  remain stable for any supply 
voltage.  When the voltage is increased,  the poles move closer until  they split.  The 
poles then start moving primarily along the imaginary axis.

Figure 4.30: Root locus for load current sweep from 1 µA to 100mA, with a 3 V supply voltage.

Sweeping the load current instead shows that the stability margin is reduced when 
the load current is increased. However, the voltage regulator will not start oscillating at 
any load current. 

The step response, for both input step in figure  4.31, and supply voltage step in 
figure 4.32, confirm that there is no issue with the stability of the voltage regulator.
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Figure 4.31: Simulated input voltage step for the voltage regulator



Figure 4.32: Simulated supply voltage step for the voltage regulator

 4.4.3  Voltage regulator with bandgap voltage reference input
The  bandgap  voltage  reference  and  the  voltage  regulator  have  been  simulated 

together, to find the performance of the proposed circuit. 

First, the output voltage at the load was simulated with the supply voltage swept from 
1.1 to 3.5 V. The same simulation was run for different process corners. The results are 
shown in figure 4.33 and 4.34. The corners are denoted as two letters for the transistor 
corners,  where  the  first  letter  represents  the  NMOS  transistors  and  the  second 
represents the PMOS transistors. In the figures, t stands for typical, f for fast and s for  
slow. In addition to the corners for MOS transistors, corners for resistances and for the 
BJT transistors are included.
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Figure 4.33: Load regulation corner simulation for the reference voltage



Figure 4.34: Simulated load regulation over supply voltage and  corners.

The results show that the transistor variations have almost no impact on the results. 
The largest errors come from the resistor corners. The total variation from the nominal 
voltage at the typical corner with 2 V supply voltage over the range 1.85 V – 3.00 V is 
from -0.30 % to + 0.36 % for the reference voltage. For the load voltage, the resulting 
deviation from 1.8 V is from -0.32 % to +0.41 %.

The amount of current that can be drawn by the load before the load voltage drops 
1% below 1.8V was simulated. The results show that the limit is just over 10 mA, as 
shown by figure  4.35, when the supply voltage is 2 V. At the lowest possible supply 
voltage,  1.85 V, shown in figure  4.36, the current  is just  over 3 mA. Both of these 
values are much larger than what the sensor plus the microcontroller should be using.

Figure 4.35: Simulated load voltage vs load current at 2V supply voltage
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Figure 4.36: Simulated load voltage vs load current at 1.85V supply voltage

The simulated temperature dependence of the voltage regulator is shown in figure 
4.37. The temperature dependence of the bandgap voltage reference output is shown 
in figure 4.38, for comparison. The results show that the voltage increases more for low 
temperatures than for high temperatures. However, it  is unlikely that an implantable 
device would ever need to operate at a temperature lower than the body temperature, 
except  for  testing  purposes.  The  temperature  coefficient  TC  is  calculated  as: 

TC=(V max−V min) /(V nom ·ΔT )≈(V max−V min )/(V min ·ΔT )  (4.1)

The temperature coefficient is 17.64 ppm/°C, for the range 45°C– 100°C, and 23.75 
ppm/°C  for  the  range  25°C  –  45°C.  It  can  also  be  seen  that  the  temperature 
dependence curve has been shifted slightly towards higher temperatures, compared to 
the voltage references temperature dependence.

Figure 4.37: Temperature dependence of the load voltage.
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Figure 4.38: Temperature dependence of the reference voltage.

One  of  the  most  important  characteristics  is  the  power  supply  ripple  rejection 
(PSRR), defined as PSRR=20 log (Vload/Vsupply,  ac) for an AC voltage superimposed on 
the supply voltage. The simulated PSRR is shown in figure 4.39.

The results show that the load voltage has a lower PSRR than the reference voltage 
at low frequencies. This shows that the PSRR is limited by the voltage regulator. At 
high frequencies, the load voltage has a better PSRR. The explanation for this is that 
that the voltage regulator has a low bandwidth. Therefore, the high frequency variations 
in the voltage reference is not followed. Instead, the large capacitor in parallel to the 
load is filtering the voltage, resulting in a high PSRR. The worst load voltage PSRR 
value occurs for  a  supply voltage of  1.85V,  and is  -35 dB.  If  the  supply voltage is 
increased to 2V the PSRR becomes -54 dB.

