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Abstract: General

In order to increase the integration level of the TV-tuner, it is necessary
to replace the existing air-coil by coils on the Printed Circuit Board (PCB).
The simulations of coils on PCB are done with the Fasterix simulation
tool. Fasterix is developed by the Electronic Design & Tools (ED&T)
Philips department, and makes it possible to simulate the coil behavior.
Possible simulations of the coil parameters such as inductance value and
quality factor, as well as measurements are done.

Problem definition

Is it possible to reach the needed quality factor and inductance value by
using the coils on PCB?

How accurate are the Fasterix simulations with regard to the inductance
value and quality factor?

Tasks

Learn to work with simulation tools and designing coils on PCB in a
simulation tools. Determine the quality factor and inductance value of
different coil shapes on different kind of PCB material. Create a design for
correct measurements, in order to confirm the simulated results with
measurement results.

Making of coils on PCB (for measurements). Measure the designed
coils and give feedback for these designs. Report the taken steps in order
to make the used method reproducible.

Written and oral representation to a principal.

Objective

The objective is to design different kind of coils on PCB with the help
of simulation tools.
A comparison of simulation with measurement results will be done.
Designing of coils for a possible integration in the TV-tuner circuit.
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Results

Influence of the coil shape and PCB material on inductance value is
defined by Fasterix simulations and measurements. The needed inductance
value is reached and by changing PCB coil dimensions other values can be
created. Simulation results of Fasterix correspond with measurement
results. Quality factor of a single coil is rather high (Q > 100).

Implementation of the two coils in the tracking filter is done. The con-
ditions of the tracking filter are almost feasible.

v

Conclusions:

Conclusions

By changing the coil shape/size the needed inductance value can be
reached. Simulations confirm this as well as the measurements. Deviation
between simulated and measured inductance value is negligible. For a
single coil the quality factor is high, but implementing a coil in a circuit
results in a lower quality factor. Because the quality factor is easily influ-
enced by the skin effect and other losses the simulation results are not
corresponding for high frequencies (f > 600MHz) with the measurement
results. Still Fasterix simulation tool provides an approximation of the
quality factor behaviour.

It is possible to implement the coils on PCB in the trackingfilter. The
suppression of image frequency with —50dB is feasible. The dimensions of
the layout are satisfying. By fine tuning the coils and the layout it is
possible to realise the frequency range of 400MHz to 800MHz and a
relation of wanted and image frequency of 5/3RF.

Recommendations

In order to higher the quality factor several ideas are existing. Main idea is
to optimise the PCB design, meaning that the parasitic capacitance is as
low as possible. Also by removing the groundplane underneath the coil can
result in higher quality factor. Possibility of two parallel coils on PCB and
its influence on the quality factor has to be examined. For all these possi-
bilices the Fasterix simulation tool can be used, whereby the full frequency
range (all losses included) is necessary for a realistic approximation of
quality factor.
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1 Introduction

In the Integrated Transceivers department (reference [11]) of Philips Research a new TV-tuner concept has
been defined. A TV-tuner adjusts the received signal (coming from air or antenna) for further demodula-
tion. Today’s TV-tuners contain about thirty air-coils, which are mostly used for an analog filter-circuit.
These air-coils are mostly manually aligned, which leads to an expensive TV-tuner. Within the project
group a new concept of receiving the TV-signal has been developed, which makes it possible to reduce the
size of a TV-tuner or even integrate it and make it adjustment-free.

Figure 1-1 shows one of the first TV-tuners (at the back), followed by the current versions (front left and
right) and the possible future version of the TV-tuner in chip-form (front middle).

Figure 1-1 Past, present days and possible future TV-tuners.

1.1 Problem

One of the problems of the new TV-tuner concept is that the integrated TV-tuner still contains air-coils.

To replace the air-coils by planar coils, several parameters must be studied. For example, to see whether a
high quality factor (20 or more), of the coil on PCB can be achieved. A coil has non-idealities like resistor
and parasitic capacitance that disturb the coil behavior in a certain frequency range. To make sure that the
coils behave inductive, the limitations must be investigated and reported.

1.2 Idea

Study whether it is possible that the simulation tools can simulate the inductance value and quality factor
of a coil on PCB.Design and simulate the behavior of coils on PCB with the simulation tool Fastrix (figure
1-2). Fasterix is developed by ED&T (reference [12]) , for IC-design as well as PCB design for analog and
mixed applications. Fasterix will help to comprehend the coil behavior and find out the advantages and
disadvantages of coils on the PCB. Both the quality factor and the inductance value will be simulated. The
accuracy of the simulation can be evaluated by the measurements.

—— >

Figure 1-2 Air-coil and PCB coil.

Koninklijke Philips Electronics N.V. 2001 1
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1.3 Tasks

Research

Study of the existing documentation about coils on PCB as well as study of the basic coil theory their
behavior. Study of different simulation tools (Fasterix, Momentum, ADS-Schematics and Pstar).

The measurement environment and the possibility of making a PCB-layout have to be inquired.

Simulation

Calculation and simulation of the PCB coils behavior can be done with the EM simulation program
Fasterix. Fasterix calculates the electromagnetic field of a designed coil by solving the Maxwell equations.
This makes it possible to simulate the inductance value and the quality factor of a coil. Simulation results,
simulation methods and the considerations that have been made must be critically evaluated.

Measurement

The accuracy of the simulation results will be confirmed by measurements of the designed PCB coils.

The measurement environment is used as a reference for the simulation, to make sure that the results are
compatible.

Evaluation & Report

The procedure and recommendations will be clearly documented. The simulation tools have to be evalu-
ated. Simulation and measurement results must be compared and the possible difference reported. Positive
results about the quality factor and behavior of the coil will lead to an integration of the designed coils into
a TV-tuner circuit. One of the important tasks is writing the report. The report will contain a short repre-
sentation of the steps that have been done during the accomplishing of the assignment.

1.4 Aim

Study the influences of different coils-shapes (on PCB) on the inductance value and quality factor by
simulations with Fasterix and ADS-Schematics. Study the possibility of achieving the wanted inductance
value and quality factor using simulation tools as well as confirming the simulation results by measure-
ment. Implementation of designed coils into the TV-tuner circuit.

1.5 Method of research

The method of research is similar to a BOTTOM-UP method as shown in figure 1-3. Studying the coil
behavior starts from the basics. This includes getting familiar with the simulation tools, deriving possible
equations for the inductance value and build other theoretical knowledge.

The simulation and measurement results will be compared and reported. The evaluation of the interface
between simulation tools, Fasterix and ADS, is also necessary.

Research Simulation ——® Measurement B Circuit Implementation

Evaluation .————

Figure 1-3 BOTTOM-UP research method.

At the end of the assignment, the necessary conclusions and recommendations will be reported. Possibility
of integration of designed coils into the TV-tuner circuits will also be investigated and possible implemen-
tation of the coils into a TV-circuit will be done.

2 Koninklijke Philips Electronics N.V. 2001
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2 Theoretical background

Coils are used in a number of different applications and like capacitors (Appendix A.3) and resistors are
passive components. Different kind of coils exists for different applications. In energy techniques coils are
used as transformers and current limited elements. RF coils are used in filters, resonance and tunable
circuits. Air-coils in a TV-tuner circuit are mainly used in filter or tuner circuits. The several coil parame-
ters have a great influence on the quality factor and inductance value. To understand the behavior of a PCB
coil, first the general basics of coils are studied. The behavior of the tracking filter with coils on PCB must
be the same as with air-coils in order to replace the air-coils with coils on PCB. Therefore the behavior of
the tracking filter is studied. The properties of a microstrip are also studied, because they are needed when
measuring the coils. Different simulation tools such as ADS, Momentum and Fasterix are used to simulate
the coils on PCB.

2.1 Coil basics

To understand the behavior of coils in general, documentation has been studied (reference [B7]). In this
section the basic coil theory will be represented, as following:

- DC-behavior - Quality Factor

- AC-behavior - Skin effect

- Non-ideal coil

2.1.1 DC-behavior

In figure 2-1 the coil is connected to a DC-source. At the moment that switch ‘S’ is closed, the current ‘I; ‘
and the voltage ‘U;’ will behave as given in formula [2-1].

When the current reaches the maximum value, I, o = Uy , the voltage ‘U.° reduces to zero and the
coil functions as short-circuit. ’ R
U Re R )
IL=Rb.(1_el u,=U,- e L [2-1]

S —
3

S R I
+
Uy L U

Figure 2-1 DC-behavior of the current and voltage across a coil.
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2.1.2 AC-behavior

In figure 2-2 the coil is connected to an AC-source. If the AC-source provides a sine-shaped signal then it
appears that ‘i, ‘ and “u;‘ are also sinus signals with a phase difference of 90 degrees.
The impedance and the AC-voltage of a coil are given by formula [2-2].

A

Z=jo L u, = [2-2]
dt

iy
Yy T - L Tu L

Figure 2-2 AC-behavior of the current and voltage across a coil.

Time
(s)

2.1.3 Non-ideal coil

An ideal coil consists of a conductor without any losses, thus only self-inductance is generated.
In practice, a coil always has an unwanted behavior caused by the parasitic capacitance’s and the internal
resistance. To understand the coil behavior, an approximation-circuit that represents the non-ideal coil is
derived, where L, C, and R are considered constant as shown in figure 2-3. For this approximation-circuit a
transfer function H(jo) (reference [B8]) can be derived as shown in formula [2-3] and thus the magnitude,
real and imaginary functions can be derived and plotted by using formulas [2-4], [2-5] & [2-6].

i

Figure 2-3 Non-ideal coil.

z7="—H(jwy=— IO+ R [2-3]
i (jo)'LC + joCR +1
\H(ia))\J joL+R | NI 0+ R [2-4]
TGy L+ joCR+1| T ¢t @ (P 0 +R)-2 C L o’ 11

SIm(H(jo)) = 3m joL+R __ )_ ® (L-C (I’ o +R") [2-5]
h T\ (o) LC+ joCR+1  C* @* (I @*+R)-2 C L o*+1

Re(H(joy-nd —JOLHR VR 2 [2-6]
(joYLC+joCR+1 C @ (L @ +R)-2C L o +1
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In figure 2-4 the values L, C, and R-values have been chosen as indicated and the transfer function of this
coil is analysed. When the frequency increases the values of parasitic capacitance and impedance losses
increases too. This means that at a certain point the impedance of the inductance is equal to the impedance
of the parasitic capacitance. This is called the resonance frequency fy (wy=2 7 fy). At higher frequencies
then the resonance frequency the will not behave as an inductance but as a capacitance.

At lower frequencies the resonance frequency can be approached using formula [2-7]. At much higher
frequencies the internal resistor increases because of the skin effect, and thus the created approximation-
circuit, do not provide an accurate representation of coil behavior.

]
~N— [2-7]
Jo 27 \L C

H(j)

2668
6660

3000

1.002 18°5 1.884 18"5 1.886 18"5

-3000

—6000

C=1e6
L=1e3
R=1e-2

Figure 2-4 Transfer function example.

2.1.4 Quality factor

The quality factor (reference [B10], [B11]) of an inductor is an important coil parameter if coils are used in
low loss circuits and narrow-band tuned circuits. The quality factor is generally represented by formula 2-8

(Ogen)-

2 7 energy stored

gen —

energy loss in one oscillation cycle
[2-8]

Qcomplex = - Re(UR)
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A complex vectorial presentation of the quality factor is shown in figure 2-5. Using the complex represen-
tation of coil model, it is much easier to calculate the quality factor value (formula 2-8 Q.ompie.). For an air-
coil a high quality factor (Q > 200) can be reached. A high quality factor means that the internal resistance
is very low, and therefor the losses are low.

The quality-factor is related to:
- Bandwidth - Conductor width to spacing ratio
- Inductor outside diameter - Selectivity
- inductance and resistance of coil

Imag

Ug

Figure 2-5 Vectorial voltage representation of a coil.

2.1.5 Skin effect

The skin effect (reference [B7]) is caused by the alternating magnetic field, which pushes the current to the
outside of the conductor. The current density in the centre becomes smaller than at the outside of the
conductor. When the frequency increases the skin effect increases. At very high frequencies the current
only flows through a thin layer at the surface of the conductor. This results in an increase of the resistance
and a decrease of the quality factor. The current distribution through a conductor can be calculated, but in
most cases it is only possible with difficult mathematical formulas. The current density in the surface of a
conductor decreases with a certain depth. The depth where the current density decreases to 37% of the
original current density at the surface, is called skin depth (formula 2-9). If the skin depth is known, a
prediction of the current distribution can be made. In case the trackwidth is many times the skin depth, the
current will be concentrated near the outer edges of the conductor.

