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Abstract

The development of the Gateforest® technology with new ultra-thin silicon sub-
strates triggered research into its possible applications. RFID implementation,
specifically the transmitter implementation, on this technology is investigated
in this document. To start with, the measurement and simulation of circuit el-
ements (passive and active) at high frequencies is done in order to verify that
the chip could operate at radio frequencies. The document then discusses the
basic structures that are involved in the design of the transmitter test-structures,
followed by the theory of operation of voltage controlled oscillators. The imple-
mentation of the circuits is done to explore the possibility of creating an RFID
tag using a new technology. For this, 4 transmitter circuits are designed, two
ring oscillators and two cross-coupled oscillators, such that they cover 3 different
operating frequencies (433 MHz ISM band, 869 MHz SRD band and 2.45 GHz
ISM band). They are also designed in both differential and single-ended form
to cover a good set of different parameters for testing. In circuit design, high
complexity of the structures is avoided because this is only a first prototype and
special care was taken in order to provide a wide tuning range (> 40%). This
is important in order to assure that the operating frequency could be reachable
despite temperature and process variations. The circuit layout is done such that
it fitted on one chip provided by IMS-CHIPS. The pad connections are done so
that testing of the chip is facilitated as much as possible.
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Chapter 1

Introduction

1.1 Background

Identification(ID) systems find applications in retail, surveillance, tracking, toll
collection, medicine, key-less entry and many other authentication-requiring ser-
vices [3]. Formerly, bar codes were the industry standard in providing such
identification for an automated system, this method however had many disad-
vantages. Bar codes could only store a very small amount of information, they
require line-of-sight operation and although they are easily produced by printing,
they are not robust and are not suitable for all weather conditions [3].

1.1.1 RFID Systems

The new solution replacing bar codes is Radio Frequency Identification (RFID)
which overcomes the mentioned disadvantages, and takes wireless data transfer
to a new level. RFIDs operate on the same principle as most of today’s wireless
communication systems; they are composed of a transmitter and a receiver with
data transferred between them in the form of electromagnetic (EM) waves [3].

A more abstract view of an RFID system can be done by assuming an RFID
tag and a reader. The RFID tag is composed of a transmitter and a receiver which
reads an incoming signal (from the reader) and transmits a reply accordingly.
This reply can contain a security code, a price or any kind of information, thus
performing the job of an electronic ID system.

The advantages brought forward by this new technology is that it provides a
wireless method of data transfer which is independent of weather conditions, does
not require line-of-sight, has a long range, can store a lot of information and is
overall more robust and quicker than bar codes. The challenges brought forward
by RFID systems is to be able to design a tag as small as possible, flexible so
it does not break easily, has a long range, is power efficient and can be cheaply
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mass produced as well.

1.1.2 The Gateforest® Technology

The technology used in this work is provided by the vendor IMS-CHIPS,; it is
a preprocessed chip consisting of an array of gates in a sea-of-gates structure
making up most of the chip area. This is shown in fig. as the digital section,
there is also a small analog section north of the chip. The digital-core transistors
are smaller (0.5um) and faster than the analog ones, making them suitable for
use at the RF frequencies required in the designs. It was nonetheless crucial to
measure their RF parameters so that they are verified to the model and can be
used in simulations, this is done in chapter

The analog section consists of resistors as well as capacitors along with the
larger transistors organized in cell structures each with a specific number of each
component.

Pads

Digital

Figure 1.1: Layout of a Gateforest® master core [I].

Gateforest® technology is now being fabricated on the new ultra-thin Silicon
(Si) substrates (20um). This makes it smaller in size and more flexible as well
which is of great advantage when applied to the production of RFID tags. The
fabrication process is also done cheaply in a new process [I].

1.2 Motivation

Since RFID is increasing in popularity, and becoming more and more widely
used: cheap and practical solutions for its production must be sought out. The
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1. Introduction 3

Figure 1.2: Ultra-thin silicon.

new technology mentioned provides many advantages in that regard. Since it
has a thin substrate, it can be easily embedded in such products as ID cards
and price tags. The speed of the transistors is adequate to operate RFID at
any of the allowed bands. It is also cheap since the chips are produced with the
thin-film Si technology [4]

1.3 Simulation Software and Measurement Equip-
ment

Many computer-aided design tools are used in this project, they are listed below.

1. Agilent™ Advanced Design System (ADS): This is used for schematics and
schematic-level simulations.

2. Cadence™ Virtuoso: Used for circuit layout.

3. ADS Momentum: Add-on for ADS which is used for EM simulation of
inductor and capacitor test structures before measurements.