Figure 4.39: PSRR simulation

The simulated output noise is shown in figure  4.40. Compared to the noise of the 
voltage references, the noise at the load is reduced at frequencies higher than 10kHz, 
because of  the limited bandwidth of the voltage regulator.  The 1 kHz spot  noise is 
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7.39 µV /√Hz , and is dominated by the noise of the bandgap circuit. A table of the 
noise contributors is included in appendix A.

Figure 4.40: Simulated output noise of the voltage regulator and bandgap 
voltage reference.

 4.4.4  Rectifier
The simulations have been used to test two of the most important functions of the 

rectifier.  The ability to limit  the input  voltage and the power dissipation during high 
efficiency operation.

The voltage limiting capability was simulated with an ideal AC voltage source as the 
input to the rectifier. This gives a lower bound for the amount of power dissipated at a 
certain input voltage. The real power dissipation should be higher due to distortion of 
the input voltage. A lower bound will give an idea of how much power can be received 
without damaging the circuit due to large voltages.

For  comparison,  another  AC voltage source was  connected to a voltage limiting 
circuit  consisting of  8 diodes.  The diodes are all  sized 50 µm x 50 µm, to achieve 
similar voltage limiting capability as the rectifier. The test circuit is shown in figure 4.41. 
To avoid overestimating the power consumption of the rectifier, the resistive load was 
set to 1 TΩ, and the current source to 0 A.

The length of the simulation was selected to be long enough, at each voltage level, 
to  reach steady state.  The power  dissipation  was found by multiplying  the voltage 
waveform  of  the  voltage  source  with  the  current  waveform.  This  gives  the 
instantaneous  power  dissipation.  To  find  the  average  power  dissipation,  the 
instantaneous  power  dissipation  of  the  last  50 µs  of  the  simulation  interval  was 
averaged. The results are shown in table 4.3. 
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Figure 4.41: Schematic used for voltage limit test

AC voltage Average diode power loss (mW) Average rectifier power loss (mW)

2.5 0.018 0.102

3 2.03 2.48

3.5 15.8 14.8

4 38.7 42.0

Table 4.3: Table of power dissipation vs AC peak input voltage

The results show that the amount of power dissipated by the rectifier is close to the 
amount  of  power  dissipated  by the diodes for  input  voltages  between 3V and 4V. 
However, at 2.5 V the rectifier is dissipating significantly more power than the diodes. 
At this input voltage, the power dissipation is increased because no load is used. The 
rectified voltage then becomes higher than it would be with a load. The higher voltage 
causes the voltage limiting circuit to dissipate more power. Some of the power is also 
lost due to rectification and biasing, and would be lost anyway when supplying power to 
the rest of the circuits.

The DC characteristic of the voltage limiting circuit in the rectifier is shown in figure 
4.42. The current in the diodes of the rectifier increases exponentially up to a load 
voltage  of  2  V.  At  this  voltage,  the  diode  current  is  approximately  of  the  same 
magnitude as the current from the biasing. The increase is then slightly slower than 
exponentially because of the input impedance of the current mirror. The total current is 
relatively constant from 1.2 V to 1.9 V. At higher voltages, the current starts to increase, 
reaching 100 µA close to  2.4 V.  This  shows that  the  voltage limiting  circuit  of  the 
rectifier will have very small impact during high efficiency operation. 
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Figure 4.42: DC Current characteristics of the voltage limiting circuit of the rectifier

To simulate the high efficiency operation, a model of an inductive link was used to 
provide the input power. The power transmission side was modeled as a series tuned 
power transmitter. The inductance 2.35 µH and resistance 1.6 Ω were taken from the 
measurement of the coil on the PCB implementation of the reader device. The voltage 
source was an ideal 0.48 V sinusoidal at 10.75 MHz. This sets the maximum current to 
0.3 A, for k=0. For the power receiving side, the input of the rectifier was connected to 
a parallel  LC circuit  with  an ideal  capacitor  and an inductor  with an inductance of 
737 nH and a resistance of 0.764 Ω.