6
S = % [2-9]
\7 [ u

where: & = skin depth  (mm)
p = resistivity (ohm m)
f = frequency (Hz)
U = permeabilty = u, u,

6 Koninklijke Philips Electronics N.V. 2001
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2.2 Coils on PCB

James Clerk Maxwell (1831-1879) is responsible for the theoretical prediction of the EM-fields behavior
(reference [Bl] & [B2] & [B3]). The approximation of the inductance value of a coil on PCB coil can be
calculated by the Maxwell laws. For a manual approximation of the DC inductance value, Maxwell’s
equation is far too complex, that’s why the calculation is done by much simpler formula, such as Wheelers
and Current Sheet expressions, more formulas are mentioned in appendix A2.

Modified Wheelers (1927) formula [2-10] provides a rather accurate (2%) approximation of inductance
values and can be used for calculating the DC inductance value of different shapes of PCB coils, as shown
in figure 2-6. The coefficients K1 and K2 are layout dependent and are shown in table 2-1.

Also, the Current Sheet formula [2-11] provides a rather accurate (2%) approximation of DC inductance
values. The coefficients ¢y, ¢,, c; and c4 are layout dependent and are shown in table 2-2.

Modified Wheeler expression:

L=K, u, ﬁ (H) [2-10]
2

Current Sheet expression:

2

/’lO n dav Cl 2
Ly = : s “Uinle, / p)+c,p+e,p?) (H) [2-11]
Where: =4 7 107

n = number of turns

dout = outer diameter [m]
din = inner diameter [m]
dan = % (dout + din ) [m]
p =d out d in [m]
d out + d in
Square Hexagonal Octagonal Circular
THW ——
(.
do
5 Tt s
Figure 2-6 Different coil shapes.
Layout K4 K, Layout C C) c3 Cy
Square 2.34 | 2.75 Square 1.27 |2.07]0.18 | 0.13
Hexagonal 2.33 | 3.82 Hexagonal | 1.09 | 2.23 | 0.00 | 0.17
Octagonal 2.25 | 3.55 Octagonal 1.07 |[2.29]0.00 | 0.19
Circular 2.09 | 3.33 Circular 1.00 | 2.46 | 0.00 | 0.20
Table 2-1 Coefficients for Modified Wheeler Table 2-2 Coefficients for Current Sheet Expression.

Expression.

Different inductance values are needed for the TV-tuner circuit. To determine the most suitable shape for
the coils, modified Wheeler and Current sheet expressions are used as a start up. For the AC-behavior of a
coil model Fasterix simulations are used.

Koninklijke Philips Electronics N.V. 2001 7
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2.3 Tracking filter

The tracking filter (reference [B12],)is a part of a TV-tuner circuit and is used for pre-selection of the
wanted channel and suppression of the image channel. Both wanted (Rg-frequency) and image channel are
down-converted in a Re-mixer with a local oscillator frequency (LO) (figure 2-7) that results in a frequency
spectrum shown in figure 2-8. The RF- and image frequency fold on the same frequency, which eventually
results in a distortion of the TV-image.

LO
A RF-mixer
Wanted Image
signal
>
RF LO  53RF
OHz 4/3 RF 4

Figure 2-7 Mixing RF- and image frequencies with a LO frequency in the RF-mixer.
A

0Hz 1/3 RF r

Figure 2-8 RF-mixer output.

The tracking filter is used to reduce the distortion of the TV-image. This is done by suppressing the image
frequency as shown in figure 2-9 & 2-10.

LO
A Tracking filter
Wanted Image
signal
>
OHz RF 43RF Y¥/3RF £
Figure 2-9 Tracking filter functions.
A
4
OHz 1/3 RF f

Figure 2-10 RF-mixer output with the use of a tracking filter. Image is suppressed.
8 Koninklijke Philips Electronics N.V. 2001
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The tracking filter consist of a tuneable LC resonance section (4 in figure 2-11) with an input coupling
inductor (B in figure 2-11). The tuneable LC section consists of a coil and varicap. A varicap is a diode, in
which the depletion layer can be varied by a voltage. This results in a capacitance which can be adjusted by
varying this voltage. In the application used capacitance can vary from 2pF (V.. = 30V) to 18pF (Ve =
0V). The tunable LC section consists of a serial and parallel LC-filter where the resonance frequency is
1

27zl LC

calculated: 1y =

Coupling
inductor

B % gz ~— Varicap

() Signal
In

Vtune

L

Figure 2-11 Schematic tracking filter.

The parallel LC-filter is a bandpass filter (figure 2-12) and the serial LC-filter is a bandstop filter (figure 2-
13). These two filters are used to select the wanted frequency and to suppress the image frequency. The
resonance frequency of the bandstop filter is 5/3 RF and of the bandpass filter 3/3 RF. The behavior of
these two filters used together is shown in figure 2-14. If the capacitance of the varicap increases, the
resonance frequency of the filters decreases. By using this concept the wanted frequency can be selected.
The curve shown in figure 2-14 will move to the right or to the left.

B
Z A -
—— o
| r o>l %
Mo B

Figure 2-14 Bandpass filter.

Figure 2-12 Bandstop filter.
2t

| —
RF 5/3RF f

Figure 2-13 Behavior a tuneable LC resonance section.

Koninklijke Philips Electronics N.V. 2001 9
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2.4 Microstrip

Reflections occur when the characteristic impedance of the track and/or the load are not equal to the
characteristic impedance of the source. Tracks that have a fixed characteristic impedance are called ‘micro-
strips’. The characteristic impedance of track should be equal to the characteristic impedance of the source
and can be manipulated by:

- Adjustment of the height (t) or the width (w) of the track

- Distance between tracks and the distance between the track and the groundplane (w)

- Choice of PCB material (g,)

A microstrip is made of a groundplane, metal strip with a special width (%), a thickness () and a substrate
with a certain thickness (%), as shown in figure 2-15.

W H (Magnetic field)

—
Substrate E (Electrical field)

Groundplane

Figure 2-15 Cross-section of a microstrip.

Because the electrical field (E) of a microstrip flows through the dielectric media’s of the PCB material (g,)
and air (&), a new parameter & is introduced where: gy < g, < &;

The effective dielectric constant (g.) of a microstrip can be calculated with formulas [2-12] to [2-15].
For more information see reference [16] & [17] & [B4].

e+l e -1 _(W
&, =— + F|l—|-C 2-12
7 2 2 (hj 2121
where:
_% 2
F Z = l+l2i +0.04 1—Z for Wh<1 [2-13]
h w h
A
F(KJ = (1 + lzij for W/h > 1 [2-14]
h w

r
h_ 2-15]
4.6 \/W
h

10 Koninklijke Philips Electronics N.V. 2001
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The microstrip that is needed for the measurement must have a characteristic impedance of 50ohm, be-
cause the LCR-meter has an impedance of 50ohm. When these two are not equal reflections are introduced,
which have a negative influence on the measurements. The characteristic impedance (Z) of a microstip,
with known dimensions and PCB material, can be calculated by formula [2-16], (reference [16] & [17])

60-7, 8h W S
e, W 4h
eff
ZO ) [2-16]
1207z 1
. for W/h>1
e W/h+1393+0.667 In-(W/h+1.44) or W/

The width of the microstrip used for the measurements is calculated with Appcad 2.0. This is a Agilent
program that calculates the characteristic impedance of a microstrip with known dimensions, as shown in
the Appcad user interface in figure 2-16.

5 AppCAD - [Microstrip]
File Calculate Select Parameters  Options  Help

Main Menu [FE] I
Microstrip
TCaicuiore 20 41
°
0.51
T >n- | 49.89 o
T [0.034
Elect Length = | 0.027 u
Elect Length = [ 9.7 Eegrees -|
Dielectic: S1= |3 38
1.0wavelength = | 184682 o
hoama@ B wp= [ DLETE fraction of ¢
Frequancy: I Hz - Seff= [ 2635
LengthUnits:  fom _ [=] widH = [Z248
Mormal

Figure 2-16 Appcad user interface microstrip calculation.

2.5 Simulation tools

Circuit design has a great history. In the past circuits were first designed on paper and the component
values were calculated by hand. After a long designing period the circuit was implemented as a breadboard
and components were connected by wires. Often, unexpected behavior of the circuit occurred and by
implementing the circuit on PCB it was possible to realise the reduction of unexpected effects. Transfer
from breadboard to PCB was also done by hand, which led to numerous of design mistakes. Today, elec-
tronic design is done using computer aided design (CAD) packages, which makes it possible to simulate
the behavior of circuits at higher frequencies.

To create a coil on PCB, simulation tools are used, which makes it possible to calculate the EM-fields and
examine the behavior in the frequency domain. The following simulation tools are used during the fulfil-
ment of the assignment:

- Advanced Design System (ADS)

- Fasterix

- Momentum

- Pstar

© Koninklijke Philips Electronics N.V. 2001 11
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To simulate PCB design behavior, the following substrate and metallization parameters has to be specified:

Substrate parameters: Metallization parameters.
- Thickness - Thickness
- Permittivity €, - Conductivity

- Loss tangent - Loss tangent

For the calculation of the component bahavior it is necessary that the named parameters are defined.
Substrate layers define the dielectric media, ground planes, air and other layered material. Metallization
layers are the conductive layers between different substrate layers and are used in conjunction with the
layout layers. By mapping the layout layers, on which the circuit is drawn, to the metallization layers, it
can be positioned on the substrate.

Mapping can be done in two ways as a strip or as a slot. When using a strip, the objects on the layout layer
are conductive, and the rest of the layer is not conductive. A slot is an inverse of a strip.

The simulated and measured coils are constructed on a PCB, which consists of one dielectric media with
on both sides the metallization layer as shown in figure 2-17. The two layout layers can be connected to
each other through the substrate with a so called via.

S Front View
T T
e - — Freespace O
o i
prd P
[ — - e Substrate
D —————
Design with two layers

Freespace_ 1

Layoul layer (strip between
substrate and freespace_0)

| — Via

Figure 2-17 Angle and front view of substrate and layers.

2.5.1 Advanced Design System

Advanced Design System (ADS) is a powerful electronic design automation software system from Agilent.

It offers designers complete design integration of products such as cellular and portable phones, pagers,

wireless networks, radar and satellite communications systems.

Advanced Design System runs on PC as well as on workstation, with complete file compatibility between

platforms and across networks.ADS features the following design possibilities:

- RF (Radio Frequency) Board Designer: Designing the circuits and subsystems with PCB technology.
Simulations are done with Momentum or with the recently implemented Fasterix interface.

- RFIC Designer: RFIC Designer enables RFIC design engineers to improve RFIC designs through the
use of leading-edge simulation and optimization technologies.

- Microwave Circuit Designer: Linear and nonlinear microwave circuit design.

- Digital Signal Process (DSP) Designer: System-level DSP design.

- Communication Systems Designer: Top level DSP and high-frequency system design.

12 “Koninklijke Philips Electronics N.V. 2001



Company Restricted 2001/218

2.5.2 Fasterix

Fasterix is one of the simulation tools, which makes it possible to simulate digital and analog system
behavior at higher frequencies (up to a few GHz), on PCB or on chip.

Figure 2-18 gives an overview of the steps which are performed in a simulation using Fasterix.

Vias and air bridges connect topologies between layers, allowing users to simulate multi-layer PCBs.

Layout Data

Process
Layout

Material
Parameters

3-dimensional
Components

Eqcct
Generation

Simulation Models
for the Electrical
Components

Currents &
Veltages

Analog
Simulation

E&H
Fields

Calculate
Radiation or
Current Dis-

tribution Current

Distribution

Figure 2-18 Overview of the Fasterix program flow.

Layout processor

During the first steps of the ‘layout processor’, the layout data is checked and converted to a suitable

format for further simulation.

At this moment the layout can be prepared in the following ways:

- In the Agilent Advanced Design System (ADS), figure 2-19 : This interface between Fasterix and ADS
is recently made by the group ED&T at Philips Research and is used for the assignment.

=

Flo EW Sect View Draw Componowl Opions Schemwlio Magrs Vorify Mementum Wandow Fasterbe o |
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58| 2 R=50 Ohr
B2 - R=50 Chm  LPF
=) 2| LPF_1
o | Bk =l
- - =
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Larares p—
“ .
[ it westing e || ADSlowpass ADSlowpass
b rrauonry usams svvgmr | | ADStestl ADStest1
— o1 snatogrmr ADStest? ADStest2
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[ saurces-corronan
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Figure 2-19 Fasterix in ADS.

