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Abstract

The increasingly interconnected world requires systems that support high data
rates, and thus the development of mm-wave systems is necessary. Automotive
collision radar (80 GHz) or WLANs (60 GHz) are one of the applications that
led the increment of the demand in RFICs, in which monolithic devices are
fundamental, such as on-chip inductors or transformers. Along this thesis, the
design and modelling of single and differential inductors, as well as transformers, are
carried out following a bottom-to-top structure. Electromagnetic Momentum pW
ADS simulations characterize the inductors and transmission line-based lumped-
element equivalent models of the inductors and transformers are also defined. The
exploration of the design of inductors in the custom-made technology available in
the Nanoelectronics Group Student Design Library of Lund University is the main
goal of the thesis. A close agreement between model and component is achieved,
just as the design of inductors and transformers that can work over the desired
band using the presented technology.
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Popular Science Summary

The current exponential growth of the Earth population implies an increase in the
information that is shared and stored. For that, not only high storage systems
are needed but also higher transmission rates. The Extremely High Frequency
(EHF) band or millimeter-wave band is defined as a part of the Radio Frequency
(RF) spectrum that allows high data rates by having high bandwidth bands. This
emerging mm-wave regime covers frequencies from 30 to 300 GHz in which different
sub-bands can be defined, such as the well-known W-band used in this work.

Around the mid 2000s, the demand for low cost Radio Frequency Integrated
Circuits (RFICs) increased, as well as the development of new modulation schemes
for transceivers and receivers. In a transceiver/receiver diagram block, it is possible
to notice that voltage controlled oscillators (VCO), low noise amplifiers (LNA)
or impedance matching circuits are key blocks when it comes to transmission of
data. One of the most important elements of those mentioned RFICs (VCO, LNA,
impedance matching circuit) are, indeed, monolithic(on-chip) inductors. For that
reason, a research of monolithic inductors design in an specific technology enables
this technology to be suitable to develop RFICs that includes inductors, expanding
its range of application.

Throughout this thesis, the suitability of a custom-made technology for the
design of inductors is implemented. During the design process, not only electromag-
netic simulations are done, but the description of lumped-element equivalent models
as well. Single inductors are designed, but differential inductors and transformers
too, providing a more complex description of the design. That may allow this work
to be the start point for a inductor design kit that could be fully developed based
on this document.

iii
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Chapter ]_

Introduction

In the communication age we live in, the number of devices and the need of
communication between them are increasing notoriously [1]. In order to meet the
needs, Radio Frequency Integrated Circuits (RFIC) have experienced an increase
in their demand and big data exchanges have made necessary the development of
high-data-rate systems, moving electronics evolution to millimeter-wave frequencies
(30 — 300 GHz) [1]. Radars, security or wireless commercial applications (WiHD
at 60 GHz, automotive collision radar at 77 GHz or imaging systems at 94 GHz)
are only some examples of applications that contribute to the creation of a smart
society in which everything is connected and communication between people is
becoming easier and easier [2].

Passive on-chip inductors and transformers are key components in mm-wave
RFICs since their inductance and quality factor impact overall circuit performance.
This performance can be improved with the use of differential instead of a single
inductors. Differential circuits show better noise rejection and robustness, which is
essential in transceivers aimed for mm-wave communication [3].

The use of monolithic inductors is not exempt from difficulties. This type of
inductor requires a large on-chip area, so the cost increases. Furthermore, several
losses and parasitics that decreases inductor’s Q-factor have to be taken into
consideration, such as the substrate effect, the skin effect or the proximity effect [4].
Different ways of reducing the substrate losses in silicon-based technologies are
shown in [4].

Not only passive inductors exists, but active inductors as well, formed by
transistors or other active components [5]. Active inductors have some advantages
over the passive inductors, such as area reduction, high frequency, high quality
factor or large and tunable inductance [6]. However, active inductors have notorious
limitations in respect of coupling, power consumption and design. They cannot
be coupled (Their inductance is not created from the electromagnetic field around
them), they have a higher power consumption and they require slower and more
involved design process in comparison with their passive counterparts [7]. The
choice between active or passive inductors depends on the application, so active
inductors will be suitable for filters [5] [6] and passive inductors for circuits in which
an energy transfer is needed (They can be coupled so they can form transformers).
Some examples of RFICs where differential passive on-chip inductors are commonly
used are voltage controlled oscillators (VCO), power amplifiers, low noise amplifiers
(LNA), phase shifters or impedance matching circuits [4].
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2 Introduction

1.1 Aim and structure

The main goal of this thesis is modelling and characterizing on-chip differential
inductors and transformers in the W-band (75 — 110 GHz) of the mm-wave regime
using the Keysight Advanced Design System (ADS) software. The choice of the
W-band is done because it is becoming more attractive to have communication
standards at those frequencies and the III-V nanowire RF MOSFETs technology
used is suitable to be utilized this band [8]. Additionally, due to relatively large
bandwidth (BW), this frequency band allows for high data rates as well. The
technology used here is a custom-made nanowire RF MOSFETS, complemented
with back-end-of-line (BEOL). This technology is described and available in the
Nanoelectronics Group Student Design Library of the Lund University [9], and it
has already been proved to be suitable for microstrip measurements in the mm-wave
regime [10].