4. Cascade™ Microtech Wincal 3.1.0.31 VNA Calibration Software.
5. Cascade™ Microtech Prober Control Software (PCS) Utility.

Hardware Measurement equipment, listed below, are also used in the measure-
ments.

1. Cascade™ Microtech Microchamber Probing Station.
2. Hewlett Packard™ 8510B Vector Network Analyzer (VNA).

3. Hewlett Packard™ 4155B Semiconductor Parameter Analyzer.
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1. Introduction 4

1.4 Thesis Organization

This document is focused on the design of a transmitter fitting to the specifica-
tions of the mentioned technology. The text takes the steps of the design in the
order in which they were investigated. Starting with the modeling and measure-
ments of the test-structures, then moving on to the necessary theory of oscillators
followed by how it was applied on the designed circuits. Furthermore, a chapter
including simulation results, emphasize the important results that characterize
the designed transmitters. Layout considerations are then discussed and finally
the thesis is then briefly summed up in the last chapter.
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Chapter 2

Integrated Circuit Components

This chapter presents the first step performed before the actual circuit design.
It is imperative to test the various components of this new technology so as to
verify their properties, create simulation models and verify that they can operate
at the required frequencies.

Measurements are performed on a Gateforest® testchip with various passive
and active structures of different sizes. A photograph of this chip is shown in fig.

2T

Inductors
and finger
Capacitors

-Ii 2 E-H E-'-! § } MOS capacitors
S O
H-i iales ‘dﬁi ame Short and open
&3 H—i H rH H’ : structures

} NMOS transistors

Figure 2.1: Micrograph of the measurement testchip.



2. Integrated Circuit Components 6

2.1 Transistors

The transistors used in this work are part of the digital core in a Gateforest®
gate-array chip, and since it is a new technology, some essential tests and simu-
lations were required to be run on the transistor preparing it for circuit design.
It is essential to verify the transistor model used, and since the chip was mainly
used for digital circuits before, it is of especially high importance to validate the
high-frequency (HF) parameters in the transistor model.

2.1.1 DC and AC Characteristics

Typical direct-current (DC) characteristics are displayed through a graph of
drain-source current (Ipg) vs. drain-source voltage (Vps). This characteristic,
which is shown in fig. 2.2] is simulated in the operating region of the transistor
(0V to 6V for NMOS and 0V to -6V for PMOS), and is plotted for different
values of gate-source voltages (Vgs).

For some applications, as it is the case in this work, the transistor may be
used as a resistor. In this case the gate and drain are connected, converting it to
a two-terminal device and forcing the gate-drain voltage (Vap) to be zero. The
condition for transistor operating in saturation region is

Vbs > Vas — Vr,

and we have

VGD = 07

therefore the transistor will always be in pinch-off mode when connected in this
configuration. This connection is utilized in voltage-to-current conversion in the
current generation branch of a current source. Fig. [2.3| shows the resistance of
the p-channel and n-channel transistors varying with drain-source voltage. It
is shown to be quite constant in the operating voltage range, although it is a
non-linear function of voltage.

\%4
,uncox%a/ - VT)2

Resistance is plotted for different channel widths, this has the same effect as
connecting transistors in parallel; resistance is halved when width is doubled.

A very important alternating current (AC) parameter of a transistor is the
transconductance (g,,). G, is simulated for different values of Vizg and plotted
against Vpg. It is significant because it gives an indication of the small-signal
gain, and is generally required for the sake of completeness of the transistor
analysis.

Req = (2.1)
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Figure 2.2: Simulated transistors [-V characteristics: Ipg versus Vpg for different
values of Vgg.
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widths, M shows how many transistors are connected in parallel.
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Figure 2.4: Simulated transconductance of the transistors versus Vpg for different
values of Vgg.
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2.1.2 HF Measurements and Simulations

Transistors used in this work were only previously used for digital circuits in
which the frequency of operation is related to the data rate, which of course is
not an RF frequency as it is required to be in the transmitter circuits.

To get an indication of the speed of the transistor it is enough to measure
the transit frequency of the transistor. Transit frequency is the frequency at
which the transistor’s current gain drops to unity while the source and drain
terminals are held at signal ground [5]. The current gain is the ratio of the drain
current to the gate current; while the drain current is frequency independant,
the gate current increases proportionally with frequency which is why the slope
of a typical current gain curve is -20 dB/decade.