- Using Mentor Graphics Board Station Version 7 or 8
- Importing from a GDSII file

- Using the mechanical layout package ME10

- Manual preparation of the Layout
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If the layout process is completed successfully, the data of the following parameters are provided:
- Material (dielectric constants, conductivity)
- Dimensional component (screen, wires and cables)

Mesh Generator

The mesh generator divides the layout into a number of elements (as shown in chapter 3.4). The number of
elements determines the accuracy of the calculated parasitic (R, L, C) parameters of the layout. The num-
ber of elements is determined by defined maximum frequency for which the generated equivalent circuit
model of the layout must be valid.

Equivalent circuit generator

The equivalent circuit generator’ calculates the values of the parasitic components R, L, C between parts of
the layout. The results of this operation are an equivalent circuit model as shown in figure 2-20. In the
ADS-Schematic window it is now possible to connect the defined pins to a source.

b 4

Figure 2-20 Equivalent circuit component.

Analog simulation

The analog simulation can be done in the ADS schematic environment as well as in Pstar. Using the
equivalent circuit model made by Fasterix, the usual procedure of simulating a circuit can be done in the
ADS-Schematic window. For more information about Fasterix see the references site /3, /4 and /5.

2.5.3 Momentum

Momentum is a software tool from Agilent that helps with the performance prediction of high-frequency
circuit boards, antennas, and ICs without extensive fabrication cost. As well as Fasterix, Momentum runs
directly from the layout environment of the Agilent ADS.

Based on Method of Moments analysis, Momentum computes S-parameters of general planar circuits. Vias
and air bridges connect topologies between layers, allowing users to simulate multilayer RF/micro wave
printed circuit boards, hybrids, multichip modules, and integrated circuits.

|:| Momentum RF Momentum | |

High-Speed Digital (SI, BGA)
RF Board (FR4, Duroid)

RF Package (Plastic)
Planar Antennas
RFIC (Silicon)
RF Module (MCM, LTCC)
Microwave - hybrid (Alumina)
Microwave - IC (GaAs)

Initial design & Final design &
optimization ™ optimization

Figure 2-21 Momentum modes for different applications.

The following Momentum modes are existing depending on the design application as shown in

figure 2-21.

- Momentum Micro wave provides an accurate approach for solving geometry’s that are large in com-
parison to the wavelength of the highest simulation frequency.

- Momentum RF is used for structures under a half wavelength, utilising the RF mode of Momentum
that makes it possible to ignore effects such as space and substrate radiation.
This option is used for the simulation comparison between Fasterix and Momentum simulation results.
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Layout processor
The layout data is prepared in the Agilent ADS or is imported from another design tool. ADS can import
files in a variety of formats.

Mesh Generator
Same function as Fasterix mesh, only the different algorithm for generation of mesh is used and thus the
difference in the simulation time is introduced.

Output format
Output chart formats include Cartesian and Smith charts, tabular listings that differ from the Fasterix
‘equivalent circuit’ output file.

Analog simulation

Analog simulation can be done in the ADS-Schematics environment. Using the two-port component out of
the ADS-Schematics window, it is possible to refer the generated Momentum output file to a two-port
model as shown in figure 2-22. Now the two-port model can be used in the ADS-Schematics window and
the analog simulation of the circuit can be done.

S-parameters file B2 Pi|—=

TN
N

s
,
’

Figure 2-22 Output file as a ADS two-port component.
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3 PCB-coil Simulation

3.1 Analog simulation

Using the ADS-schematics window, it is possible to simulate the behavior of PCB coils and thus make the
inductance value and quality factor value visible. A coil-model generated by Fasterix is imported in an
ADS-schematic window. The circuit as shown in figure 3-1 is built, where at the input of a coil-model, the
AC voltage source is connected and the resistance of 50ohm is attached. An AC-small signal simulation is
done to compute the values of ‘U’ and ‘I’. Where ‘U’ is the voltage at the input of the coil and ‘I’ the
current through the source. In the ADS-Schematic window the possibility exists to define the equations.
For example the quality factor in figure 3-1 is defined by:

Q =1imag(Z) / real(Z) = imag(U/I) / real(U/I) = imag (out/SRCI.i) / real(out/SRC1.1).

After simulation in ADS-schematic the quality factor can be selected and viewed in the Data-Display
window. In the ADS-schematic the current direction is defined from positive to negative node of the source
and thus must be included in defined equations.

A U . ol UL ‘\ ........................
I | g out out 4 (Imag ) J  (Mag)
L e Coil-model
1 S vk MeasEqn
Freg=freq vk1 1 Meas1
@ @ AC - Q=imag(out/SRC1.i)real(out/SRC1.i)
MeasEqn
- AC Meas2
o L=(imag(outi-SRC1.i)/(2*pi*freq))*1e9
Sob20001 G MeasEqn
Meas3 »
Rs=real(out/-SRC1.i)*1e3 Em—
1 Ur  (Real)
Figure 3-1 ADS simulation circuit with component- . . .
model Figure 3-2 Vectorial voltage representation

of coil-model.

Inductance value

A not ideal coil consists of an imaginary part (imag) and a part (real). The magnitude (mag) of a coil is the
vectorial addition of imaginary and real part a shown in figure 3-2. The real part consists of resistance of a
coil and can be calculated as shown in formula [3-1]. The imaginary part is the reactance ‘X;’ of a coil and
can be calculated as shown in formula [3-2]. The impedance ‘Z’ of a coil can be calculated as shown in
Sformula [3-3] & [3-4].

real[z]= reaz[? - %z[[lzj]] [3-1]
imaglZ]= X, = jal = imag{? - ZZ—% 13-2]
Z=R+X, [3-3]
mag(Z]= mag{%1 [3-4]
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The imaginary part of a coil-model represents the inductance value and is defined as shown in
formula [3-5].

L=imag[llj—| / 27z f) [3-5]

The quality factor
The quality factor of the Fasterix coil-model can be calculated by dividing the imaginary and real part of
the coil-model, according to formula 3-6.

0=/ = imaglz] ) reallz] = mgm / reazw 61

3.2 Layout processor

Layout data of the coils on a PCB can be prepared in the ADS-Layout window. The ADS-Layout window
contains no useful tools for drawing the complex PCB coil shapes like octagonal, hexagonal and circular
shapes. Because of this disadvantage other possibilities were searched. An existing FORTRAN-program is
used. This program makes possible to create the Layout data for any desired coil shape. Several parameters
must be provided, as shown in figure 3-3, in order to create the Layout data. For a coil shape ‘Pointsperrev
m’ must be defined. For example if m = 4 the coil shape is square. Appendix A.4 showns how ‘Trackwidth’
and ‘Trackspacing” must be calculated, as well as how to import FORTRAN layout data in the ADS-
Layout window.

w baseradius = % - di,
| EI | trackwidth = w

: trackspacing = s

‘ I s

Figure 3-3 Parameters needed for FORTRAN-program.

pointsperrev =m (m> 0, integer)
numberofwindings=n (n>0, real)

3.3 Equivalent circuit generation

Based on the mesh elements and the material parameters, the equivalent circuit module generates the
equivalent circuit for the layout, which is valid up to the specified maximum frequency. Generated
equivalent circuit file is suitable for an ADS analog simulator. In this paragraph general simulation results
are shown for High/Full frequency ranges and their influence on the coil parameters are determined.

3.3.1 High frequency range

The generated model is only valid from flow up to the specified maximum frequency, where flow is the
frequency at which the inductive effects dominate the resistive effects in the designed coil. This frequency
depends on the geometry and the material parameters of the coil. This option requires less CPU time than
the Full model and gives less accurate results in the low frequency range.
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This means that the Z, calculation is not accurate enough and therefore the quality factor is inaccurate and
unrealistic. Figure 3-4 shows a coil simulation example that proves the unrealistic (Q ~ 3500) high
frequency range simulation results of a quality factor.

Quality Tactor vs frequency

4000 Default mesh

High_mjdel
3500

3000

2500

2000

1500

1000

[}
=}
a

o

| | | | 1 | | | | | | 1 | | |
ooo 005 040 0415 020 025 030 03 040 045 0S50 0S5 060 065 0OF0 075 080 0& 080 085 100

freq (GHz)

Figure 3-4 Simulated quality factor of high model coil.

3.3.2 Full frequency range

The generated model is valid from OHz up to the specified maximum frequency. It also allows skin effect,
dielectric losses and radiation to be included. These options will have an enormous influence on the quality
factor of the designed coil as proved in figure 3-5. Full frequency range option requires more CPU time
than the High option. It includes the losses and thus the quality factor of a coil on PCB is far more realistic
(Q ~ 130). Still, the quality factor of 130 is unexpected high and will be explained in more detail in this
chapter.

Quality factor ws. frequency
Detautt mesh

Full_mods! with dislectric S=kin effect losses
] Full-modsl with dislectric&skin sfiectSradiation losses

T T T T T T T T T T T T T T T T T T T
000 00S 040 0415 020 025 0350 035 040 045 050 0S5 060 065 070 0 OFS 080 055 080 035 1.00

freo (GHz)

Figure 3-5 Simulated quality factor of full model coil for different loss options.
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3.3.3 Low frequency range

This model is only valid for low frequencies, which cannot be used for an accurate simulation in frequency
domain. This option is not suitable for the use of assignment because of the inaccurate results.

3.3.4 DC frequency range

The generated model is only valid for zero frequencies and only contains the parasitic resistor. This option
is not suitable for the use of assignment because of the inaccurate results.

3.4 Mesh generation

Fasterix as well as Momentum generates the mesh for a certain coil shape. An example of the mesh gener-
ated by Fasterix is shown in figure 3-6. Before the generation starts several mesh parameters have to be
defined, dependably of wanted application and the accuracy of a simulations results for designed coil. In
figure 3-7 the ‘Fasterix Mesh Options’ window is shown.

For example, if the coil is used in the frequency range 100MHz < f < 1GHz, the maximum frequency of

> 1GHZ must be defined. Maximum and minimum mesh size has a certain default value, which is deter-
mined by the used simulation tool dependably on the coil shape, sort substrate and the defined maximum
frequency. For an accurate calculation of the quality factor, with Fasterix, it is necessary to manually define
the Boundary element size. Quality factor is strongly dependent of the track resistance, which is influenced
by the skin effect. By defining the boundary element size the skin depth is defined and more accurate
results are provided.

»¢ Fasterix Mesh Options:3

Maximum Freguency II3 I GHz ;’I

€ Pin areas

™ Mesh vias

Projection KMesh method Refine mesh
Areas & Traces | wrivia | areas |
Maximum mesh size [nmm] I default
Minimum mesh size [mm] I_Eg:lefault.
Pin area edge [inm] I:;lefault
Boundary element size mm] I 0.1

Frofinomont fracion {8,313 I”

OK I Reset I Cam:ell
Figure 3-6 Mesh generated by Fasterix. Figure 3-7 ADS Mesh window menu.

3.4.1 Fasterix versus Momentum

Several coil shapes were simulated by Fasterix and sometimes the result seemed strange and inaccurate.
The possibilities of simulating the designed coils with other simulation tools were available, such as
Momentum RF. The comparison is made in:

- Mesh generation

- Simulation time

- Inductance and Quality factor value
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Mesh generation

In figure 3-8 the generated mesh by Fasterix and Momentum is shown. The mesh algorithm causes differ-
ence between these meshes. Momentum mesh algorithm divides the conductor surface by a regular
method. This is opposite to the Fasterix mesh algorithm. Fasterix is mesh algorithm creates an irregular
form, which is sometimes a cause of inaccurate simulation results.

F‘|2
Figure 3-8 Fasterix and Momentum mesh.

Simulation time

The simulation time of both Fasterix and Momentum must be compared. Because of difference in algo-
rithm between Fasterix and Momentum the simulation time also differs. The mesh generation, frequency
and layout shape influence the accuracy and the duration of the simulations. This argument is used for the
simulation time comparison between Fasterix and Momentum. Actually, the number of mesh elements by
Fasterix is equated to a number of mesh elements generated by Momentum. This is shown in figure 3-9,
where Fasterix ‘The number of elements’ is equated to sum of Momentum’s ‘Rectangular cells’ and
‘Triangular cells’. Frequency and layout shape is also equated to each other.

Inductance and quality factor value
The comparison result for inductance value are satisfying a negligible difference is noticed. For the quality
factor this is not a case, as explained in chapter 3.5.3.