In order to systematically analyze inductors and transformers of different
configurations, the following tasks were considered.

e Design single-ended and differential on-chip inductors.

e Design on-chip transformers.

e Develop equivalent lumped-element models for inductors and transformers.
e Compare different variations on the shape of the inductors and transformers.

e Quantify inductance, resistance and Q-factor for different configurations,
based on simulated data.

e Characterize the transformer insertion losses, frequency range, impedance
ratio, coupling, windings’ DC resistance, self-inductance and Q-factor, based
on simulated data.

The structure of the document is divided into five chapters. Chapter 2
describes the theoretical concepts needed to understand the thesis. Most of them
are related to the electromagnetic fields that affects the inductor, but since the
inductor structure will be based in transmission lines, parasitics, losses and other
effects of the electromagnetic field in transmission lines are explained as well.
Chapter 3 presents the description of the inductors and all the measurements
and the steps followed in order to obtain the results showed in the next chapter.
Chapter 4 shows the results obtained and their interpretation. In Chapter 5,
final conclusions as well as future work is showed.
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Chapter 2

Theoretical concepts

Along this chapter, a description of the theoretical concepts needed will be exposed.
First, some basics of the inductor are shown and then several electromagnetic effects,
parasitics, models and characteristics related to this inductor are presented. The
final part is focused on the description of N-port networks and the measurements
taken in this thesis.

It is common knowledge that circuits in general and RFICs in particular
are composed of two main kind of components: active and passive components.
Although it is necessary to have at least one active device in order to provide
the circuit with energy, passive devices are often critical in RFICs such as power
amplifiers or impedance matching circuits. Thus, this document will focus on one
of the main passive elements, the inductor, and its characteristics.

2.1 Inductor

While active components provide power to the circuit, passive ones are responsible
for maximizing power transfer through impedance matching. Some passive devices
use the electromagnetic field around them to store and release energy, such as
capacitors that store the energy in the electric field or inductors that use the
magnetic field for that.

Figure 2.1: Magnetic flux density (B) when a current (purple) is
applied to the inductor [11]
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4 Theory

Basically, an inductor consist of a wire that generates a magnetic field around it
due to the current through it. Different materials and shapes can be used to make
an inductor, but the most common structure is a wire wound into a coil, sometimes
around a core. This structure shown in Figure 2.1 makes easy to store energy in the
magnetic field since it is concentrated in the centre of the coil. However, it is not
possible to directly fabricate such an inductor on-chip. A simple on-chip inductor
can be formed from a transmission line stub (section 2.2), whose characteristics
will be of interest since the inductors of this thesis are transmission line-based.

The main electrical measurement applied to an inductor is, as its name suggests,
the inductance, that can be defined as the magnetic flux generated per unit of
current [12]. In the case of the coil in Figure 2.1, it is possible to measure this
inductance dividing the number of magnetic field line loops by the current in the
wire. Since the magnetic field line loops unit is Weber, the units for inductance
are Weber/Ampere or Henry.

Inductance can also be described as the relationship between the voltage in
the inductor and the variation of the current through it as shown in the following
equation

(2.1)

where L is the inductance in Henrys, v is the voltage in Volts and i is the
current in Amperes.

Inductors can suffer external perturbations and its electromagnetic field can be
changed because of the presence of nearby inductors or ground planes. Inductive
coupling happens when a variation in the current through one inductor induces a
voltage on the second inductor due to variations in the magnetic field. Then the
two inductors are coupled and the way to measure it is the mutual inductance,
defined as the relationship between the voltage in one inductor due to the variation
of the current through other inductor. In this case, a wider definition of the
inductance in equation 2.1 would be self-inductance, in equation 2.2, that relates
variations in the current through one inductor with its own voltage [13].

L dig(t)

un(t) =Li— (2.2)
_ diy(t)

va(t) = Moy 7t (2.3)

where Mis is the mutual inductance and Lq is the self-inductance, both in
Henry. Sub-indexes 1 and 2 identify the two different inductors. Coupling can
also be capacitive and it happens when two parallel plates (two inductors or an
inductor and the ground plane) act like a capacitor.

Mutual inductance depends on how one inductor is affected by the magnetic
field of a nearby inductor. The strength of this coupling can be modeled by the
coupling coefficient |k| < 1, where |k| = 1 means that the inductors are totally
coupled and |k| = 0 means that there is no coupling at all. Assuming then that the
coupling characteristic is reciprocal it is possible to consider that mutual inductance
is equal in both directions so M1y = Moy = M. In terms of L; and Lo, mutual
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inductance between two inductors can be defined by equation 2.4 and shown in
Figure 2.2.