Transit frequency is important to measure because it shows how fast a signal
change at the gate of the transistor, which is usually the input, reflects on the
output. For this HF parameter, several measurements are made on the test chip
to verify the transistor model. S-parameter measurements are done on the test
chip transistors, measurements are made for three different chips from different
ends of the wafer to investigate any position effects. All the NMOS transistor
structures where biased at voltages of Vpg = 3.5V and Vgg = 3.5V as well,
while PMOS is biased with Vpg = 3.5 and Vgg = —2.0V. The methodology in
verifying the transit frequency is as follows [6]:

1. S-parameter measurements were made on the VNA for different transistor
sizes and positions.

2. S-parameter measurements were conducted on the open structures corre-
sponding to the measured transistors.

3. Data is exported to the simulation tool for manipulation; the Y-parameters
were calculated.

4. To find the transistors S-parameters excluding the pads: The Y-parameters
of the open structures where subtracted from the complete transistor (with
pads) Y-Parameters, resulting in what is therefore the Y-parameters of the
transistors themselves, with the pads effects de-embedded. They are then
converted back to S-parameters.

5. The transistor model’s current gain is simulated and compared with that
of the measured values.

Plots of simulated and measured current gains, with and without de-embedding
the pads, are shown in figures [2.5|and for n-channel and p-channel transistors
respectively. It can be seen that the measured and simulated values were close;
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the measured values displayed higher transit frequencies than the simulated ones,
making the model a pessimistic one, suitable and safe for use in simulations.

In the 2 finger transistors the current gain and transit frequencies were higher
than expected after de-embedding, and lower than expected before. This is due
to the effect of the pads which is more dominant in the small transistor, it
overshadows the transistor’s characteristics itself. As can be seen in the 34 finger
transistors, the effect of de-embedding is much less and the measured values were
closer to the simulated ones. PMOS transistor measurements showed generally
better HF behavior than the model.

For the measured plots there is some distortion and unexpected behavior
at low frequencies; the reason for this is the inaccuracy of the VNA measure-
ments at low frequencies. Note that data becomes invalid after 4 GHz because
measurements are only conducted up to that frequency.

2.2 Inductors

Inductors are important performance-limiting components in radio-frequency in-
tegrated circuits (RFIC) . The inductor’s quality factor (Q) is the most impor-
tant parameter associated with an inductor, it is defined as the ratio between
the imaginary and real parts of the inductor’s impedance.

Im{Z}
Re{Z}
The inductor’s Q is an indication of how lossy the inductor is and it usu-

ally determines many aspects of a circuit such as power consumption, area and
current.

Q= (2.2)

2.2.1 Spiral Inductors

Spiral inductors are used in RFICs, they are implemented on the uppermost
metal layer available on a chip, and the connection of the spiral center is done
using a lower metal layer crossing [7] as shown in fig. Inductors can also
be implemented as stacked inductors; by connecting more than one metal layer
together hence reducing the resistive losses of the coil. Increase of the Q up to
14% is reported in [§]. Inductors of circular geometry were reported to have a
higher Q [7], but in most cases as it is in this work, only Manhattan geometries
were allowed.

It is still challenging to implement monolithic inductors in RFICs due to the
low resistivity of the Si substrates (<0.01 Q-cm [9]). Eddy currents induced in
the substrate cause the degradation of the Q factor [8]. Monolithic inductors also

+ INSTITUT FUR ELEKTRISCHE UND OPTISCHE NACHRICHTENTECHNIK
+ PROF. DR.-ING MANFRED BERROTH
UNIVERSITAT STUTTGART




2. Integrated Circuit Components

12

70 T T

measured with pads

measured after deembedding pads
60 = = = transistor model
50

Current Gain/dB -

ol
-1 " i i L FE L
10° 10° 10%
Frequency/Hz -
(a) NMOS 2 fingers
70 T T
measured with pads
measured after deembedding pads
60 = = = transistor model

Current Gain/dB -

-1 i i R S S S |

10° 10°

Frequency/Hz -
(b) NMOS 34 fingers

Figure 2.5: Simulated and measured (before and after pad de-embedding) current

gain curves for different sizes of NMOS transistors.
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Figure 2.6: Simulated and measured (before and after pad de-embedding) current
gain curves for different sizes of PMOS transistors.
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occupy very large silicon area. In spite of these setbacks, monolithic inductors
are still favored to active inductor implementations, since they display lower
power consumption and noise, which is usually critical in applications such as
oscillators or low noise amplifiers.

I Metal 1
I Metal 2

a) b)

Figure 2.7: a) Layout of a typical spiral inductor. b) Actual layout of the used
inductor.

L R,
oy (T AM o
Coxl — — ox2
R bl — —
! _E C -1 Rsub2
subl sub2

Figure 2.8: Lumped element model of monolithic inductors.