S Fasterix Progress Manitor:2
0 =
========================= FASTERI¥ =========================
Project Ahomesfcontr_FACoilenl2 pedg 0O} T HOMEMTUM SUHHMARY ——-—-
De=ign 3 cirkel
WorkDir 3 shomedcontr_7/Coilsnl2_prj/ffas_dsndcirkel lleriesitum G 4.0 &5 150,200

Date - time * Mon May 21 11249411 2001 flan May 21 12:41:55 2001

ADS inwokes Fasterix for layout generation

Fasterix reads ADS layout design

Fasterix completed reading ADS layout design successfully
Fasterix starts layout processor

Fasterix completed layout processor successfully

MESH

ADS invokes Fasterix for mesh generation STATISTICS
Fasterix starts mesh generater- | |Tmmmm .
The number of elements = 604 esiaeular cells 5 L85
o Triangular cells : 435
The number of supernodes = 7 Via cells 2 o
Fasterix completed mesh generator successfully Edge currents : 29

ADS started mesh back-annotation

ADS completed mesh back-annotation successfully RESOURCES
Date - time 3 Mon May 21 11:49:30 2001 D aED g O ID
Elapsed time: O hrs 0 min 19 sec Elapsed Time : Oh OmiZs |
| £
=~ 1 = ]
Dismissl Hhar | %’%é:%’ms%;l Print OK | Print Help

Figure 3-9 Fasterix vs. Momentum.
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3.5 Simulation remarks

This paragraph provides several remarks on the simulation tools and coil dimensions. Remarks are mainly
made on the inductance and quality factor simulation values. Influences of changing the simulation pa-
rameters and the coil dimensions on these values are examined. Especially the mesh ‘Boundary element
size’ causes the difficulties for an accurate Fasterix simulation of quality factor.

The following parameters/simulation tools have been changed:
- Coil dimensions
- Number of turns
- Variation in baseradius, trackwidth and trackspacing
- Dielectric media
- Vias
- Mesh variation
- Fasterix versus Momentum

3.5.1 Coil dimensions

In this paragraph the influence of coil shape parameters on the inductance and quality factors are shown
and explained by means of examples and graphics. Hexagonal, octagonal, square and circular coil shapes
are used.

Number of turns

The influence of the varying dimension parameters (of the coil on PCB) on the inductance and quality
factor are simulated. Hexagonal, octagonal, square and circular coil shapes are used.

The trackwidth and trackspacing are equal to lmm. The base radius is equal to 2.5mm. The number of turn
'n’ is changed fromn=1ton=2.

Figure 3-10 represents the inductance value of the coil-model, which is inductive in this frequency range.
This is not a case if the number of turns increases to n = 2, as shown in figure 3-11 (same frequency range).
This coil model behaves inductive till the resonance frequency. The parasitic capacitance increases and
thus the resonance frequency shifts to a lower frequencies (in figure 3-11 f, = 730MHz). After resonance
frequency coil-model behaves as a capacitor. In both figures y-axis is represented by the inductance be-
cause of assignments objective. Naturally the y-axis represents an imaginary value divided by (2-m-f).

Inductance vs. Fequency Inductance vs. frequency
100 unber 3f tums =1 1500 Number of tums n=2

9.5
1000

Hexagonal

90+ 7 Circular
- s00-|
85
= = /
I 8] T — —
3 3 |

Hexagonal sl f

) 10004
65 Circular

& \ \ \ \ \ \ 150
01 02 03 04 05 06 07 08 0& 10 01 02 03 04 04 06 07 08 19 10

freq (GHz) freq (GHz)

Figure 3-10 Inductance value for n = 1. Figure 3-11 Inductance value for n = 2.
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The quality factor in the frequency as well as the influence of the coil shape on quality factor are repre-
sented in figure 3-12. If the number of turns increases to n = 2, as shown in figure 3-13 the coil model
behaves inductive until the resonance frequency. In this frequency range the quality factor is positive. After
resonance frequency, the coil-model behaves as a capacitor and the quality factor becomes negative. In
both figures, y-axis is represented by the quality factor of a coil because of assignments objective. Natu-
rally y-axis represents an imaginary value divided by the real value of the coil model. Regarding the
quality factor magnitude, it can be concluded that Q > 100 is rather high and must/will be confirmed with
measurements. By defining the ‘boundary element size’ this quality factor magnitude lowers.

Qualityfactor vs fracuency Qualty factor vs frequency

o Hurer cf tuns n=1 160 Nomogr of tuns r2
L Hexagonal
2 —
i A
\\ Circular
1604
60+ \
/ \\
// g,
140 / B \
/ = N
/ /] Hexagonal N
1/ / RS
/ \\
Circular
& T T T T \ T \ \ A0 I \ \ \ \ \ \ \
01 2 03 04 05 16 07 (I} 08 10 [IN] 2 03 04 05 08 07 0t 09 10
. . freq (GHz) . . freq (GHz)
Figure 3-12 Quality factor forn = 1. Figure 3-13 Quality factor for n = 2.

Variation in baseradius, trackwidth and trackspacing

The coil shape used for this simulation is octagonal and the FORTRAN-program is used to generate the
Layout data of the coils. The changed dimensions are number of turns, baseradius. trackwidth and track-
spacing. The values used are cording to the ones in table 3-1.

Name Baseradius | Trackwidth | Trakspacing
[mm] [mm] [mm]
Basl 1 1 1
Bas2 2 1 1
Bas3 3 1 1
Trackwd2 2 2 1
Trackwd3 2 3 1
Tracksp2 2 1 2
Tracksp3 2 1 3

Table 3-1 Used dimensions for simulation.

Each time a simulation is done, one of the parameters is changed. The simulation is done with an octagonal
coil shape on a PCB (type RO4003) and are done with an ideal groundplane.

Simulation provides general information about the quality factor and inductance value. Results of these
varied parameters can be find in Appendix A.11.

Dielectric media

To understand the influence of the dielectric media several simulations are also done. The height and
permittivity of the dielectric media are changed. The values used for height are 0.51mm and 1.8mm, for
real permittivity the values are 3.38 and 4.46. Results of dielectric media on the quality factor and induc-
tance value can be find in Appendix A.12.
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Vias

In the application used, the coils on PCB are integrated in a circuit that consists of vias. To study the
influence of these vias on the inductance value and quality factor simulations are done.

The layout used in this simulation is shown in figure 3.14. The coil on PCB is surrounded by other tracks,
which are connected to the groundplane with vias.

Via Lout

Figure 3-14 Used layout for simulation vias.

The simulations are done to predict the influence of vias on the inductance and quality factor of the de-
signed PCB coil.

Three kind of simulations are done:

- No vias (Layout without vias)

- No via at end of coil (Layout without ‘Via Lout’)

- With vias (Layout with vias)

Expectation are that the quality factor will decrease because of the extra introduced losses by the soundings
tracks. The vias has no influence of the inductance value. Results confirm the expectation and they are
shown in Appendix A.13.

3.5.2 Mesh influence

Mesh influence on the inductance value is examined for the same circular coil. It seems that Fasterix
determination of the default ‘boundary element size’ (‘b.e.s.”) is not always successful. The default ‘b.e.s.’
value can be viewed in the ‘filename.fasout’ file, which is generated by Fasterix. In figure 3-15 an example
is shown where the ‘b.e.s.” is changed from default value of 0.27mm to 0.lmm. The variation in the in-
ductance value is negligible and it is not necessary to change the default ‘boundary element size’ value, as
shown in figure 3-15.

Inductance vs. frequency
Mumber of turns n=1

baseradius = 2.5mm
trackwidth = Imm
Boundary element size = 0.1 mm trackspacing = Imm

] Boundary element size = default=0.27mm . .
95 pointsperrev = 30, circular

L[nH]

freq (GHz)

Figure 3-15 ‘B.e.s.” influence on the inductance value.
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Mesh influence on the quality factor is examined for the circular coil. ‘Boundary element size’ has to be
manually defined , because the quality factor is strongly dependant of the skin effect (and skin depth) and
because the default value does not always represents a realistic b.e.s. In the ‘filename.fasout’ file the
default ‘boundary element size’ can be viewed.

In figure 3-16 an example is shown where the b.e.s. is changed from default value of 0.27mm to 0.1mm.
Enormous variation in the quality factor is noticed, as shown in figure 3-16.

Quality factor vs frequency
Mumber of turns n=1

200
baseradius = 2.5mm

trackwidth = Imm
trackspacing = Imm
pointsperrev = 30, circular

Boundary element size = 0.1 mm

1 Boundary element size = default=0.27mm

freq (GHz)

Figure 3-16 B.e.s. influence on the quality factor.

3.5.3 Fasterix versus Momentum

The number of mesh elements of Fasterix and Momentum is equated in order to make a simulation result
comparison. In figure 3-17 an example is shown whereby the Fasterix and Momentum inductance value is
plotted. Deviation in the inductance value is negligible. Fasterix and Momentum give almost same simula-
tion results.

Inductance vs. frequency

Murber of turns n=1

105
1 Fasterix inductance value baseradius = 2.5mm
0.0 Boundary element size = 0.1 mm trackwidth = Imm
1 M g | trackspacing = Imm
] omentum inductance value f - f
1 Boundary element size = 0.1mm pointsperrev = 30, circular
95 ry =u.
9.0
T ]
E ]
— -
5]
8.0
7.5
704 T | T | I | | |
o 02 03 04 05 iX 07 na 09 10
freq (GHz)

Figure 3-17 Inductance value by Fasterix and Momentum.
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In figure 3-18 an example is shown whereby the Fasterix and Momentum quality factor is plotted. An
enormous difference in the quality factor between Fasterix and Momentum is noticed. These results
will/are be confirmed with measurements.

Quality factor vs. frequency
Mumber of turns n=1

baseradius = 2.5mm
trackwidth = Imm
trackspacing = Imm
pointsperrev = 30, circular

Fasterix quality factor value
Circular boundery element size = 0.1 mm

Momentum quality factor value
Circular boundery element size = 0.1mm

n T T T T T T T T
a1 02 0.3 04 05 06 a7 03 o4 1.0

freq (GHz)

Figure 3-18 Quality factor by Fasterix and Momentum.

3.5.4 Simulation remarks conclusion

Simulations

The influence of changed simulation parameters/setups is examined for as well the quality factor as induc-
tance value. Fasterix mesh size, notably ‘boundary elements size’ has a influence on the accuracy of the
simulation results. Also the default value of ‘boundary elements size’ is not always realistic and must be
manually defined. Full frequency range model (with all losses included) must be used for calculation of the
quality factor. This is necessary because the skin effect, dielectric and radiation losses at higher frequencies
had a great influence on the quality factor.

Inductance value

Inductance value can easily be manipulated by changing the coil dimensions. However for the TV-tuner

application it is important that the resonance frequency is after 1GHz (f, > 1GHz). The resonance fre-

quency can be influenced by changing number of turns, track width, track spacing and by changing the

dielectric media, as follows:

- Baseradius increment results in increase of the inductance value.

- Trackwidth increment results in influences the self-resonance frequency. At higher frequencies the
inductance value increases faster.

- Trackspacing increment results in inductance value increases.

Influences of dielectric media:

- Permittivity increment: Influences the self-resonance frequency. At higher frequencies the
inductance value increases faster.

- Height increment: Inductance value increases too.

Fasterix simulation results are compared with the Momentum simulation results. The both simulations
tools provide the same inductance value behavior with a little deviation which is negligible.
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Quality factor

First simulations of the quality factor provided an unrealistic values (Q>3000) beacause the High fre-
quency range model is used. Full model makes posible to include losses and the more realistic values are
simulated (Q>100). The influences of changed coil dimentions on the quality factor are also examined and
are as follow:

- Baseradius increment results in more curved line and a little changes in value.

- Trackwidth results in a little influence on the quality factor.

- Trackspacing increment results in qualtity factor decrease, at higher frequencies .

Influences of dielectric media:
- Permittivity increment results in quality factor decrease.
- Height increment results in quality factor decrease.

Influence of vias:
- Decrease of quality factor when vias are used
- ‘Via Lout’ has no influence

Fasterix simulation results are compared with the Momentum simulation results. The results are not corre-

sponding which is probably caused by difference in the mesh algorithm. However a curve behaviors are
similar to each other and an approximation of the quality factor behavior is achieved.
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4 Designed coils

One of the tasks is to measure coils and compare the measurement results with the simulations results.
The simulation and measurement layouts are the same. This is done to have the same environment for
simulation as well as measurements.

Measurements of the inductance value and quality factor are done with an LCR-meter. The coil cannot be
fitted directly to the LCR-meter, therefore a connector and a microstrip are needed for an accurate meas-
urements. The measurements are layout dependent, it is important that the influence of the design on the
measurements should be reduced to a minimum.
Problems expected with a layout:

- Influence of microstrip on inductance value of a coil
Current distortion at transition connector and microstrip
Current distortion at transition microstrip and coil
Influence of groundplane on quality factor and inductance
Determine electrical length of microstrip

First simulations and measurements are done using ‘Layout design One’ (figure 4-1). These measurements
and simulations are done to understand the influence of shape, trackwidth and groundplane around a coil,
on the inductance value.