M = k\/LiLs (2.4)

The figure below shows the schematic used for transformers (section 2.1.1),
where two coupled inductors are defined by their self-inductances and the coupling
coefficient. That is because transformers are basically two coupled inductors.

+ +
[ 3 [ ]

% %

1 m% ng z

_ _

Figure 2.2: Two coupled inductors. L; and Ls are the self-
inductances of the inductors and k is the coupling coefficient.

As it will be explained in section 2.3, some different parasitics affect the inductor
so a real inductor would have inductive, capacitive and resistive parts. This can be
modelled and it is possible to obtain the total equivalent capacitance and inductance
of the inductor.

Self-resonant frequency of an inductor is defined as the frequency at which,
as its name states, the total equivalent capacitance resonates with the equivalent
inductance of the inductor. The result is an exceptionally high impedance so the
inductors would behave like an open circuit at this frequency. It has to be taken
into consideration during the design of an inductor, since the inductor only behaves
like an inductor below this frequency [14]. Despite of that, the range of use of
transformers does not cover the whole range from 0 GHz to SRF, but that the
frequency the transformer stops working properly is lower than the SRF.

The self-resonant frequency is presented in the equation below

1
Isn = o Tt

where L., is the equivalent inductance of the inductor and C¢, is the total
equivalent capacitance of the inductor.

(2.5)

Inductors can be categorized depending on the material and the shape. The
typical structure of an inductor is, as it was said above, a wire wound into a coil,
sometimes around a core (It can be made of ferrite, iron, air...). Notwithstanding,
monolithic inductors are key components in RFICs for wireless communication
systems so the document will focus on them [3].

The main undesirable effects and losses related to the monolithic inductors are
exposed below:
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6 Theory

e Ohmic losses or resistive losses depend on the resistance of the material
and it transfers the loss into heat. In order to reduce this losses high
conductivity materials can be used.

e Since monolithic inductors are build at the top of a substrate, part of the
power is transferred to the substrate. Substrate losses often decrease the
quality factor of the monolithic inductors at high frequencies [4], so it is
crucial to reduce this losses during the design. Shielding the substrate with
an additional layer between it and the inductor reduces significantly the
substrate effect [15] [16].

e Skin effect. Probably one of the most important effects when it comes to
inductors. While at low frequencies the current through a conductor flows
uniformly over the cross section, at high frequencies this current tends to
flow in the outer section of the conductor. The effective area of the section is
reduced thus the resistance of the conductor increases. This effect makes the
resistance of an inductor frequency-dependent as it is shown in section 4 [17].

e At high frequencies, current flows in other undesirable patterns due to the
magnetic fields in nearby conductors. This is called proximity effect and
it has a greater impact than skin effect on the degradation of the quality
factor [4].

e Parasitic capacitance between different turns in adjacent layers for spiral
inductors.

2.1.1 Transformer

As it was said in the beginning of the chapter, passive components can not generate
energy but transform it, hence they are key components in the energy transfer
between circuits. A transformer consist of two or more inductive-coupled inductors
that provide a power transfer between two circuits when there are not conductive
connection between them. Both inductors share the same core for the purpose of
achieving an efficient energy transfer. For monolithic transformers, in fact, instead
of having two inductors in different legs as it is shown in Figure 2.3, they are often
placed on the top of each other in order to reduce the leakage losses, produced by
a non-perfect coupling [19].

I I

1 S
= a2
v v -cjzzwz
o— [F T

4 = conztant
"""'2 _ I1 _ Nz
l."'II1 B 12_ N1

Ideal Transformer

Figure 2.3: Basic two-inductors transformer components
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In Figure 2.3, voltages and intensities are defined for a single transformer as
well as the number of turns in each. The main equation that reflects the behaviour
of the transformer is called the turns ratio of the transformer and can be defined

then as
Voo It N Zy
_Ve_L_ N |2 2.6
""vwTnL N Vz (2.6)

where N, refers to the number of turns in port x and Z, to the impedance on
the port x.

Owing to its structure and behaviour, changes in the current intensity or voltage
of one circuit change the values in the other. As it was explained in equation 2.1,
inductors generate a voltage based on variations of the current intensity. That
means inductors work on alternating current (AC) instead of direct current (DC)
thus, transformers transmit energy in AC. In some RFICs transformers are used
instead of transmission lines because they occupy less area [20]. Main applications
of the transformers in RFICs are DC isolation, interstage impedance matching and
conversion from single-ended to differential configuration [21].

Since a transformer is formed by two or more inductors, it is affected by the
effect and losses related to the inductor such as ohmic losses, skin effect, proximity
effect or substrate losses. In addition, transformers suffer losses due to leakage flux
and they have capacitive and inductive coupling between the two inductors.