To model the parasitics of monolithic inductors, a lumped-element model is
used in simulations. Refer to fig. This is a description of the elements:

R, Series resistance representing the ohmic losses due to the metal wire resis-
tivity, a rough value can be calculated directly using hand calculations by
multiplying the square resistance (Rp) by the length and dividing by the
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width of the wire used in the inductor.

C,: Capacitance from the metal to the oxide layer.

Cyup Capacitance from the metal to the substrate, here the substrate is consid-
ered connected to ground.

R, Resistance of the Si substrate. As discussed above, eddy currents due to
the low resistivity of the substrate degrade the Q of the inductor.

From the measured sample of inductors, the inductor with the highest Q is
chosen for use in the designed oscillators. This inductor’s properties agreed with
the theoretical guidelines for creating a high ) inductor which are summarized
in the following points [10]:

e Use of the top metal layer due to the reduced capacitance, since the top
metal layer is furthest from the substrate.

e Reduction of the spacing between the metal lines, but an optimum has to
be found because at high frequencies the capacitive coupling between the
lines increase thus increasing losses.

e Using wide metal to reduce the series resistance. This increases the capac-
itance as well as the area of the inductor, so an optimum value is required.

e Keep the opening in the middle of the inductor large to reduce eddy cur-
rents.

Fig. showing the used inductor’s layout clarifies how the above criteria
are fulfilled. The inductor is simulated with an electromagnetic simulator and
measured using the VNA to extract the S-parameters, both were optimized using
a simulation tool to fit to the parameters shown in fig. 2.8

Fig. [2.10[shows a plot of the simulated and measured inductor quality factor.
It can be seen that there is a good agreement between the measured and simulated
data, after optimization of the inductor’s model. The plot shows an optimum Q
at about 1.5 GHz. From DC to 1.5 GHz the Q increases on account of increased
reactance (which is proportional to frequency < jwlL >). After 1.5 GHz, Q
drops once more, this is due to the eddy currents in the highly conductive silicon
substrate which dominate at high frequencies.
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Figure 2.9: S-parameter measurements (red) and simulations (blue) of the used

monolithic inductor.
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Figure 2.10: Quality factor of the used inductor.

2.3 Capacitors

Capacitors are found in any resonator along with an inductor and is therefore
present in any oscillator based on LC structures. For tuning it is sometimes found
most convenient to use variable capacitors in place of the fixed ones, although
that may also be a cause of poor tuning linearity. Tuned capacitors, or varactors,
are discussed in chapter [3| Following is a quick report of the capacitors used in
this project.

2.3.1 Poly-poly Capacitors

In the analog section of the chip there were pre-fabricated capacitors with fixed
values of about 90 fF for each capacitor shown in fig. 2.11] The fixed capacitors
were constructed by using two polysilicon layers; the gate polysilicon and an-
other highly conductive poly-silicon layer which achieves good capacitance. The
effective capacitance per unit area is approximately 534pF/mm?.

Although the mentioned capacitors are compact and have good Q’s, they were
unsuitable for use in the oscillators in this circuit. The reason behind this is the
fact that the oscillator circuit is required to be symmetrical, and since the analog
capacitors had fixed positions at the top of the chip, they were unsuitable for
that. These capacitors were however utilized in another way; they were used in
constructing the RC noise filters for some of the tuning inputs for the oscillators.
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Figure 2.11: Capacitor layout from the analog area, used in RC filters.

2.3.2 Finger Capacitors

Finger capacitors, also called inter-digital capacitors, were implemented among
the test structures as they are used in most oscillator structures. They are imple-
mented using two metal layers to maximize capacitance and reduce resistance.
As shown in fig. the capacitor is arranged in form of fingers with both metal
layers on top of one another. The capacitance is directly related to the capacitor
layout area and is estimated from the measurment data at about 30pF /mm?.

‘@‘%mmm - \“%‘%x%
“@&}% wmmmmmmmmmx\\m\ %ﬁ ‘
mwma e

. R \k
\‘*\ -
&*@mx&&m&r&m@&mm&m@&sm g‘%%
\ .
%\g wmwmwwwwwmwm&m&

Figure 2.12: Interdigital finger capacitor used in the LC resonator.

The quality factor of the finger capacitors, which is defined the same way as
that of the inductors (eqn. [2.2)), is found to be very good making it valid to use
an ideal capacitor component in simulations.
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Chapter 3

Basic Circuits

3.1 Varactors

Varactors, which are also called vari-cap diodes, are called so as an abbreviation
for variable capacitors. Their operation depend on the variation of voltage across
a reverse biased diode structure thereby controlling the depletion capacitance of

such a structure.
o
a) b)

Figure 3.1: Schematics of the a) n-channel and b) p-channel varactors.