At first it did not seem possible to simulate the realistic quality factor. That is why the quality factor was
only measured. Later on it was possible to simulate the quality factor, but ‘Layout design One’ influence
the measurements and therefore it wasn’t simulated afterwards because of the reasons mentioned in chap-
ter 3.4.

Because the simulated and measured inductance value had a non-acceptable deviation, two steps were
taken to find out what the cause could be:

- Another simulation program (Momentum) was used to simulate the inductance value

- Another layout was made to reduce the influence of the layout on the measurement

To reduce the influence of the layout on measurements another layout was made. With this design, ‘Lay-
out design Two’ (figure 4-2), the influence of the number of turns on inductance value and quality factor
was examined.

Figure 4-1 Layout design One

Figure 4-2 Layout design Two
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4.1 LCR-meter measurement

The RF LCR-meter 4287A (reference [B6]) from Agilent (figure 4-3) is used to measure the serial induc-
tance, quality factor and serial resistor. Before measurements, it is necessary to calibrate and compensate
the LCR-meter in order to make the measurements more accurate (figure 4-4).

Calibration is done with the use of an open/ short /load. It removes the error factors between the measuring
instruments and the calibration reference plane. To reduce the measurement error of high Q (low dissipa-
tion factor) the option ‘Low loss capacitor’ is used.

To measure the coil only, the connector and the microstrip to the coil are compensated. This removes error
factors between the calibration reference plane and the compensation plane.

Calibration
reference plane
Compensation
Cable plane
LCR-meter \ Test Coil
head
4
Open/short
: compensation|
Connector,

microstrip Open/short/load

calibration

A

Low loss capacitor
calibration

A

Agilent 42874 with Agilent 161968 RF SMD Fixture :]

Figure 4-3 LCR-meter.
Figure 4-4 Calibration and compensation.

Before compensation, the electrical length of the connector and microstrip must be determined.

By connecting the short compensation track to the LCR-meter it is possible to check if the compensation is
done correctly. Resistor (Rs) and capacitance (Cp) of the short track must be in the range of pico to femto.
To measure with the LCR-meter, the frequency range, power and average points are setup.

The setups are:

- Power =-13dBm

- Frequency range from 100MHz to 1GHz with an interval of 100MHz
- Average points of 32

Operation note ‘Agilent Technologies 16195B Calibration Kit” describes how to calibrate and
Compensate the LCR-meter (reference [B6]).
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4.2 Layout design One

The design of ‘Layout design One’ (figure 4-5) is made to implement different kind of coils on the same
layout. Some assumptions were made for this layout:
- Properties of the PCB:
- Material: FR4
- Metallization height: 34pum
- Substrate thickness: 1.8mm
- Permitivity: real 4.46
- Loss tangent: 0.0027
- Conductivity: 5.8¢’ siemeny/”
- The PCB layout makes it possible to place different kind of coils up to an outer diameter of 10mm
- The groundplane around the coil is square with a width of 10mm
- The topside groundplane is connected with the groundplane at the bottom
- The PCB has a diameter of 40mm
- The microstrip width is calculated with Appcad 2.0 and is 3.5mm

Groundplane

Track for impedance 50 ohm Holes coupling groundplane bottom with topside

Connection for measurements

Figure 4-5 PCB measurement layout design One.

The inductance value of four types of coils (table 4-1) are examined with this layout. Sample 1 and 2 differ
in shape, sample 3 in dimensions and sample 4 in groundplane.

Name Shape coil Remarks L Base Trackwidth | Track | Number of
[nH] | radius (mm) spacing turns
(mm) (mm)

Sample 1 Rectangular | Drawn  without 6 0 1 0.4 1
Fortan program

Sample 2 Octagonal 6 1 0.6 0.5 0.92

Sample 3 Octagonal 5 1 1 .5

Sample 4 Octagonal No groundplane 5 2 1 1 .5
around coil

Table 4-1 Used samples with their dimensions. * See chapter 2.3.
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4.2.1 Results ‘Layout design One’

The simulation and measurement results are compared and some differences in inductance values are

noticed (figure 4-6 and 4-7):

- The measured inductance value is more stable than the simulated one

- Annon-acceptable deviation between measurements and simulation

- The shape of a coil (octagonal, circular, hexagonal or rectangular) has almost no influence on the
inductance value

- Ifacoil is not surrounded with a groundplane the measured value is more stable

The differences between measurement and simulation results were not acceptable and
can be caused by:

- Measurements

- Chosen layout

- Simulation program

To find out the reason of the deviation, two steps are taken:
- Compare the simulation results from Fasterix with another simulation program
- Make a new layout which reduces the influence of the layout

11.00 7.00
——sample 1 (meas) ——sample 3 (meas)
——sample 2 (meas) ——sample 4 (meas)
10.00 4| sample 1 (sim) 6.50 — sample 3 (sim)
sample 2 (sim) sample 4 (sim)
9.00 6.00
T
8.00 £ 550 7
-
7.00 5.00 ’_///
R
6.00 | - — 4.50 4
. <
500 4.00
100 200 300 400 500 600 700 800 900 1000 100200 300 400 500 600 700 800 900
freq [MHz] freq [MHz]
Figure 4-6 Measurement, simulation results sample 1 & 2. Figure 4-7 Measurement, simulation results
sample 3 & 4.
600
—— sample 1 (meas)
—— sample 2 (meas)
500 1 sample 3 (meas)
sample 4 (meas)
400
< 300
200 -
100
0 — 77—

1 10 100 200 300 400 500 600 700 800 900 1000
freq [MHz]

Figure 4-8 Measurement results of quality factor.
30 “Koninklijke Philips Electronics N.V. 2001

1000



Company Restricted 2001/218

4.2.2 Fasterix and Momentum comparison

Momentum is another simulation tool used to set up and perform electromagnetic simulations on passive,
planar circuits. Because the deviation between measurement and Fasterix simulation results of ‘Layout
design One’ was not acceptable, a simulation comparison between Momentum and Fasterix is done. The
results of inductance values in Momentum complied with those from Fasterix (figure 4-9).

7.50
7.007 — fasterix
—— momentum
6.50 measurement
6.00
T
£
-
5.50
5.00 4
4.50
4.00 T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

freq [MHz]

Figure 4-9 Simulation results Fasterix and Momentum sample 3.

With this knowledge, it can be concluded Fasterix does not cause the difference between measurement and
simulation.

4.3 Layout design Two

To overcome the measurement problems with ‘Layout design One’ a new layout is made. It will reduce the
distortions produced by the layout as well as solve the difficulties with the LCR-meter.

Some new assumptions for this design were made:
- The PCB-layout makes it possible to place different kind of coils
- PCB is thinner (0.51mm) than the used PCB in the ‘Layout design One’ (1.8mm)
- Properties of the PCB:
- Material: RO4003
- Metallization height: 34pum .
- Substrate thickness: 0.51mm :
- Permitivity: real 3.38 o
- Loss tangent: 0.0027
Conductivity: 5.8¢’ siemens/’

- Microstrip width is calculated with appcad 2.0

and is equal to 1.1463mm.
- The coil has a trackwidth similar to the microstrip width.
- The PCB only has a groundplane at the bottom.

-

Figure 4-10 PCB measurement layout design Two.
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4.3.1 Results ‘Layout design Two’

The coils used in this measurement differ in number of turns. Figure 4-11 shows that when the number of
turns increases the inductance value also increases. At a certain point, when the number of turns increases
the coil behaves like a capacitance. Also, when the number of turn increases, the inductance value in-
creases much faster. The measured and simulated quality factor decreases if the amount of turns increases,
as shown in figure 4-12, more results in appendix A6-A10.

100 30
0 A —075Tum
\ 25 1 —1.00Tum
———
0 \ 1.25Tum
50 \ 20
-100 —
— I
z | Es
:l -150 \ -
-200 10
250 4 ——0.75Tum \
—1.00 Tum \ 5
=300 1.25Tum
—150T
-350 T l\Jm . . . T T T 0 T T T T T
100 200 300 400 500 600 700 800 900 1000 100 300 500 700 200
f [MHz]

Figure 4-11 Measurement results of inductance value.

250
—0,75Tum
—1.00 Tum
200 1.25 Tum
—1.50 Tum
150
Q
100
50
O I T T I T T T I
100 300 500 700 900

f [MHz]

Figure 4-12 Measurement results of quality factor.
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When a comparison is done between measurement and simulation results, it is noticed that the inductance
value is almost the same (figure 4-13), unlike the measurements of ‘Layout design One’. Rs and the quality
factor (figure 4-14 and 4-15) notice a little deviation. This is caused because the compensation of the
microstrip with LCR-meter is not done well and/ or the simulation is not quite right.

Probably it is both, because exact compensation is very difficult to do and simulation of quality factor and
Rs is not accurate. Because the results are satisfactory, no new measurements are necessarily.

16 0.9
—Measure — Measure

141 — Simulate 0'8”—Simulate /
12 0.7 /

/ 06
10 -E'

£ 05
8 S,
6 & 0.4
> /
4 0.2
2 0.1
0 T T T T T T T T 0 T T T T T T T T
100 200 300 400 500 600 700 800 900 100 100 200 300 400 500 600 700 800 900 100
f [MHZz] f [MHZz]

Figure 4-13 Measurement and simulation results

: atu Figure 4-14 Measurement and simulation results of
inductance value of coil with one turn.

resistor of coil with one turn.

180

160

140 /
120 /
100 /
80 /

/

60
L~
40
20 Measured
—Simulated
O T T T T T T T T

100 200 300 400 500 600 700 800 900 1000

f [MHz]
Figure 4-15 Measurement and simulation results of quality factor of coil with one turn.

© Koninklijke Philips Electronics N.V. 2001 33



2001/218 Company Restricted

4.4 Designed coils conclusion

If a coil is measured, it is important to use a layout that has almost no influence on the measurements.
‘Layout design One’ has an influence on the measurements.

This is caused by:

—  Current distortion at end of microstrip because microstrip width is wider than coilwidth

—  Microstrip is near coil. This can influence the induction of the coil.

—  Connection of LCR-meter is vertical on PCB. This give reflection on the transition

These problems are solved when using ‘Layout design Two’. Measurements and simulations results has an
acceptable deviation.

If the number of turns increases, the inductance value increases too. At a certain point the coil behaves like
a capacitance. This is due to the self-resonance frequency of the coil, which is a unwanted behavior. When
designing coils, take the frequency range used for the coil into consideration.

The spiral shape has almost no influence on the inductance value. The groundplane surrounding the coil on
both top- and bottomside has almost no influence on the inductance value, but it will influence the quality
factor of a coil. This is because a groundplane or other tracks nearby the coil will create a parasitic capaci-
tance, which has a negative effect on the quality factor.

The simulation tool Fasterix can be used to simulate coils, it gives a good representation of the behavior of
a PCB coil.
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5 Circuit implementation

The simulation and measurements of single coil did correspond. This conclusion is necessary for the
further simulations with Fasterix. The air-coils that are used in the tracking filter circuit have to be replaced
with coils on PCB. Implementing a coil in a circuit will have a great influence on the quality factor. The
quality factor will lower because of the extra introduced losses. This is caused by other layer material
situated nearby the coil, which increase the parasitic capacitance of the inductor.

The tracking filter as shown in figure 5-1 consist of three air-coils. In the beginning only one air-coil will
be replaced by the PCB coil in order to get a good overview of the behavior of an implemented PCB coil.
This is shown in figure 5-2. If the behavior of the tracking filter (chapter 2.3) complied with the conditions,
the other two air-coils will be replaced by PCB coils.

Recommancations:

—  The frequency range of the selectable frequency is 400MHz to 800 MHz
—  Suppressing image frequency with a minimum of -40dB

—  The image frequency is 5/3 * wanted frequency

[ Coupling
inductor

v
B
( IS;gnal

LA AT

]

L

Figure 5-2 Tracking filter with a coil on PCB. Figure 5-1 PCB design of tracking filter.

5.1 Simulation

Simulations of the PCB design, shown in figure 5-2, are done with Fasterix and Momentum.

First, simulation have been done with the PCB design (with a unideal groundplane). The generation of the
coil model was a time costing event. Fasterix generation lasted about 35 minutes and Momentum needed
3hour and 30minutes. This result motivates to use the Fasterix simulation tool.