2.2  Transmission line

The current document presents an inductor which fabrication is based on transmis-
sion lines’ fabrication. Transmission lines offer very low loss and distortion levels,
thus they are a key building block for the design of RFICs [22]. Despite there
being many different ways to categorize transmission lines depending on shape,
length, material, etc., this document will focus on the planar transmission lines
such as striplines and microstrip lines. That is because the inductors designed in
this document are transmission line-based. The main difference between striplines
and microstrip lies in the number of ground planes they have. The structure of
a stripline is composed of two parallel ground planes and a plane strip of metal
between them, separated from the ground planes by dielectric material. Microstrip
is simpler, with only one ground plane separated from the plane strip by the
dielectric layer, as shown in Figure 2.4.

There are some properties that can be used to define a transmission line such
as its characteristic impedance, attenuation, delay or phase shift. Furthermore,
each transmission line has a inductance per unit length and a capacitance per
unit length that depends on the material, shape and size of the line. As it will be
explained in section 2.3, transmission lines can be modelled by its inductance per
unit length and its capacitance per unit length.

In section 2.1 the electromagnetic field of an inductor is described. Since a
microstrip can behave like an inductor when one of its ports is grounded, the
electric and magnetic field will be similar, with the exception of the presence of a
ground plane that changes the electric field significantly as Figure 2.4 shows. Due
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to the structure of the microstrip, electric field can be split into two: fringe field
and parallel field.

= = = = Magnetic field .
Electrical parallel field air
Electrical fringe field

Dielectric / N/ S/ ZaNZ
~ i o B R e -
T4+ o =|l=-FT

Ground plane

Figure 2.4: Electric and magnetic fields in a Microstrip.

Note that, even though the gap between the strip and the ground is filled
with dielectric, part of the electric field is passing through the air. That happens
in microstrip lines but not in striplines, where all the electric field is contained
within the dielectric material. In striplines then, the capacitance per unit length of
the transmission line depends on the dielectric constant of the dielectric material.
However, in microstrip lines this capacitance depends on the effective relative
dielectric constant, that will be somewhere between the dielectric constant of
the material and 1(dielectric constant of the air) [17].

Most of the effects and losses that affect microstrip are the same as the
monolithic inductors due to the similarities between them [17]:

e Parasitic capacitances. The ground plane and the strip form a long
capacitance between them, that makes a big influence in the capacitance
per unit length mentioned above. As is shown in Figure 2.5 (a), this main
capacitance can be split into two: parallel (C},) and fringing capacitance
(Cy). Fringing capacitance and parallel capacitances are created by fringe
and parallel fields respectively as Figure 2.4 shows.

e Resistive loss. This affects to the attenuation of the signal that is propa-
gating through the transmission line and the phase shift that this signal can
suffer.

e Dielectric loss. The attenuation is not only caused by the resistive losses
but the heating effect on the dielectric material when a signal is propagating,
that depends on the dielectric loss factor for the material.

e At high frequencies, skin effect, radiation losses and induction losses
can happen and make some influence on the attenuation of the signal as well.

In terms of coupling, inductive and capacitive coupling can affect the microstrip
line in the same way as it affects inductors. Figure 2.5 shows how the capacitive
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Figure 2.5: Parasitic capacitances in coupled microstrip on a) even
mode and b) odd mode (Taken from [23])

coupling affects the capacitance of the line for odd mode while it does not have
much effect for the even mode. It is important to consider this in the design of
differential devices that usually work on odd mode [18].

2.3 Lumped-element model

In this subsection, models for inductors and transmission lines are exposed.

2.3.1 Transmission line

As it was said in section 2.2, transmission lines are defined by a inductance per unit
length and a capacitance per unit length. However, this inductance is not ideal
and either the capacitance. Thus, it will be necessary to add a series resistance to
the inductor and a parallel conductance for the capacitor in order to modulate the
losses through the transmission line, as it is shown in Figure 2.6.

Rdx Ldx

o e}

Figure 2.6: Lumped equivalent circuit model of a transmission line.

There is one feature of this model that makes it modular, the line length
dependence. Due to that, it is possible to use more than one model in order to
achieve a high accurate behaviour, so the transmission line model can be “split” into
many sections. The more sections defining the model, the higher the accuracy, but
the model will be more complex too. This can be suitable when the transmission
line is not homogeneous, for example, when it is bent.

Transmission lines are reciprocal, so the model shown in Figure 2.6 must be
changed when a finite number of sections is used. In order to have reciprocal
transmission lines its equivalent m-model or T-model should be used instead.
Otherwise, a large number of sections is required to approximate the reciprocal
device.
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2.3.2 Inductor

During the design of an inductor, a compact lumped-element model is often
desirable. However, it is necessary to take into account the type of inductor and
materials it is made of, so that will change the parasitics and structure of the
model. All the references to models in this subsection are related to monolithic
inductors.