The  coupling  coefficient  was  k=0.0032,  resulting  in  a  maximum  load  voltage  of 
1.958 V. The load of the rectifier was a 10 nF capacitor and a 370µA DC current. To 
speed up the simulation, the load voltage was set to 1.8 V at the start of the simulation. 
A part of the resulting waveforms are shown in figure 4.43.

The rectifier achieves an efficiency of 83.8 %. The efficiency η was found from the 
simulation by taking the average of  the instantaneous output  power  divided by the 
average of the instantaneous input power:

η=
Pout ,avg

Pin , avg

=
( iout⋅vout)avg

( iin⋅(v in , p−v in ,n))avg

The voltage drop was found as: max(Vin+ – Vin-) – max(Vout)= 380 mV. This shows that 
the voltage drop is comparable to a Schottky diode. The average power loss in the 
rectifier was found to be 139 µW from taking the difference of the input and output 
power.
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Figure 4.43: Rectifier high efficiency simulation

 4.4.5  Complete system start-up simulation
The complete system has been simulated to test both the start-up behavior and data 

transmission. The external reader device was implemented similar to the reader PCB 
module presented in figure 3.5. However, the oscillator was changed to an ideal pulse 
voltage  source,  the  inverters  in  the  PA  were  replaced  by  switches  with  10  Ω 
on-resistance and the amplifier chain was removed. An high pass filter at the output of 
the envelope detector was included to keep the loading of the envelope detector the 
same.

For  the  implantable  device,  the  values  in  section  3.3 were  used.  The  coupling 
coefficient k=0.0387 was used to cause maximum steady state power transfer, and to 
reduce the length of the simulation.  The load of  the ASIC is an 5 kΩ resistor.  This 
resistor consumes 360 µA from the 1.8 V output of the voltage regulator. The simulation 
result is shown in figure 4.44.
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The simulation shows that the start-up happens in different phases. In the first phase 
between simulation start  and marker 1,  the capacitor  C2 is charged while  the bias 
circuit has not yet started. At marker 1 the bias voltage source turns on, causing the 
bandgap reference voltage, the voltage regulator and the biasing for the rectifier to turn 
on. Between marker 1 and 2 the load capacitor C3 is charged at the same time as C2 
is slowly charged to increase the unregulated supply voltage from 0.76 V to 1.86 V. 
Between markers 2 and 3 the load voltage is kept stable as the unregulated supply 
voltage increases until the over voltage protection limits the voltage. The peak input 
voltage to the rectifier is kept below 3.47 V and the supply voltage at C2 is below 3.05 
V at all times. After marker 3, a square wave is driven on the Tx input of the rectifier. It  
can be seen that the data transmission generates a very strong signal due to the high 
coupling coefficient.

 4.5  Overall simulation results
In this section a short summary of the simulation results is given, as well as some 

results not included in the previous sections.
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Figure 4.44: Transient start up simulation. The top strip shows the received DC voltage. The second strip  
shows the regulated output voltage to the load. Strip 3 shows the voltage at the reader envelope detector. 
Strip 4 shows one of the input voltages to the rectifier with respect to ground. Strip 5 shows the voltage 
over the coil in the reader device. 



The simulation results show that both the voltage regulator and voltage reference 
circuit are stable. The voltage reference has some issues due to a low phase margin. 
This causes ringing in the supply voltage step test. However, the low bandwidth of the 
voltage regulator prevents this from affecting the load voltage.

The  total  minimum  voltage  drop,  calculated  from  the  AC  input  voltage  to  the 
regulated DC output voltage, of the ASIC is approximately 430 mV. This value has 
been calculated by combining the simulated voltage drop of rectifier with the voltage 
drop  of  the  voltage  regulator.  Therefore,  an  AC  voltage  of  2.23 V  is  required  to 
generate  the  1.8  V  output  voltage.  This  is  significantly  better  than  the  PCB 
implementation, where the voltage regulator requires a DC voltage of 2.3 V as input. 