Varactors can be fabricated as diodes on the silicon chip by having n-type and
p-type diffusions like a normal diode. As an alternative, which is applied in this
work, a normal transistor could have its source and drain terminals connected
(and sometimes the bulk as well) to form a diode structure as shown in fig. [3.1] It
can also be seen from the figure that for this work, connecting the bulk connection
along with the source and drain is not possible because all bulk connections are
connected together either to Vpp or Vgs. We can distinguish between three
different modes of operation as shown in fig. [3.2] They are summarized below.

e Accumulation mode: This occurs when V;g < 0 and in this operation
mode the voltage on the gate oxide is high enough to allow electrons to
move freely. The electrons are accumulated on the gate oxide interface
therefore the equivelant capacitance is only that of the oxide insulator
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where C,, = f—s (S and t,, are the gate channel area and oxide thickness
respectively).

e Depletion mode: This area of operation is the one utilized for capacitor
tuning mainly, it occurs when 0 < Vg < Vi, When a voltage from this
range is applied the electrons move away from the oxide interface, or are
depleted in this area, resulting in an additional capacitance effectively being
in series with the oxide capacitance thereby reducing the value for total
capacitance. Note that between the electrons and gate oxide there still is
no conductive channel layer and this is why this depletion capacitance is
observed.

e Inversion mode: When we further increase the voltage to Vs > Vj;, the
channel now forms at the gate oxide and effectively cancelling the depletion
capacitance. This happens because what used to be a kind of dielectric layer
for the capacitor is now a conductive area, the total capacitance therefore
goes back to C,, as in the accumulation region.

[
-

S Accumulation Depletion Inversion
s i
S B=D=S§
S,
S
)
A-MOS
: >
Vs=0 Voltage

Figure 3.2: Capacitance of a varactor versus voltage.

Varactors used in this work follow the curve marked with A-MOS, they never
enter inversion mode because their bulks are connected to ground [I1], this has
the advantage of a wider tuning range as it is apparent from the plot. A mirror
image of this curve could also be obtained by connecting the bulk connection to
Vpp instead of ground.
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3.2 Amplifiers

This section presents some basic sub-circuits which were used mainly in the
output stages of the transmitter. Output stages will be looked upon in more
detail in chapter [6]

3.2.1 Source Followers

Source followers were used after the oscillators as part of the output stage of the
transmitter in order to provide adequate current to be able to drive the 50 €
output load. It is therefore used at the very last part of the output stage.

VDD Vout A

Vino|

V()Mt

VSS

\J

Vin V.
a) b)

Figure 3.3: a) Circuit schematic and b) VTC of a source follower.

Source followers or common-drain amplifiers have a large current gain and a
low output resistance but they suffer the disadvantage of dependence on body
effects. This happens because the source is the output node therefore making
the threshold voltage increase with the output, which means that the maximum
output will be lower than Vpp [12].

From the voltage transfer characteristics(VTC) in fig. it can be deduced
that the signal input to the source follower must have V;,, > V};, for the transistor
to operate. The output voltage will then follow the input voltage with a DC
voltage offset equal to Vs according to this equation

1 w

‘/;)ut - é,uncoxf(

where R, is the equivalent resistance due to the diode-connected load. The
voltage gain can be calculated by differentiating the previous equation w.r.t.

Vin = Vi = Vour)* Reg (3.1)
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Vin.
a‘/vomt w a‘/th a‘/out
— (V. — - 1— — 2
a‘/in ﬂnCox L (V;n ‘/th ‘/out)< a‘/m a‘/;n ) (3 )
and we can substitute in the equation using the following relation:
w
9m = ,uncoa:f(‘/in - ‘/th - Vth) (33)
therefore the voltage gain (A,) is given as follows:
TTLRS
A, = J (3.4)

3.2.2 CML Amplifier

Differential amplifiers are required for use after circuits with differential sig-
nals such as oscillators designed in this work. Besides being used as buffers
for isolating the oscillator from the load, differential amplifiers are also used in

constructing the amplitude control unit, as explained later in chap. [6]

VDD

0+

out~

Vart o[ AFem-

O—-s

ISS

Vss

Figure 3.4: Schematic of a basic differential amplifier.