Co
14
1LY
Port 1 Ls —. ry(f Port 2
-
Cox1 ~ COJQ
Csit Rsit Csiz 77 2 Rsiz

Figure 2.7: Lumped equivalent circuit model of a microstrip inductor

[3]

Figure 2.7 shows a simple model for a microstrip inductor, where most of
the parasitics are shown. The main part of the design is formed by the series
inductance(Ls) and the series resistance(rs(f)). The frequency-dependent series
resistance is modelling the skin effect, the proximity effect and the ohmic losses
of the conductor. In spiral inductors, parasitic capacitances can appear between
adjacent turns, this is modelled with the capacitor C,. C,,1 and C,.o refer to
the capacitance created between the ground plane of the microstrip and the strip.
Finally, substrate effect is modelled with C'g;1, Cgi2, Rgs1 and Rg;e. Dielectric
and induction losses modelling is included in 75(f), but those losses are normally
not significantly in comparison with the ohmic losses.

As it was said in chapter 1, differential inductors are commonly used in RFICs
due to its good features. Even though the model described above gives a complete
description of an microstrip inductor model, it is necessary to consider the additional
effects and parasitics that would be added if the inductor were differential instead
of single ended. Often, a central tap has to be considered in differential inductors.
This central tap is a new port so the design would have three ports instead of two.
Furthermore, the tap is needed to be modelled since it has its own inductance and
losses as can be shown in [24] [25] [26]. More complex models can be found in [2],
where a multilayer-coplanar-waveguide-based differential inductor is developed or
in [22], in which a parasitic inductance is considered.

Q-factor

Although it has been shown above that a complete lumped-element model of an
inductor can be quite complex, a very accurate calculation of the quality factor is
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rather simple and the model is simplified to an inductor and its equivalent series
resistance (ESR). Total impedance and its Q-factor are defined as

Z =Ry +jX, =R+ jwL (2.7)

o KXo _Lw 2L

= 2.8
Ry R, R, (28)

Where f is the frequency, L is the inductance, Xs is the impedance of the
ideal inductance and Rs is the ESR.

2.4 S-parameters

Along this document, some measurements of the electrical parameters are made.
Almost every measurement will be based on the scattering parameters so the
inductors will be defined as a N-port network [27]. N-port network theory is
focused on the electrical characteristics of the ports, so voltage and current will be
used to describe them. Several parameters can be extracted from the ports but the
basic ones are S-parameters, Z-parameters and Y-parameters. Z-parameters give a
measurement of the impedance of the network, and they are calculated when each
port, one at a time, is open-circuited. On the other side, Y-parameters calculate
the admittance of the network, and they are calculated when each port, one at a
time again, is short-circuited.

h Port 1 Port 2 I
- -
+ a] az +
- —/\/—. Circuit/Device '.—/\/— p
Vi o b, . v,
—" N\ — N\ —

Figure 2.8: Incident and reflected waves in a two-port network (Taken
from [28]).

N-port network theory can also describe the ports using incident and reflected
waves instead of voltage and current. Figure 2.8 shows a total description of a
two-port network, where I, is the current, V. is the voltage, a, is the transmitted
wave and b, is the reflected wave in port x. The theory of reflection waves is based
on the concept of reflection coefficient that can be explained as follows: Every time
a transmitted signal arrives at a junction of impedance change the signal splits
into reflected signal and transmitted signal. The ratio of the reflected voltage to
the incident voltage is called reflection coefficient [17].

S-parameters are obtained then as the ratio between reflected and transmitted
wave. The definition of the scattering parameters for a two-port network S-
parameters are:




“output” — 2019/9/16 — 19:40 — page 12 — #26

12 Theory

by

S21 =
a

bo
§22 =

S11 =
aq a2

S12 =
a2

az=0 a1=0 a2=0 a1=0

s11 Input port reflection coefficient
s12 Reverse gain(isolation)
s91 Forward gain

S99 Output port reflection coefficient

In terms of displaying the impedance of a transmission line, the Smith Chart is
the most suitable tool. All the parameters presented above are based on impedance
measuring, so it will be very helpful to display them on the Smith Chart, where
both the magnitude and the phase of the parameters can be shown [29]. In this
document, a design guide for S-parameters provided by Keysight Technologies is
followed [30].

2.5 Measurements

In order to characterize the designs of this thesis, some measurements have to be
done and different configurations will be used for that. The components will be
treated as n-port networks. Single inductors will be defined as a reciprocal 2-port
networks, differential inductors as a 3-port networks (central tap is often grounded)
and transformers as a 6-port network.

2.5.1 RLGC parameters

The single inductor is based on microstrip so it is possible to obtain the RLCG
parameters for the lumped element equivalent circuit (Figure 2.6) as well as other
parameters such as characteristic impedance, attenuation, delay or phase shift.
The way this parameters are extracted based on Y-parameters and Z-parameters
for the 2-port single inductor is shown in the equations below. Note that all the
calculations are based on the propagation constant () along the line. This constant
measure the changes in phase and magnitude of a signal in a propagation medium.