The DC current consumption of the ASIC has been simulated by placing a voltage 
source in parallel to C2, as shown in figure 3.12. This allow the voltage source to be 
used as power supply for all components. The results are listed in table 4.4:

Circuit block DC current consumption at 2 V

Bandgap voltage reference 5.22 µA

Voltage regulator 4.87 µA

Bias generation 0.39 µA

Rectifier 6.48 µA

Total current consumption 17.0 µA

Table 4.4: DC current consumption of all ASIC blocks

It can bee seen that the total current consumption is low in comparison to the 360 µA 
current that can be delivered by the ASIC to the sensor.
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 5  Conclusions and future work

 5.1  Conclusions
A system for inductive power transfer and communication has been proposed in this 

thesis.  The  proposed  system  consists  of  one  external  reader  device  and  one 
implantable device.  The external  reader  device transmits power  and receives data. 
The implantable device harvests power transmitted by the external reader device. The 
harvested power is used to provide a regulated supply voltage suitable for a sensor, 
including a microcontroller. In addition to providing the supply voltage for a sensor, the 
implantable device transmits data from the microcontroller that should be included with 
a sensor used with the proposed system. Both devices have been implemented in 
different versions. The external reader device has been implemented on a PCB, and on 
a breadboard. The implantable device has been implemented on a breadboard, on a 
PCB and as an ASIC. These implementations of the implantable device will be refereed 
to as implantable device prototypes in the rest of this section, for readability. Since this 
thesis  focuses  on  power  transmission  and  communication,  all  implantable  device 
prototypes transfers power to a resistive load instead of an actual sensor. In the PCB 
implementation the sensor is represented by both a resistor and a microcontroller, to 
allow the power consumption to be measured and the microcontroller to be used to test 
the data transmission. However, the amount of power that can be transferred will not 
change if the type of load is changed to an actual bio-sensor instead of a resistor, as 
long as the power  consumption is  the same.  Therefore,  conclusions can be made 
regarding the performance of  any type of  implantable  device using this  system for 
power transfer.

Measurements on the PCB implementations has shown that enough power can be 
harvest to provide a 360 µA supply current at a regulated 1.8 V supply voltage. This 
amount of power can be transmitted approximately 4.5 cm is air using a coil with a 
diameter of 1 cm for the power harvesting circuit. Furthermore, the system showed no 
change when a hand was placed between the coils. It can therefore be concluded that 
the system would also work with an implantable device located inside the body. It is 
reasonable  to assume that  if  a  hand does not  affect  the  system,  then the system 
should not stop working when the implantable device is inside the body of a person. At 
worst, the distance that sufficient power can be transmitted could be slightly reduced 
when the implantable device is located inside the body of a person.

The distance power can be transferred can be increased even further by increasing 
the quality factor of both coils. For the PSC in the external reader device, the measured 
quality factor was lower than the simulated value. This could be because of inaccuracy 
during manufacturing, inaccurate simulation or measurement error. It is not possible to 
tell what the source of error is. However it is possible to increase the quality factor as 
shown in [9], where a PSC with a quality factor of 128 is used. 

A higher quality factor can also be achieved for coils used in implantable devices.  In 
[9], a 10 mm x 10 mm one layer square coil with a quality factor of 60 is used. It is not  
unreasonable to assume that by using more layers, thicker copper and a circular coil, 
the quality factor could be increased to more than 65, the value used in the simulations. 

The large operating distance of the system, as shown by the PCB implementation, 
can allow convenient  reading of  an implantable sensor.  Because of  the range,  the 
external reader can be held outside the clothes. The maximum possible distance will 
be further increased by using the ASIC implementation, due to the significantly reduced 
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voltage drop and improved efficiency.