Current mode logic (CML) amplifiers, which are simply called differential
pairs, provide a method for amplifying a differential signal. They consist of
two common-source stages with their sources connected together. To reduce the
sensitivity on the input common-mode voltage level (V;, car), a current source is

+ INSTITUT FUR ELEKTRISCHE UND OPTISCHE NACHRICHTENTECHNIK
+ PROF. DR.-ING MANFRED BERROTH
UNIVERSITAT STUTTGART




3. Basic Circuits 23

added as it is made clear in fig. . Vin.car 1s also important in that it determines
the biasing of the transistors as well as the output signal levels, it is important to
take care not to have a very large V;, cas to avoid clipping of the output signal.
For the circuit in fig. the current flowing in each transistor is ISTS, making
the output common mode level equal:

I
Vour.oar = Voo — %Rs (3.5)

which is independant of V;,, o

When designing such an amplifier, the two design considerations taken into
account are: the mentioned common-mode constraints, to make sure that the
signal does not undergo clipping, and the voltage gain, which is the main design
feature of an amplifier. It is now useful to evaluate that voltage gain in terms
of the design parameters. To start with, here is the expression for the input
differential voltage.

Via = Vin1 — Vina = Vas1 — Vasi (3.6)

and we assume that the devices are correctly biased for operation in saturation
region, therefore the current is given by:

1 w
[DS = iﬂncoxf(VGS - V;‘,h)2 (37)

| 2Ips
Vas = | ——+ + Vi 3.8
GS ,unC'OI% th ( )

From the previous two equations it follows that:

21 21
‘/inl - V:in2 = DS%/V - DS?/V (39)
,UnCoxf ,unco:r:f

Then by squaring both sides and substituting Ips1 + Ipss = Igs the following
equation is result:

therefore,

1 w

“ ncom_
gftn™o

Squaring both sides again and using the equivalence of:

(Vint — Vin2)® — Iss = —2v/IpsiIps (3.10)

4IpsiIpss = (Ipsi + IDsz)2 — (Ips1 — ID52)2 = Iss® — (Ipsi — ID52>2 (3.11)
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the following equation for differential current is arrived at, after re-taking the
square root, then substituting Ips1 — Ipse = Lou:

1 1% 41gg
[ou = 3 nCo:v ‘/7,
¢ ghnSerT Vi [ e

- V2 (3.12)

| -
-

‘ Via
Figure 3.5: I, vs. V;4 for a differential amplifier.

The voltage gain is obtained from eqn. at Vig = 0:

/ 44
A’U = NnCoxfISSR (313>

The degrees of freedom are therefore the transistors’ sizes (%), the tail current
(Iss) and the load resistance (R) in controlling the gain. All the mentioned
variables increase the gain with the largest effect through the load resistance
since it is not under the square root.

3.3 Noise filters

An issue in most electronic circuits is its sensitivity to noise: how vulnerable a
circuit is in response to noise present within it. In all cases it is an undesirable
parasitic and can be avoided through the use of noise filtering techniques, one of
which is presented in this section.

3.3.1 Low Pass RC filters

Oscillators with high tuning sensitivity achieve a wide tuning range, but the
downside is that the frequency becomes prone to large variations through noise
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on the tuning control inputs. This is avoidable only by reducing the noise on the
tuning control inputs, and that is achieved by using RC low-pass filters.

R

Vi" O W\I J_ o Vout

IC

Figure 3.6: Low pass RC filter.

Thr RC series circuit shows low pass frequency response, which can be un-
derstood intuitively since the capacitor to ground will not affect low frequency
(LF) signals while allowing HF signals to pass through to ground, hence allowing
only the LF signals(in this case DC tune controls) to pass through to the circuit.
It can also be proven from circuit analysis: the total impedance of series RC is:

Z, R ! 3.14
w=R+— (3.14)

the transfer function for V,,; can be therefore calculated as the ratio of the
capacitor impedance to the total impedance as follows:

V;ut 1/SC
= — 1
S (3.16)
1+ sCR '

This transfer function will yield transfer characteristics like those shown in
fig. W.ith the cut-off frequency f. = #@: This fr(?quency can therefore be
chosen using the values of R and C to best suit the noise frequencies that need
to be filtered out.

3.3.2 Noise Filtering on Supply Rail

Noise is not only a problem on the tuning inputs but on the supply rail as
well. The oscillator frequency varies with the supply voltage, an effect known as
frequency pushing. It is of high importance to avoid this problem especially in
circuits where the supply voltage is unstable and prone to change. It can also
be observed from the supply current, if it has many fluctuations then the circuit
would most probably need more effective noise filtering, as was observed with
ring oscillators.
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Figure 3.7: Low pass filter frequency response.