By theory, The characteristic impedance (Zp) of a transmission line can be

defined as
R+ jwL
Zo= 4| —"— 2.10
"\ G+ jwC (2.10)

where R, L, G and C refer to the parameters of the lumped equivalent circuit
model of a transmission line in Figure 2.6, and Zj is the characteristic impedance,
that can be calculated from Y and Z-parameters using equation 2.11.

[ Z11
7o =] — 2.11
0 Yiu (2.11)
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Once the characteristic impedance is calculated, the propagation constant is
calculated as well.

1

Toramed = T (2.12)

o = Re(Ywrapped) (2.13)

Buwrapped = IM(Yuwrapped) (2.14)

B = unwrap(Burapped * | * 180/7,90) * 7/180/1 (2.15)
y=a+js (2.16)

where v is the propagation constant, « is the attenuation constant in Neper/m,
B is the phase constant in rad/m and [ is the total length of the transmission
line. Equation 2.17 shows the angular frequency that, with v and Zj, are used
to calculate the RLGC parameters in equations 2.18 and 2.19. Note that those
parameters are expressed in function of the length, so the units would be H/m for
the inductance, F/m for the capacitance, S/m for the conductance and Q/m for
the resistance.

w=2rf (2.17)
Rs = Re(vZp) L= Im(wﬂ (2.18)
G =Re(v/Zy) Cp= % (2.19)

The attenuation, effective relative dielectric constant and phase shift can be
calculated as well with the following equations

agp = 20alog(e) (2.20)
v=w/p (2.21)
Eeff = \/CZ) (2.22)
¢ = B*180/7 (2.23)

where agp is the attenuation expressed in dB/m, v is the propagation velocity
in m/s, e.rs is dimensionless and ¢ is the phase shift expressed in degrees/m.
These parameters can define the characteristic of a transmission line and, in this
case, a transmission line-based inductor.
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2.5.2 Inductance, resistance and Q-factor

In the design of an inductor, the three main parameters of interest are the induc-
tance, the resistance and the quality factor. Those are calculated based on Y and
Z-parameters. As it was said in section 2.4, Y-parameters are calculated for a port
when the rest of the ports are shorted, and Z-parameters when the rest of the ports
are open. It is also important to make a difference between the inductance and
resistance per length of the lumped equivalent circuit calculated in equation 2.18
(Rs and Ly) and the effective inductance or resistance of the inductor seen from
the port. The quality factor will be the ratio between the inductance and the
resistance, and two configurations are possible: single-ended and differential, both
shown in Figure 2.9.

~__ =

MSline MSline
X1 X1
+3  Term - Term
§ Term1 § Term2 TVW—
Num=1 Num=2
-
z=50 Ohm| | |z=50 Ohm T
-__ -__ Num=1
a) = = b) z=50 Ohm

Figure 2.9: a) Single and b) differential port configuration for a
single inductor

However, it is possible to calculate the differential response with a single-ended
port configuration, so this will be the chosen one. The single-ended parameters
can then be calculated with the following equations [25]:

L = w Rse = Re(l/Yll) (224)

~ Im(1/Y11)  wlge
Qse = Re(1/Y1,) ~ R.. (2.25)

On the other hand, it is necessary an impedance transformation to obtain
differential parameters, as can be shown in equation 2.26.

Zd = Z1 + Zog — Zo1 — Z1a (2.26)

and parameters are calculated in the same way as the single-ended ones [51]:

Im(Zd)

Laifs = Riirs = Re(Zd) (2.27)

Im(Zd) WLdiff
iFf = = 2.28
Qd ff Re(Zd) Rdiff ( )
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These six parameters along with S-parameters will be used in order to adjust
the lumped-element equivalent models presented on the next section. The single-
port configuration for the differential inductor is presented in Figure 2.10, a). Due
to the fact that differential inductors are mainly used in applications where the
central tap is biased or shorted, port 3 (central tap) is shorted for this calculus.

= Term
Term4
Num=4
Z=50 Ohm
tra;s
X93
Term
Term1 Term2 1 Term
Num=1 Num=2 Term2
Z=50 Ohm Z=50 Ohm Num=2
Z=50 Ohm

a)

Figure 2.10: Single port configuration for a a) differential inductor
and b) transformer

In the case of the transformer, the six parameters (Lse, Rse, Qses Laif, Raif . Qdiff)
calculated before give some information about the circuit, however, the complexity
of the 6-port network makes necessary to take different measurements with different
configurations depending on the purpose of the transformer.