The part of the circuit in the external device used to receive data, has been shown to 
work for data encoded with the coding scheme proposed in the thesis.  It  has been 
shown that  the same circuit  does not  work for  long burst  of  non coded data.  The 
problem occurs when the output is clipping. When this happens, the DC level of the 
input signal and output signal becomes different. When the output is clipping, the DC 
level of the output is  V out , DC=V DD⋅ρ0 , with  ρ0 being the percentage of '0':s in the 
transmitted data. If  more than 20 % of the bits are zeroes, C7 is charged until  the 
voltage reaches the output DC level or the voltage is too close to the positive peaks of 
the input signal to cause the output to clip. It can be concluded that the circuit is not 
suitable to receive non coded data. However, the circuit in figure 3.5 can be modified 
by removing R4 and replacing C7 and C9 by short-circuits. This modifications will make 
the receiver capable of receiving any form of data. However, the modifications would 
make the output DC level sensitive to opamp input offset voltage. In addition, the circuit 
would  also  become more  sensitive  to  low frequency changes  in  the  input  voltage 
caused by movement of the devices.

The use of a trim capacitor in an implantable device is impractical due to the size,  
and using a fixed capacitor could be problematic, unless the coils in the implantable 
device can be manufactured with high precision. It might be necessary to change the 
frequency  of  the  external  device  to  compensate  for  the  variations  in  inductance, 
requiring  a  different  matching  network  and  oscillator  to  allow the  frequency  to  be 
changed.

The system has been shown to deliver 648 µW at a regulated supply voltage of 
1.8 V.  However,  this  is  the power  available  at  the  maximum operation distance.  At 
shorter distances, the system can transfer several mW.  This has been shown by the 
power transfer measurements, where a voltage of approximately 4 V was established 
over a 6.67 kΩ resistor. This gives a dissipated power of more than 2 mW. However, in 
addition to the power dissipated by the resistor, the voltage limiting LEDs were turned 
on, dissipating an unknown amount of power. Based on this, it can be said that any 
low-power implantable sensor can be powered by inductive coupling if the implantation 
depth is small.

The data transfer has only been tested for a maximum raw bitrate of 12900 bit/s. At 
this  bitrate,  data  has been transferred from the implantable  device  to  the external 
device. The data was then sent to a computer, where it was shown on the screen.  No 
errors were detected in  the data,  as long as the supply voltage of  the implantable 
device was stable. Waveforms for data rates up to 62500 bit/s have been inspected 
and  shown to  be  possible  to  receive.  This  shows  that  the  system is  sufficient  for 
sensors with moderate data transmission requirements. 

Considering the safety of the system, the main concern comes from power absorbed 
by the body. While the safety of the proposed system has not been considered in the 
thesis, a comparison to a similar system can be made. In [31], it is shown by simulation 
that a system with a 26 mm x 26 mm transmitter coil, 1 W power source operating at a 
frequency of 13.56 MHz, and a 10 mm x 10 mm receiver coil have a SAR less than 
1.6 W/kg, and is therefore below the IEEE C95.1 safety limit. Because the power used 
by the proposed system is one order of magnitude lower, and a larger transmitter coil is 
used, spreading the power over a larger volume, the proposed system should be safe.
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 5.2  Future work
Some suggestions for possible work in the near future are :

• Combining the proposed ASIC with a sensor.

• Modifying the proposed ASIC to derive a clock signal by using the AC voltage 
over the coil, that is used to receive power. By using this clock signal as an 
external clock for the microcontroller, the internal oscillator could be turned off. 
This could significantly reduce the power consumption. To be able to recover 
the clock during data transmission, 1 or 2 diodes could be inserted in series 
with the transistor used for short-circuiting the coil. This will keep the AC voltage 
high enough to reliably recover the clock. The microcontroller could eventually 
be replaced by an ADC and dedicated logic, integrated in the same IC as the 
rest of the system, reducing the size of the circuits in the implantable device.

• If  a different  coding scheme is  going to be used,  the amplifier  chain in  the 
external device should be changed. Using larger codewords could reduce the 
bitrate overhead of the coding scheme. However, both sending and receiving 
data would have to be implemented in software, possibly increasing the power 
consumption.