The generated Fasterix coil model is now used in ADS-schematics and a circuit is build. Analog simulation
in ADS turned out to be a very time costing event. After a whole work day of simulating the simulation
was still not finished. This is caused because the ADS reading algorithm of the Fasterix coil model is not
optimal. This big disadvantage of ADS simulation tools is only for large Fasterix files (>30Mb). By using
the Pstar simulator, which reads large Fasterix files in much shorter time the analog simulations can be
done.
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For the generation of pstar-file the circuit has to be defined, by writing the analysis-file. The Fasterix coil
model is connected to other tracking filter components, as shown in figure 5-3, according the schematics as
well as with analysis-file. Fasterix is now able to generate the pstar-file. Pstar simulation can be started, out
of Fasterix or directly in Pstar.

1 2 3
M Pl Y
=] IMDC circuit;
B1 L1
R=50 Ohm g%ﬂmﬂmﬂH EQF’D (51 E1 (1,0) sw(1,0);
=~ C=2.0pF = Cc=2.0pF R 1 (1,2) 50;
Q=200 0 L1 (2,3) 50n;
i R L 2 (3,0) 6n;
SRC1 4 5 C 1 (3,4) 2p;
@ Vac=polar(1,0v R 3 (4,"Lin") 0.3;
Freq=freq B S_1 ("Lout",0);
L noa R3 c 2 (3,5 2p;
L2 gpzmaom R R 4 (5,0) 6;
% L=6.0nH 2 end;
. ces00 § R=6 Ohm
R
— . . f = as(0.1g, 1lg, 0.1lq9);
AC Lin Fasimpldn transfer=db (vn(3)) ;
ACT Fasimpldr_1 .
Starte0 1 Ghr Ej file: transfer;
Stop=1.0 GHI 7 iﬁﬁ
Step=0.01 GHz Lout !
0
=

Figure 5-3 Schematics of tracking filter circuit and the matching analysis-file.

5.2 Measurements

Even though the simulations are still not done properly, the tracking filter layout (with the PCB coil) is
made. For measurements of the layout a network analyzer is used. The tracking filter should behave ac-
cording figure 5-4 and the named condition must be achieved. The measurement results are shown in figure
5-5. The results are not completely corresponding with the expected/needed conditions.

5
A 0 0 —— Normal layout
Coil milled
5 /—J/ \\ _ Coil and ground-
10 ﬁ plane

-20 \
A7
TR,

Gain [dB]
gain [dB]

VoV
-40
: | > 45 : : ‘ : :
RF 5/,RF £ 300 500 700 900 1100 1300 1500
f[MHz]
Figure 5-4 Wanted tracking filter behavior. Figure 5-5 Measured tracking filter behavior.

Almost a suppression of the image frequency of —40dB is feasible. The measured behavior of the tracking
filter correspond with the theoretical behavior of the tracking filter. The relation between wanted frequency
and image frequency was not corresponding to the conditions.
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Because only one PCB coil is used in this layout, a new measurement is done with a layout ‘Two’ (figure
5-6) with two implemented coils. The air-coils of 6nH and 4nH are replaced

The results of the measurement (figure 5-7) of this layout ‘Two’ where very satisfing. A suppression of
almost —50dB was feasible. Layout ‘Two’ was still to large.

10

o

E R e
)
£
8 -30
-40
-50
300 500 700 900 1100 1300 1500

f [MHz]

Figure 5-6 Measurements result of layout “Two’

Figure 5-7 Layout ‘Two’ of measurement with two
coils. Top- and bottomlayer (real scale).

To decrease the layout, layout ‘Three’ (figure 5-8) was made. A suppression of —50dB with a tuning
voltage of 5V was feasible (figure 5-9). The relation between the wanted and image frequency, and fre-
quency range was still not according the requirements.

10

o -20
E.
£
S -30 -
Figure 5-8 Layout 'Three’ of measurement with 40
two coils. Top- and bottomlayer
(real scale) — Vtune =5V
-0 1 ——Vtune = 10V
Vtune = 15V
-60 : : . . .
300 500 700 900 1100 1300 1500

f [MHz]

Figure 5-9 Measurements result of layout ‘Three’.
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Realising the relation between wanted and image frequency, and frequency range layout ‘Four’ was made.
The values of the PCB coils decrease to SnH and 2.5nH. No measurements where done at the moment this
report was published.

Figure 5-10 Layout ‘Four’ of measurement
with two coils. Top- and bottom-
layer (real scale)

5.3 Circuit implementation conclusion

Simulation

For the simulation of PCB coil, in the tracking filter circuit, the generation coil model should be done by
Fasterix. This in order to prevent a time costing simulation with Momentum.

For the analog simulation it is necessary to observe the size of the Fasterix coil model file. If this file
becomes rather large (>30MB) the analog simulation should not be done in ADS but in Pstar. ADS algo-
rithm of reading the Fasterix coil model file is not optimal and thus is time costing.

For the Pstar simulations the analysis-file must be defined (filename.analysis). Fasterix uses this file for the
generation of the pstar-file (filename.pstar). Generated pstar-file includes now the Fasterix coil model and
the analog simulation can be done.

Measurements
Tracking filter PCB-layout is made and measured. One air-coil is replaced by the PCB coil and the tracking
filter behavior is measured. The measurements are done with the network analyzer, but are not completely
corresponding with the expected/needed results. The suppression of the image frequency of —40dB or more
is feasible. By fine tuning the circuit and PCB coils it conceivable to achieve the recommandations of the
tracking filter.
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6 Conclusions and recommendations

6.1 Conclusions

Simulation

Simulation and measurements of coils on PCB are done in order to find out if it is possible to reach the
needed quality factor and inductance value. Simulations are mainly done by recently implemented
Fasterix-ADS interface. Fasterix-ADS interface added more positive advantages to Fasterix user interface.
This regarding the visual possibility of creating and drawing a layout. The Momentum simulations are also
done, which confirmed the Fasterix results of inductance value, but gave rather big deviation in the quality
factor value. This deviation is caused by difference in the mesh algorithm. Mesh has a great influence on
the accuracy of the simulation results. Fasterix mesh size, notably ‘boundary elements size’ must be manu-
ally defined because the determination of default value, for planar kind of PCB coils causes the difficulties
for Fasterix mesh generator. Full frequency range model with all losses included must be used for calcula-
tion of the quality factor. This is necessary because the skin effect, dielectric and radiation losses at higher
frequencies had a great influence on the quality factor.

Measurements

Measurement layouts of simulated single coils are made. Two layouts are made, ‘Layout design one’ and
‘Layout design two’. ‘Layout design one’ did not corresponded with the simulation results, because the
negative influences of current distortion at end of microstrip, connection of LCR-meter and electrical
length of microstrip. In ‘Layout design two’ these negative influences are reduced, which resulted in a
negligible deviation between simulation and measurements results.

Implementation

Finally designed coils are implemented in the PCB layout of a tracking filter. Simulation of this PCB
layout is a very time costing event. Measurements of tracking filter (with the implemented coil) are done,
which resulted in a attenuation of —40dB are even more is feasible. The tracking filter with implemented
coils function like a tracking filter. By fine tuning the circuit and PCB coils it is conceivable to achieve the
recommandations of the tracking filter.

. This is not enough and is caused due to the low quality factor. The study of the coil implementation is in
an early stage and by continuing the research it will probably result in a satisfying function of the PCB coil.
The research of implemented coil in a circuit is still in progress.

Inductance value

In order to reach the needed inductance value (in range from 1nH to 50nH) several simulations are done.
‘Layout design two’ confirmed the simulation results and thus the correctness of Fasterix and Momentum
simulations. By changing the dimensions of coil on PCB the inductance value can be influenced and
changed. Also the influence of changing the simulation parameters, such as the mesh size, maximal fre-
quency and frequency models (High, Full) are studied. These parameters had a negligible influence on the
inductance value. All steps are reported and can be used as manual for continuing the PCB coil design.

Quality factor

In order to reach the needed quality factor (Q>20) several simulations are done. For the simulation of the
quality factor it is necessary that the right simulation parameters are defined. This regarding the mesh size,
frequency model (High, Full), substrate loss tangent, surroundings etc. Full frequency model has to be used
because the losses such as skin effect, dielectric and radiation have a direct influence on the quality factor.
Also the mesh size (Boundary elements size) has to be defined for an accurate calculation of the skin
effect. For a single coil a rather high quality factor is reached (Q>100), which is confirmed with the simu-
lations as well as with measurements. However the implementation of the coil into a tracking filter circuit
results in enormous decrement of the quality factor. This is confirmed by the measurements as well as with
the simulations. Further research the quality factor of implemented PCB coil must be done.
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6.2 Recommendations

Simulation

Simulation of PCB coil can be time costing if the setups are not done properly. This documents represents
all necessary setups that will lead to accurate Fasterix simulation results.

Preparation of the layout data in the ADS-Layout window is limited considering the spiral coils shapes.
This is a reason that for a design of the layout data the Fortran program must be used. This program allows
the user to crate a complex coil shape in short time.

Considering the simulations of designed coil it is important that the Full frequency range model is used
because of the possibility of including the losses. Also an important simulation parameters is the mesh.
Fasterix mesh algorithm is not always optimal for irregular coil shapes and if not observed can lead to
system crash. Thus the number of mesh elements must be observed and if it exceeds the expected value the
coil layout has to be redrawn or rotated. Determination of default value of ‘boundary elements size’ must
be manually defined. ‘Boundary elements size’ defines the skin depth and thus the accuracy of the quality
factor value. However if this value is equated to the skin depth it will possibly lead to system crash.
‘Boundary element size’ should have the value of one tenth of the track width which will prevent the
unwanted Fasterix behavior or possible system crash. Changes in the Fasterix mesh algorithm will proba-
bly solve this problem.

Momentum simulation tool can be useful for the comparison of the Fasterix simulation results. However if
the layout size increases Momentum needs more simulation time then Fasterix. In case of implementation
of PCB coil in tracking filter layout Fasterix generated a large files (filesize > 30Mb). Because of non
optimal ADS-Schematic algorithm for reading the Fasterix file, it costs to much time to simulate the analog
behavior of the coil model. In this cases the analog simulation of the Fasterix coil model should be done in
Pstar.

Measurements

For the corresponding simulation and measurements results the correct layout design is necessary. The
width of the impedance track should be equal to the width of the coil track. This will prevent unwanted
current distortion. Also the correct calibration of the LCR-meter is necessary.

Implementation

Layout design should be as optimal as possible. This regarding the parasitic capacitance and other losses.
This can be achieved by solid connection to the groundplane and small distance between component/tracks
and the groundplane.

Inductance value
Inductance value can easily be realized. This document provides the insight into the inductance value
behavior versus the changing of coil dimensions.

Quality factor

Implemented coil results in a lower quality factor. Main idea is to optimise the PCD design, meaning that
the parasitic capacitance is as low as possible. In order to increase quality factor the other possibilities must
be studied. For example, removing the groundplane underneath the coil can result in higher quality factor.
Possibility of two parallel coils on PCB and its influence on the quality factor has to be examined. For all
these possibility the Fasterix simulation tool can be used, whereby the Full frequency range (all losses
included) is necessary for a realistic approximation of quality factor.
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A Appendix

A.1  Short formulas

This appendix includes some derived formulas that can be used for a fast calculation of quality factor,
bandwidth, resonance frequency and shunt/serial transformation parameters.
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A.2 Inductance formulas

Modified Wheeler expression (only for circular coils):

2 2
L= 08-a” - (nH) [A2-1]

Y (AR

where: n = number of turns
dout = Outer diameter [mils]
d;, = inner diameter [mils]

a=Y, (d, +d,) [mils]

m

Modified Wheeler expression:

L=K, p, ﬁ (H) [A2-2]
2

where: 1, =4 7 107

n = number of turns

dyy = outer diameter [m] Layout K, K,
d;, = inner diameter [m] Square 234 1275
d =VY(d +d. ) m Hexagonal ] 2.33 | 3.82
e V2 ) ] Octagonal | 2.25 | 3.55
dout — din
P=—" = [m] Table A2-1 Coefficients for
dom + dm Modified Wheeler Expression

Geometric mean distance (GMD):

n’ d c
Ly = %(ln(cz Ip)+espre,p’) (H) [A2-3]

where: 1, =4 7 107

n = number of turns Layout i c C3 C4
dou = outer diameter [m] Square 127 [2.07 [0.18 [0.13
4= diamet . . . .

y e ‘a‘;e e [r;] Hexagonal | 1.09 | 2.23 | 0.00 | 0.17

we = 12(dy, +d;,) [m] Octagonal | 1.07 | 2.29 | 0.00 | 0.19
d —d Circle 1.00 | 2.46 | 0.00 | 0.20
— _out in

P d +d (m] Table A2-2 Coefficients for Current Sheet

out in Expression
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Data fitted Monomial Expression:

Company Restricted

_ Q) a a3 ay as
Lmon _ﬂ d()ut @ d n s

avg

where: 1n=number of turns
dou: = outer diameter [m]
di, = inner diameter [m]
® = trackwidth [m]
s = trackspacing [m]

dan = % (dout + din ) [m]

Layout B 0 (dow) [ 02(0) | 03(dag) | 0s(m) | as(s)
Square 1.62.10° | -1.21 -0.147 | 2.40 1.78 -0.030
Hexagonal | 1.28.10° | -1.24 -0.174 | 2.47 1.77 -0.049
Octagonal | 1.33.10° | -1.21 -0.163 | 2.43 1.75 -0.049

Table A2-3 Coefficients for Data Fitted Monomial Expression.