2.5.3 Transformer measurements

A measure of the inductance and the Q-factor of the transformer’s windings is
usually necessary to characterize it [33]. Although several configurations can be
used to test the transformer, the most typical way to define the self-inductance
is the single-ended to single-ended configuration without bias, as shown in [20]
and [31]. As explained in previous chapters, Y-parameters will imply to have a
shorted output, so Z-parameters are used instead. Self-inductance and Q-factor
of the transformer shown in the results chapter are calculated with the following
equations:

_ Il’n(Zn) L _ Im(ZQQ)

L, ==, L, » (2.29)
_ Im(le) - Im<222>
Q@p = Re(Z11)’ Qs = Re(Zay) (2.30)

where L, and L, corresponds to the self-inductance in the primary and the
secondary winding respectively and @, and @, the Q-factor for the primary and
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the secondary [20]. Although the inductance and Q-factor of the windings give
some useful information, it is necessary to measure the gain (S12 or So1) to fully
characterize the energy transfer in the transformer. As it was explained above in
section 2.4, every time a signal arrives a junction of impedance change, part of
the signal reflects, resulting in loss of energy. That happens in the ports of the
transformers, where, if the port is not matched correctly, part of the energy is
reflected. Based on that, it is possible to define the maximum available gain as
the maximum gain of the transformer if all the ports where perfectly matched. If a
mismatch happens, a matching circuit can be added in order to achieve (or at least
get close to it) this maximum gain.

In transformers, there are two ways to define the coupling. First and well-known
way is to separate the coupling into inductive and capacitive. This separation is of
interest in the description of the transformer model in following sections. Another
way to express the coupling in a transformer are the mutual coupling factors. The
coupling can be divided then in two: a mutual reactive coupling factor (kr,,) and a
mutual resistive coupling factor (kge), both calculated with equation 2.31 [32] [34].
In this way, those coeflicient separate the coupling in reactive and resistive instead
of inductive and capacitive.

~[Im(Z12)Im(Z21) _ |Re(Z12)Re(Z21)
b =[] = [ReZaie) o

Another characteristic of the transformers can be defined as amplitude and
phase unbalance. By definition, a balanced two-terminal impedance has neither
of its terminals connected to ground, while an unbalanced impedance has one of
its terminals grounded [35]. Balanced-to-unbalanced mode conversion is one of
the applications of the transformer, so it is necessary to give a measure of the
"symmetry" of the device. For that, an amplitude is applied to the primary and the
two resulted voltages are compared in order to obtain the difference in amplitude
and phase with respect each other, as shown in Figure 2.11.

-1

Figure 2.11: Unbalance in transformer (Taken from [35]).

In this test bench, the two output voltages are in anti-phase, so the difference
in phase should be 180°. Any deviation from this value is measured as the phase
unbalance, as it is explained in [35]. The difference in amplitude and phase can be
calculated with the equations below.

amplitude unbalance(dB) = 20loglo(:“;2) (2.32)
3
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phase unbalance(deg) = phase(V3) — phase(V2) — 180 (2.33)

All this measurements presented in this chapter are used to get all the results
presented in section 4.
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Chapter 3

Method

A description of the steps made along the thesis can be shown in this chapter. First,
an overview of the software and technology used for this thesis is presented. After
that, the physical description of the microstrip inductor designs is shown. The
final part will be divided in the simulation setting, where the parameters for the
simulations are set, the characterization part, where measuring of the inductors are
made, and the modelling part, where the lumped-elements models for the inductor
are designed.

3.1 Software and technology

As indicated in Chapter 1, the software used for this thesis is ADS, an electronic
design automation software for RF, microwave and high-speed digital applications
that supports both layout and schematic design [36]. The design of the inductors
in this thesis are described at layout level, and electromagnetic simulations will be
the most important feature of ADS that will be used. In terms of electromagnetic
simulations, ADS has three main solutions:

o Momentum Microwave. Momentum pW computes S-parameters for general
planar circuits, such as microstrip, stripline or coplanar waveguide [37].

o Momentum RF. While Momentum pW uses full-wave formulation, Momen-
tum RF uses quasi-static formulation [38]. The purpose of this simplification
is to have more efficient simulations for RF. That means Momentum RF is
suitable for circuits that are electrically small, geometrically complex and it
do not radiate [38].

e Finite Element Method(FEM). Although Momentum can simulate multilayer
structures, FEM provide the best solution for random-shaped passive three-
dimensional structures [39]. FEM simulations often manage a lot of data so
it usually takes more time than Momentum simulations.

Even though all the structures described in the document are electrically
small [38], the substrate used is electrically large above 7.52 GHz and a warning
pops up if a Momentum RF simulation is run, so it is not suitable for this thesis.
On the other hand, FEM simulations implies a high complexity of the mesh so

19
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the simulation time will increase drastically. As a result of these considerations,
electromagnetic simulations will be carried out by Momentum pW along this thesis.

The designs of this work are are based on microstrip transmission lines above
a ground plane, raised from the semiconductor. The choice of microstrip instead of
stripline or coplanar waveguides is explained as follows:

e The raised ground plane in microstrip lines provides isolation from the
substrate so it reduces losses and parasitics. Coplanar waveguides have not
raised ground plane so they are exposed to this undesirables effects from the
substrate.

e The design of this inductor is later extended to the design of a transformer,
that consist of two inductors placed on the top of each other. Striplines have
a top ground plane that does not allow this.