• Increasing the efficiency of the external device by using a class E PA with sine 
wave input and input matching network. Using a matching network to drive the 
PA could almost eliminate the power consumption caused by the large input 
capacitance. 

• Optimize the quality factor of the coils, especially for the implantable side taking 
into consideration the packaging of the device.

• Add a feedback loop for controlling the transmitted power. By transmitting the 
received voltage level back to the external device, the transmitted power could 
be changed accordingly. This could increase the efficiency at short and medium 
distances, as well as reducing the amount of power that has to be dissipated by 
the voltage limiting circuit.

• The  external  reader  device  could  be  modified  to  dynamically  change  the 
frequency based on the resonant frequency of the LC circuit used to receive 
power for the implantable device prototype. This would require changes in the 
oscillator,  PA and  matching  network.  However,  it  could  allow  the  resonant 
frequency of the LC circuit  used for power harvesting to have low accuracy. 
Therefore, components with lower accuracy could be used for power harvesting 
in an implantable device, without the need of a trim capacitor.

• Add  an  on-chip  calibration  capacitor  structure  to  the  presented  ASIC 
implementation. This structure could be used to tune the resonant frequency of 
the power  receivers LC circuit.  This  could  be used instead of  changing the 
frequency, but the capacitor structure would need to maintain the capacitance 
even when no power is available. If the capacitance is not kept constant when 
the circuit is powered off, the start-up distance would be significantly reduced by 
having the LC circuit detuned.

• The voltage limiting circuit could be improved by replacing the 3 diodes with a 
PMOS transistor having the gate connected to the output of a comparator. This 
could allow a much faster rise in power consumption than the diodes once the 
voltage exceeds the level set as reference for the comparator. 
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Appendix A Noise contributions
The devices starting with /I0/ are located in the bandgap reference circuit and the 

devices starting with /I1/ are located in the voltage regulator. 

1khz spot noise, total Summarized Noise = 7.40582e-06 V/sqrt(Hz).
Device Type of noise Noise Contribution V/sqrt(Hz) % Of Total

/I0/M1 Flicker noise 3.84103e-06 26.90

/I0/M0 Flicker noise 3.84095e-06 26.90

/I0/M0 Thermal noise 3.27037e-06 19.50

/I0/M1 Thermal noise 3.26998e-06 19.50

/I0/M3 Flicker noise 9.29876e-07 1.58

/I0/M2 Flicker noise 9.2318e-07 1.55

/I1/M12 Flicker noise 6.70603e-07 0.82

/I1/M13 Flicker noise 6.59847e-07 0.79

/I0/M3 Thermal noise 6.52765e-07 0.78

/I0/M2 Thermal noise 6.48854e-07 0.77

I0.R2.rppoly_h.rBulk thermal_noise 2.7785e-07 0.14

I0.R2.rppoly_h.rBulk flicker_noise 2.63717e-07 0.13

Table 1: Table of spot noise at 1kHz.

Integrated noise from 1 Hz- 1Ghz.
Device Type of noise Noise Contribution (V) % Of Total

/I0/M1 Flicker noise 0.000426912 29.82

/I0/M0 Flicker noise 0.000426903 29.82

/I0/M0 Thermal noise 0.000321797 16.94

/I0/M1 Thermal noise 0.000321755 16.94

/I0/M3 Flicker noise 8.89205e-05 1.29

/I0/M2 Flicker noise 8.82801e-05 1.28

/I1/M12 Flicker noise 7.45342e-05 0.91

/I1/M13 Flicker noise 7.33388e-05 0.88

/I0/M3 Thermal noise 6.42309e-05 0.68

/I0/M2 Thermal noise 6.38453e-05 0.67

I0.R2.rppoly_h.rBulk thermal_noise 2.73397e-05 0.12

/I1/M10 Flicker noise 2.49201e-05 0.10

I0.R2.rppoly_h.rBulk flicker_noise 2.49116e-05 0.10

/I1/M11 Flicker noise 2.49061e-05 0.10
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Appendix B Schematic of the PCB version of 
the external reader device 
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Appendix C Schematic of the PCB version of 
the implantable device
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