MOS capacitors were placed between the supply rail lines, this is done, for
the case of n-channel transistors, by connecting the gate to Vpp and the source,

drain and bulk to Vgg therefore having an equivalent capacitance equal to the
oxide capacitance which increases noise immunity.
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Figure 3.8: MOS capacitors between supply rail to reduce noise.
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3.4 LC Resonators

Resonance occurs naturally in many systems, any system that has a complex
conjugate pair of poles [13]. They are characterized by a sharp peak in the
amplitude of their response corresponding to a phase of zero in their output.
An LC resonator is the core component of an LC oscillator as will be shown
in chapter [} The frequency selectivity of such circuits is the reason they are
suitable for use in transmitters, they are also used in filters as part of receivers.
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Figure 3.9: Series RLC circuit.

The resonance condition occurs when the capacitive and inductive reactances
are equal in magnitude, thereby yielding a purely resistive impedance.
Considering the series RLC circuit in fig. [3.9] the input impedance is

1
Z =R+ jwlL+—— 3.17
+ jwL + o (3.17)
which can also be written in the following form:
Z =R+ j(wl— ) (3.18)
= J(w e :

It is therefore obvious that there exists a frequency w for which the imaginary
portion of the impedance cancels out, this is called the resonant frequency wyq
and can be found as follows,

Im(Z)=wL - — =0 (3.19)
therefore,
Wy = —F— (3.20)

At the obtained resonant frequency, the following is true for the resonant
RLC circuit.

1. The circuit impedance is purely resistive since the reactances of the inductor
and capacitor cancel out.
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2. Impedance is at a minimum magnitude value.

3. The voltage and current are in phase, also because the equivalent impedance
is resistive.

4. The reactive components’ voltages can exceed the power supply voltage.

The discussed circuit is already acting as a frequency filter which can be seen
from the frequency response shown in fig. [3.10] A bandwidth for the system
can be defined as the difference between the two frequencies ws — w7 which are
defined at % maximum power or \% of the maximum current. Note that this is

only one definition of bandwidth (BW).
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Figure 3.10: Current amplitude as it varies with frequency in a series resonant
circuit.

wy and wy are called the half-power frequencies, an expression for calculating
them can be obtained by equating the magnitude of the expression for impedance
to L since it is this value at which the current drops to {zez. By doing so, we

V2
arrive at the following expressions for the half-power frequencies

R R 1
-+ V24—
wiz =Ep TG Te
It can be proven that the resonant frequency is the geometric sum of the two
half-power frequencies [13].

(3.21)

Wy = /W19 (322)
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A very important parameter that is calculated for resonant circuits, and is of
high relevance to oscillators, is the circuit’s quality factor. It is defined as the
ratio of the peak energy in the system and the energy dissipated in one cycle
of oscillation at resonance. It is also regarded as a measure of energy storage

property of the circuit with regard to its energy dissipation property [13].

The energy stored in the circuit per period is

1
Pstm’ed - 5LI2

and the energy dissipated in the resistor is equal to

1
Pdissipated = _]2R

2f
therefore the quality factor is the ratio of both multiplied by 27,

wob 1
R —WOCR

Q=

LA 0, ©970:>0;
0>
N

0s

N

- w
-
- —P
Bandwidth

(3.23)
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Figure 3.11: Current amplitude as it varies with frequency for different Q’s.

The quality factor describes the sharpness of the amplitude curve in the
frequency response, therefore it makes sense to relate it to the bandwidth. Q
is inversely proportional to the bandwidth since the more sharp the amplitude
curve gets, the narrower it will be as well, making the BW decrease. This is
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illustrated by the plots in fig. By substitution using eqn. [3.21] and the
definition BW = wy — wy,

R Wo
BW = 7= 6 (3.26)
The quality factor describes the selectivity of the circuit; the ability of the
circuit to work at a specific frequency and reject the other frequencies. This is
why, as we will see later, Q of the used passive elements are directly related to
an oscillator’s phase noise performance. High Q resonators are desired for use in
modern communication devices.

=
jwl  wc TR

Figure 3.12: Parallel RLC circuit.

All the previous analysis was done on series RLC circuits, it remains to look
at how the parallel RLC circuits behave. There are four parameters that char-
acterize resonant circuits and they are wy, Q, BW and half power frequencies.
They can be found for parallel RLC circuits the same way as for the series ones,
and here are their expressions.