Some inaccurate equations:
15-20%

L =107 n* d

Voorman: oo ag

pill: L, =8510" »"” d,,

Bryan: Lbry =2.41-107 .43 'davg -log(%\

out

. -3.7(n-1)w+s)/d
Ronkanien: 2 e (n=1)@+s)

Lron :15 /’10 n

3
Crols: Lcm=l.3-10_4'(d”%z\ m> o,

0.16
Lsp=1.98-a-n2-“(bﬂ -(0.903+logb@ (nH)

s N

a:(dout'din)/ 4
b, width of the coil turns by = (doy-din)/2

strip conductor free space:

LzO.Z(ln 111940222 F5) (uH | m)
w+s

above groundplane

L~k Lﬁeespuce k=0.57-0.135In(w/h)

[A2-5]

[A2-6]

[A2-7]

[A2-8]

[A2-9]

[A2-10]

[A2-11]
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There are two kind of modified Wheeler formulas [A2-1] and [A2-2]. The idea is to get one modified
Wheeler expression because formula [2] uses ‘K1 and K2’, formula [1] is converted into formula [2].
Formula [1] is only for circular coils with the diameter in mils and expressed in nH. Formula [2] is for
hexagonal, octagonal and square shaped coils with the diameter in meters and expressed in H.

Formula 1

2 2
I 0.8 adn - (nH)
6-a+10-(0m2— L

Formula 2

So:
dan = % (dout + din)
a= % (dout + din)

a= % duvg

0.8-(%4-d,, ) -n*

d, —d,)

L=
6-%-ddvg+10-( e

04 d_° n?
L= avg
6d,, +10d,, -d,

2
04 d,, n

6+10 2 Dow =i
d +d

out in

04 4d,, n’
6420 p

L=%5 davg nz
1+3% p

(d o)

(:6)

Now formula [1] is almost converted into formula [2].

Because: K, 4, factor, (m)= Y 107 (mits)

K, =209 and K,=3Y%

Koninklijke Philips Electronics N.V. 2001
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meters. This factor, =2.54 107
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A.3  Something about capacitors

A.3.1 DC-behavior

In the schematics below is the capacitor connected to a DC-source. At the moment that the switch S is
closed the current I¢ and the voltage Uc behave as given in formula [A5-1].

. U
At the moment when current reaches the maximum value 7. = —?% the voltage Uy drops down to a
’ R

zero and the coil functions as a shortcut as shown in figure3-1.

Uc=Ub'(1—€RC\ IC=UR}'(€RC\ [A3-1]

Time
S (s)

Figure A3-1 DC-behavior of the currant and voltage across a capacitor.

A.3.2 AC-behavior

In the schematics below is the capacitor connected to a AC-source. If the AC-source a sinus is then it
appears that the ic and uc are also sinus signals with the phase difference of 90 degrees (see figure A3-2).

Figure A5-2 AC-behavior of the current and voltage across a capacitor.

d
7= b i.=C s [A3-2]
o C dt
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A.3.3 Not an ideal capacitance

An ideal capacitor consists of two conductors without any losses and a dielectric media with infinite
impedance, thus the ideal capacitance.

In practice a capacitor always has a not wanted behavior which is caused by the parasitic inductance and
the internal resistance of the dread, as shown in figure A3-3.

Those values are mostly very small and thus negligible and the resonance frequency can be approached by

fa 1
"2 4iLC

capacitief inductief

Figure A3-3 Behavior of not ideal capacitor.
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A4 Needed Fasterix setups for designing of a coil

The EM-field simulations are done with a Fasterix-tool. In order to create a certain coil-shape in Fasterix
it’s necessary to give the coordinates, this is one of the reasons that a interface between ADS and Fasterix
is made. Within ADS it is now possible to create visually different coil-shapes and in a Fasterix-window
the necessary parameters can be adjust. Also after simulation a model-component is made which makes
possible in ADS-schematic environment to build a circuit which is most similar to a measurement-
environment.

This chapter lead the user through the necessary simulation steps in order to get a accurate simulation
results.

A.4.1 Drawing the Coils in ADS

In an ADS-environment it is possible to draw the coil manually. This is rather difficult and time costing
event especially if the coil shape isn’t rectangular.

This is one of the reasons that a program is written which makes it possible to enter the coil-dimensions.
This program calculate the lines from corner to corner of the coil and write it to a file which can be im-
ported in ADS.

The program is a FORTRAN program (appendix A5) and can
be edited in “Unix-environment” by typing :

c File for import in ADS
OPEN(2,file="cirbr5nH_a")

Command line: ‘nedit spirads.f’ PIEDATAN(1.d0)"4.d0

In figure A6-1 is a part of the program given which has to be | ¢ Hokk
changed due to different kind of coil-shape. In this program the Input unit (mm) and form Coil
baseradius, linethickness, linespacing, pointsperrev (shape of | ¢ o
coil), number of turns can be entered. It is possible to make
almost every shape, with different kind of dimensions. filename='cirbrsnh’

T T : » baseradius=1
1\}1;;:/1 ;h.e program has to be executed in “Unix-environment” by linethickness=1d0

linespacing=0.5d0

) ) pointsperrev=30
Command line: {77 spirads.f” numberofwindings=0.89
Command line: ‘a.out’

An ADS file is made in the example case; ‘cirbrSnH a’,
which can be directly imported in ADS-layout window.

(9]

Figure A4-1 A part of the program

When the program spirads.f is used to drawn a coil, take into

account that the linethickness/ spacing is not accurate. Because the program
use the value for linethickness/ spacing the oblique side (s), which is not the
actual width. Therefore this value must be manual calculated. The value (a) is
the actual linethickness/ spacing (called trackwidth and trackspacing).

The angle (&) is calculated with o = 18y ) determine the shape of S a
pointsperrev

the coil. It are the number of corners. In case the shape is octagonal the num-
ber of pointsperrev are 8.

The linethickness (s) is calculated with § = /
cosa

(o)

Figure A4-2 Calculation linethick-
ness/ spacing
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A.4.2 Import file in ADS

2001/218

To import a file in ADS an EGS Archive Format and the desired Import File Name must be selected (figure
A4-3). The format of the “Import File Name (Source)” must be filename’ a’ in our case “cirbrSnH a”.
When this is done click on OK and the layout is opened.

Select File Type:
EGS Archive Format

File Type
EGS Archivé Format [ Hore Options...|
Import File Hame (Source)
/home fcontr 6/spoelfcirhrSnH 3 Browse... |
Detaulls Design
ol
Hew Dosis Hane (Destantion} Select
E Imnort File
Layers File Name
| cirbrSrH. lag Browse... |
OK | Cam:ell Help |

Figure A4-3 Import file setups ADS.

A.4.3 Fasterix setup

Select Cre-
ate/Modify

/

Window  Fastenxz | DesignGuide /

= = 1 Aot it =t et
i B swstrate oo sumtente..
ond

HEST “ Save Substrate...

Extraction...  gaye As Substrate...
Summary...  pejgig .,
CreatefModify...

Update From Schematic

Figure A4-4 Fasterix menu.

Before start the simulation some setup have to be done.
First the substrate/ layer setups. Select Create/ modify (figure A4-4) and a new window is opened to setup a
substrate properties (figure A4-5) such as thickness, permittivity and permeablity of a substrate. In our case
the thickness of the substrate is 0.5 1 mm with a real permittivity of 3.38.

By clicking on the “metallization layers” the properties of different layers can be defined.
Defining the properties of a different layer can be done by selecting the desired layout layer (figure A4-5).
In our case a ‘definition (cond)’ of ‘Sigma(Re,thickness)’ is selected with a conductivity of 5.8¢”” and a
thickness of 35um for a top/ bottom layer and 0.51mm for a via.

To make a layout as describes in chapter layers and substrate some strips and vias are created.
This is done by mapping the desired layout layer as a strip, slot or via. A strip is the objects on the layout
layer are conductive, an the rest of the layer is not, a slot is an inverse of a strip. A via is connection

between two strips through the substrate.

¢ Create/Modily Substiate:2

Thickness of
substrate

% Create/Modify Substrate:2

Different
layers

Substrate Layers |:Metallization Layérs,
Select a layout layer to map as &’strip or slol {0 an'inle
or as a via to a substrate layef:

ace plane (dashed line)

Select Sigma
(Re,thickness)

— Layout Layer CDM
Definition (cond)

Select a substrate layer to edit OR define a newfayer: — Layer Mapping
Layout Layers:
Substrate Layers Thickness Substrate Layer Hame . _ _
FreeSpace_0 % B ) 7| Sigma (Re, ) 1|
P v %
- # LU Substrate Substrate Layers: & o
H I ittivi il FreeSpace 0 ] i
reespace_ ¥ (Er) (Mu) Freefpare 8 e [575z-07  _siemensim -
Re, Loss hlgenl il Re, Loss Tangent il Substrale  Via via —
Real \ U | oy Strip bottom
— . Freespace_1 g um—il
B B -
— Overlap Preced —
Loss Tangent Loss Tangent e a;p cedence
add | out | sasie| ||D il “ ~fa -
E N -
Permittivity Of Hurgr St ki) v |
substrate Substrate layers
i oK Appl Camer Help oK Apply and strips Help

Figure A4-5 The substrate layers.
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A.4.4 Making a coil on PCB

To make a PCB of an ADS coil-layout an export file in ADS must be created. Select export in the menu
and a window (figure A4-7) is opened. Select Type File “Gerber” and a file destination and click on OK. A

new dialog window is opened also click on OK. Dialog window (figure A4-8) is opened which allows to
setup the Gerber export options.

File Type
| Gerbher _’I More 0ptiuns...|

Mew File Hame (Destination)

| cirhrSeH. ghi Browse... |
ﬁl Cancell Help I

Figure A4-7 Export window.

Click on translation settings and a new window (figure A4-9) is opened. Select Outline/Fill ‘Fill’ and
Gerber Output Format ‘RS274X’ and click on Ok. The right setups are done to convert the ADS layout into
a Gerber file. Select Translate and a Gerber file is made, the dialog window can be closed.

The Gerber file is saved as “cond.gbr” can be imported in Boardmaster.

Translation Settings [ %]
Global Parameters
Mtools ¥3.40 [Apr 27.1999)

GERBER

Line DCode

Scale Factor ~ 1.000000 APT Out. I PCGerheriECAM

Mask Files Outline Fill

“ Quttine  Filled o Empty

ez

Fhamescontr_6/ jfcirbrinH.msk. Browse...

~ Fill Start Apt 1o |

|7 Compensation — e

Gerber OQutput Format ——— —______

# RSZ74D (Gerher) “* MDA Autoplot Select Gerber Output
+ RS274% ~ Format RS274X

Use RS274D format if you plan to merge the output files in the Gerber viewer.

I—
Apertiure File

t Browse...

Convert into

Gerberfile IW
[ ravaperes
T Treete

Figure A4-8 Gerber convert window. [ ox cancel [ vetp

Figure A4-9 Translation settings window.