W = \/%_C (3.27)

Q =wRC = woiL (3.28)

BW = % ~ % (3.29)

g =gt \/ () + 7 (3.30)

This concludes the section about LC resonators. They are the basic building
block on which LC oscillators are built, the idea is to compensate for a lossy LC
tank by using an active circuit to cancel out the parasitic resistance introduced
from the passive components. This is discussed in detail in chapter 4} along with
another look at L.C resonators from the point of view of the oscillators in which
they are used.
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Chapter 4

Oscillators

The design of an oscillator is unique, different from any other electronic circuit.
An oscillator is a circuit that produces a periodic output voltage without any
external inputs by relying on unstable operation. Instability, which is usually
avoided in any other system, must be applied here, but carefully controlled in
order to get an output suitable for use in modern high-performance RF receivers
and transmitters, which are demanding in terms of power consumption, spectral
purity and amplitude stability.

In this chapter, the general conditions for oscillation in a given system are
presented, followed by a survey of different oscillator topologies, with focus on
ring-oscillators and LC oscillators. A lot of the text in this chapter is the result
of studying the equivalent chapter in [5].

Note that in oscillators a very important property is phase noise performance,
but because this work is only a first prototype for the used technology, it is not
of high importance to investigate this point which is why this document does not
include the relevant phase noise theory or simulations.

4.1 Oscillation Conditions

Oscillation conditions for a feedback system can be summarized in two necessary
criteria 5] [14]:

e Open loop gain of the system is greater than 1.
e Phase shift caused by the system is 180°.

This is further clarified with the aid of fig. The system shown in the
figure consists of a subtractor (negative feedback), and a block specifying any
certain function denoted by H(s). Consider the input at the first step in fig.
4.1] assuming the system has no initial conditions at the feedback, the input will
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Figure 4.1: a)Feedback system, b)Instability in an oscillatory system.

H(s)

enter through the subtractor, then onto the H(s) block unchanged. At this point,
if oscillation would continue to occur, then the output of H(s) must add up to
the input, and for that to occur it must be out of phase with it (since there is a
subtractor) hence the second condition. The feedback system must provide 180°
(£360°n) to add up to the input and sustain oscillation. Note that a complete
phase shift of 360° is achieved around the system when the subtractor’s phase
shift is also taken into account.

The other condition states that the loop gain must be greater than or equal to
1, indicating that some kind of amplification is required. This can be clarified by
following the waveform around the system, which leads to the following geometric
series:

Vour = Vin + [H(5)|Vin + [H(5)[*Vin + [H()[*Vin + - (4.1)
which can be written in the closed form (for |H(s)| < 1):

‘/out 1
= 4.2
Ve T JH) -
so this clearly only diverges for values of |H(s)| that are greater than or equal to
1.

These conditions stated above are known as the “Barkhausen criteria” and
can be formally summarized in the following two equations:

|H(s)| >1 (4.3)

ZH(s) = 180° (4.4)
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To be safe, the loop gain is usually chosen to be 2 or 3 times the required value,
depending on the system, in order to assure oscillation in spite of temperature
variations or other external variables.

4.2 LC Oscillators

As the name suggests, LC oscillators depend on resonance from an LC tank
to satisfy oscillation conditions, namely, the “Barkhausen Criteria” mentioned
earlier. Had there been ideal capacitors and inductors, it would have been trivial
to construct an LC oscillator, since it will be sufficient to place a capacitor and an
inductor in series or parallel form. Upon injecting some energy into the system
at its center frequency; the impedance will amount to zero and energy will be
indefinitely transferred from the capacitor to the inductor, or oscillate between
them. Of course this is not the case.

4.2.1 LC Resonators

Integrated capacitors and monolithic inductors have been available on-chip for
more than 15 years [5], a detailed account of these components is given in chap-
ter 2l Inductors are usually the performance limiting components due to their
low quality factors when implemented on-chip in integrated form. They usually
exhibit low quality factors (< 10), indicating that the oscillating energy is no
longer sustained, rather dissipated in a resistive component.

L L R
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Figure 4.2: a)Lossless and b)realistic parallel LC resonator.

In the ideal case the combined impedance of the parallel resonant tank can be

given by: Y, = ]U%L + jwC, which reduces to zero (Z,, = 00), at w = wy = —~—

VLC’
thereby yielding an infinite Q at this resonant frequency [5]. This is the case
when the energy initially stored in one of the components will not be dissipated,

only being transferred back and forth within the LC tank.
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Impedance of the lossy tank is given as:

Ls+ R

LCs?+ RCs+1

In the vicinity of the resonant frequency wg, but not at exactly wg, the tank
reduces to a simple resistor, the exact resonant frequency is a complicated func