50 Koninklijke Philips Electronics N.V. 2001



Company Restricted 2001/218

A.5 Program for making an ADS-file

program coilads
IMPLICIT NONE

DOUBLE PRECISION linespacing,linethickness,baseradius,
& dphi,dr,pi,r,Ri(1:300),x(1:300),y(1:300),

& phii(1:300),phi, fr,fphi,pinlx,pinly,

& pin2x,pin2y,leadwidth,leadangle,viax,viay,

& leadlength,pintopinl,alpha,x1(1:5),yl(1:5),

& numberofwindings,xro(1:5),yro(1:5)

INTEGER pointsperrev,

& orientation,totalpoints,i,xr(1:300),yr(1:300),
& xIr(1:4),ylr(1:4)
CHARACTER *8 filename

c File voor import in ADS
OPEN(2,file='octal50 a')
pi=DATAN(1.d0)*4.d0

sk sk sk s sfe sk sk sk sk sk sk sk sk ste sk sk sk st sk sfe sk sk sk sk sk skosk sk sk sk ste sk sk sk sk sk sk sk sk sk sk sk sk stk sk ste sk sk sk sk sk skoskoskokok kol skoteok skeskok

¢ Input unit (mm) and form Coil
sk st ke sk ske s sk ske e sk ske s sk ske st sk ske s sk ske st st ske s sk sk ste sk ske st sk sk ste st sk sie sk sk sie sk sk sie sk sk ste sk sfe sk sk sk ste sk ske sk sk sk ske steske sk skeskeoske skeskesk
filename='octa150'
baseradius=2.5
linethickness=1.15d0
linespacing=1d0
pointsperrev=_8
numberofwindings=1.50
orientation=1

viax=0.d0

viay=0.d0

dr=(linespacing+linethickness)/pointsperrev
dphi=2.d0*pi/pointsperrev
sk sfe ke she sk s sk ske s sk ske e sk ske s sk ske s sk ske st st ske st sk sk ste sk ske st sk sk ste sk sk sie sk sk ste sk ske st sk ske st sk sfe sk sk sk sle st ske sk sk sk ske steske sk skeskeoske skeskesk

¢ Generate centerpoint
sk sfe ke sk ske s sk ske e sk ske s sk ske e sk ske s sk ske st st ske s sk sk ste sk ske st sk sk ste sk sk sie sk sk ste sk sk sie sk sk ste sk sfe sk sk sk ske sk ske sk sk skeoske steske sk skeskeoske skeskeosk

x(1)=viax+baseradius+linethickness
¢ x(1)=viax+0.d0
y(1)=viay+0.d0

sk sk ok ok sk ok otk sk sk ok sk ok ok ok sk ok ok ok ok ok sk ook sk ok ookl ook sk okokok kool sk kokkok kR kR Rk sk kK

C

C turns

c sk sk sk sk sk sk sk sk sk sk sk sk o sk sk sk sk o sk skosk sk sk sk sk sk sk sk sk s sk sk sk st sk sk sk skeoske sk skeosk skoskeosko sk sk sk sk skt sk sk sk skt sk sk sk ks skok
phi=0.d0

r=baseradius+linethickness
totalpoints=int(numberofwindings*pointsperrev)
DO 10 i=1,totalpoints
Ri(i)=r+i*dr
phii(i)=phi+orientation*i*dphi
x(i+1)=viax+Ri(i)*DCOS(phii(i))
y(i+1)=viay+Ri(i)*DSIN(phii(i))

10 CONTINUE
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s sfe sk s she sfe sk sk sk sk ki sk ste sk sk sk sk sk sk sk sk sk sk sk sk sk sk sie ste sk sk sk sk sk sk sk sk sk siosiosk stk sk ste sk sk sk skoskoskoskokokokokok kekokoskosk

¢ Calculate endpoints of coil, fr=finalr

sk sk sk s sk sk sk sk sk sk ki sk ste st sk sk sk sk sfe sk sk sk sk sk sk sk sk sk ste sk sk sk sk sk sk sk sk sk ksl sk steosieosk sk ste sk sk sk sk skoskoskokoskoskokok ekl skosk
fr=r+numberofwindings*(linespacing+linethickness)
fphi=orientation*(numberofwindings-int(numberofwindings))*2.d0*pi
x(totalpoints+2)=viax+fr*dcos(fphi)
y(totalpoints+2)=viay+fr*dsin(fphi)

fr=fr-linethickness

x(totalpoints+3 )=viax+fr*dcos(fphi)
y(totalpoints+3)=viay+fr*dsin(fphi)

fr=fr+0.5d0*linethickness

pin2x=viax+tfr*dcos(fphi)

pin2y=viay+fr*dsin(fphi)

sk sk ok ok sk ok ook sk sk ok ok ok ook sk ok sk ook ok ok sk ook sk ok ok okok ook kokokok ko okok kokokok ko okok sk kok koK

Calculate the point back towards the center
sk sieoske sk sk sk sk sieoske sk sk sk sk skeoske sk sk sk sk skeosie sk sk sk sk sk sk skeosie sk sk sk skeosie sk skt sk skeosie sk skt sk sk sk sk skosi sk sk skeoskoskoskeoskokoskokokoskeskok
r=baseradius
DO 40 i=totalpoints,0,-1
Ri(i+1)=r+i*dr
phii(i+1)=phi+orientation*i*dphi
x(2*totalpoints+4-i)=viax-+Ri(i+1)*DCOS(phii(i+1))
y(2*totalpoints+4-i)=viay+Ri(i+1)*DSIN(phii(i+1))

40 CONTINUE

sk sk sk s she sk sk sk sk sk sk sk sk ste st st sk st sk sfe sk sk sk sk sk skosk sk sk sk ste sk sk sk sk sk sk sk sk sk sk sk sk skesiesk sk ste sk sk sk sk sk sk sk skoskok kol skokosk kol

¢ close loop
sk sieoske st sk sk sk sieoske sk sk sk sk skeosk sk s sk sk skeosie sk sk sk sk sk sk sk sk sk sk skeosie sk skt sk skeosie sk skeosieoske sk s sk sk sk stk skeoskokoskoskokoskokokoskeskok

c
x(2*totalpoints+5)=x(1)
y(2*totalpoints+5)=y(1)

c she she sk sfe she sfe ske sk ske sk e sk sk sk sk sk she she she she she she she ske sk sl sk sk sk sk she sk sk she she sk ske sk sk sieosie sk sk sk sk sk st sk sfe sk ske sk sk sk skoslkokoskok skoskokoskeosk

¢ Generate the leadwire

she she sk sfe she sfe ske sk ske sk st sk sk sk sk sk she sk she she she she she ske sk s sk sk sk sk sk she sk she sk she sk ske sk sk sieosie sk sk sk sk sk sk sk she sk skeoskoskoskoskokokoskok skeoskokoskeosk

leadwidth=linethickness

c alpha=DATAN(baseradius/fr)

c leadangle=fphi+orientation*alpha
leadangle=pi/4.d0
pintopinl=DSQRT (baseradius+fr*fr)
leadlength=pintopinl+leadwidth
x1(1)=-0.5d0*leadwidth
yl(1)=-0.5d0*leadwidth
x1(2)=-0.5d0*leadwidth
yl(2)=0.5d0*leadwidth
x1(3)=-0.5d0*leadwidth+leadlength
yl(3)=0.5d0*leadwidth
x1(4)=-0.5d0*leadwidth+leadlength
yl(4)=-0.5d0*leadwidth
x1(5)=pintopinl
yl(5)=0.d0
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c sk sk sk s she sk sk sk sk sk sk sk sk st sk st sk st sk sfe sk sk sk sk sk sk sk st sk ste sk sk sk sk sk sk sk sk sk sk sk sk stk sk ste sk sk sk sk sk skoskoskokosk kol skokok skeskok

¢ Rotate
R e e

xro(1)=dcos(leadangle)*x1(1)-dsin(leadangle)*yl(1)

& +baseradius+0.5d0*linethickness
yro(1)=dsin(leadangle)*xI(1)+dcos(leadangle)*yl(1)
xro(2)=dcos(leadangle)*x1(2)-dsin(leadangle)*yl(2)+baseradius

&  +0.5d0*linethickness
yro(2)=dsin(leadangle)*x1(2)+dcos(leadangle)*yl(2)
xro(3)=dcos(leadangle)*x1(3)-dsin(leadangle)*yl(3)

& +baseradius+0.5d0*linethickness
yro(3)=dsin(leadangle)*x1(3)+dcos(leadangle)*yl(3)
xro(4)=dcos(leadangle)*x1(4)-dsin(leadangle)*yl(4)+baseradius

&  +0.5d0*linethickness
yro(4)=dsin(leadangle)*x1(4)+dcos(leadangle)*yl(4)
xro(5)=dcos(leadangle)*x1(5)-dsin(leadangle)*yl(5)+baseradius

&  +0.5d0*linethickness
yro(5)=dsin(leadangle)*x1(5)+dcos(leadangle)*yl(5)

write(2,*) '$$ filename',' = ', filename

write(2,*) '$$ baseradius',' = ',baseradius

write(2,*) '$$ linethickness',' = ' linethickness

write(2,*) '$$ linespacing',' = ',linespacing

write(2,¥) '$$ pointsperrev',' = ',pointsperrev

write(2,*) '$$ numberofwindings',' = ',numberofwindings
write(2,*)

write(2,*)

write(2,*) '"UNITS UM, 10000;'
write(2,*) 'GRID 0.1000,2 0.0000,0.0000;'
write(2,*) 'LOCK 0.0000;'
write(2,*) "TSLANT 0.0000;'
write(2,*) 'RESOLUTION 0.0000;'
write(2,*) '$$'
write(2,%) '$$ layer line'
write(2,*) '$$ label type type color pen layer'
write(2,%) '$$'
write(2,*)
write(2,*) 'EQU 'cond',' :D',’ :L1",' :C15'"," :P1")' 1}
write(2,*) 'EXIT;'
write(2,*)
¢ aanpassen van filenaam
write(2,*) '$SFILES ' filename,'$;'
write(2,*)
write(2,*) 'EDIT;'
write(2,*) 'EDIT;'
write(2,*)
write(2,*) 'EDIT ', filename,';'
write(2,*) 'GRID 0.0001,1 0.0000,0.0000;'
write(2,*) '"ADD P1 :W0.0000'

DO 30 i=1,2*totalpoints+5

IF ((x(1)).GE.0.d0) THEN
xr(1)=INT(1000.d0*x(i)+0.5d0)
ELSE
xr(1)=INT(1000.d0*x(i)-0.5d0)
ENDIF

IF ((y(i)).GE.0.d0) THEN
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yr(1)=INT(1000.d0*y(i)+0.5d0)
ELSE
yr(1)=INT(1000.d0*y(1)-0.5d0)
ENDIF

write(2,*) xr(i),', ",yr(i)

CONTINUE
write(2,*)

write(2,*) 'ARE ", "NET_0"",' "signal 2"",' SOLID ',
& |4|

DO 50i=1,4
IF ((xro(i)).GE.0.d0) THEN
xIr(i)=INT(1000.d0*xro(i)+0.5d0)
ELSE
xIr(i)=INT(1000.d0*xro(i)-0.5d0)
ENDIF
IF ((yro(i)).GE.0.d0) THEN
ylr(i)=INT(1000.d0*yro(i)+0.5d0)
ELSE
ylr(i)=INT(1000.d0*yro(i)-0.5d0)
ENDIF

write(2,*) "' xlr(i),',,

& ylr(i)

CONTINUE
write(2,*) ;'
write(2,*) 'Grid 0.1000,1 0.0000,0.0000;'
write(2,*) 'SAVE;'
write(6,*) 'Pin 1: ',xro(5),",,yro(5)
write(6,*) 'Pin 2: ', pin2x,,",pin2y
write(6,*) 'viax ',viaxtbaseradius+0.5d0*linethickness
write(6,*) 'viay ',viay
CLOSE(2)
END

Company Restricted
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A.6  Results Design layout Two with 0.75 turns

9
8
7 i
6
T 5
S
4
2 —— Measured
1 —— Simulated
0 T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Figure A6-1 Inductance value f [MHz}
0.4
0.35
0.3
0.25
0.15
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0 T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
f IMHz1
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200 || —— Simulated
o /
(¢}
100 -
50 =
0 1 1 1 1 1 1 1 1

100 200 300 400 500 600 700 800 900 1000
Figure A6-3 Quality factor f [MHz]
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A.7  Results Design layout Two with one turn
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A.8 Results Design layout Two with 1.25 turn
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A.9 Results Design layout Two with 1.50 turn
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A.10 Comparison quality factor with different turns
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A.11 Simulation results changing dimensions
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A.12 Simulation results dielectric media

16

14

12

10

L [H]

4 — Dielec338_051 |
Dielec338_18 -
2 Dielec446_051 |

— Dielec446_18
0 T T T T T T T T

100 200 300 400 500 600 700 800 900 1000
f [MHz]

Figure A12-1 Inductance value.

50

— Dielec338_051
Dielec338_18
Dielec446_051

— Dielec446_18

43

40 -

35

30

o 25 =]

20 —

15

10

2

0 T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

f [MHz]

Figure A12-2 Quality factor.

62 Koninklijke Philips Electronics N.V. 2001



Company Restricted 2001/218

8 — Dielec338_051
, | Dielec338_18
Dielec446_051

5 | — Dielec446_18
5

T

=

S 4

W

o
3
2
1
0 T T T T T T T T

100 200 300 400 500 600 700 800 900 1000
f [MHz]

Figure A12-3 Serial resistance.

Koninklijke Philips Electronics N.V. 2001 63



2001/218

A.13 Simulation results influence of vias
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