Every design of this thesis is built over the custom-made technology described
in the Nanoelectronics Student Component Library of Lund University [9]. The
multilayer stack defined by the technology shows several dielectric and conductor
layers, as well as vias to interconnect them, as shown in Figure 3.1.

AIR

IE%@? / BCB (2.8)

609.05

(6+0.75) micron

" BCB(2.8)

602.3 (2+0.3) micron

SIS

[
% ]
600 -~ Si_high_res (11.9)

600 micron
0 micron /

Figure 3.1: Multilayer stack of the custom-made technology used in
this thesis.

Most of conductor layers and vias in the figure above are made of gold, except
for TFR_TOP and TFR_BTT, which are made of nickel-chrome. At the bottom
is placed the silicon substrate and benzocyclobutene (BCB) is used as an interlayer
dielectric.

As it was shown in Figure 2.4, a microstrip is composed of a strip, the ground
plane and a dielectric layer between them. The microstrip inductor will be in
METS3 (thickness 0.75 pum) and the raised ground plane will be in MET2 (thickness
0.75 pm). The dielectric layer between them is a 6um-thick BCB layer.

For the transformer, it will be necessary to replace the air layer of Figure 3.1
with a 2um-thick BCB layer. A new gold conductor layer (MET5) on the top
of this new dielectric layer will be added, with the same thickness as MET2 and
METS3, as well as a new 0.5um-wide via (VIA3), that connects MET3 with MET5.

The high conductivity of the gold used for the strips will reduce the ohmic
losses that depends on the resistance of the line. With regard to the dielectric
layer, some characteristics of the BCB make it suitable for mm-wave microstrip,
such as low losses and permittivity over a wide frequency range [40]. Also, it has
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been proved that a thick BCB layer reduces substrate losses working over a silicon
substrate [41].

3.2 Inductor Designs

Nowadays, performance and cost of high-speed circuits is becoming highly influenced
by the interconnections. Therefore, layout solutions are acquiring more importance
for integrated circuits (IC) design [42]. Several sizes an shapes are used in regard
to monolithic inductors. One suitable option in the design of monolithic inductors
are planar transmission lines, that behaves like an inductor when one of its ports
is grounded, such as microstrip or stripline. Every structure described in this
document is microstrip-based.

The design follows a bottom-to-top structure, the simplest structure is designed
first and more complex structures based on the previous ones are created afterwards.
In section 2.3 the lumped equivalent circuit of a transmission line is presented,
which is mainly composed of a capacitive part and an inductive part. Due to its
characteristics, a narrow microstrip would behave more like an inductor, while
wide microstrip behavioural would be more similar to that of a capacitor. The
characteristic impedance of a transmission line is defined by the width of the
line. In the technology used in this thesis, approximately 8um of width in MET3
(0.75um thickness) implies around 75¢2, while a double width would form a 509
transmission line.

In this work, the base inductor will be a 75 transmission line, shown in
Figure 3.2, a), from which some modifications will be made. A 100um long 750
transmission line will have an inductance of approximately 35-40 pH, which value is
suitable to work on a resonator of a VCO like the one shown in [43]. Note that P2
is assumed grounded through the use of Y-parameters and P3 is always grounded
(Figure 3.2). The description of a single inductor allows to build more complex
structures based on it.

P2 P3

a P1 b P1 P2

Figure 3.2: a) Microstrip line and b) differential inductor with 2F
structure. Ports expressed as Px, ground plane in green(MET2)
and the strip in red(MET3).

Even though the design of single inductors is essential, differential configurations
have become the dominant choice in RFICs. Hence, a differential inductor design
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is needed [44]. The first differential structure consists of two parallel lines joined
by the centre tap as shown in Figure 3.2, b). The total length of this differential
inductor will be 200um. For a differential inductor, this structure may seem simple,
nonetheless, similar structures give good performance in VCOs as it is shown in [15]
and [16].

The sharp 90-degree corners of the inductor presented in Figure 3.2, b) may
cause undesirable effects such as radiation, losses or coupling, therefore, layout
designers try to avoid sharp corners. The ring structure presented in Figure 3.3, a)
reduces, not only the undesirable effects of sharp corners, but the coupling between
the two branches as well. The balance between performance and simplicity that is
offered by this ring structure makes it suitable for high-Q monolithic differential
inductors [45].

a) b) P1 P8 P2

Figure 3.3: a) Differential inductor with Ring structure and b)
transformer based on ring structure. Ports expressed as Px,
ground plane in green(MET?2), first winding in red(MET3) and
second winding in blue(METS5).

At the top of the design, a transformer based on the ring structure is developed.
A new ring differential inductor(MET5) is placed at the top of the inductor of
Figure 3.3, a) (MET3), both completely overlapped in Figure 3.3, b). MET5 and
MET3 are connected through VIA3.

Based on the 7502 line, several transmission lines are designed with the purpose
of looking at the behaviour of them when some parameters are changed such as
length or width. Lengths for all the designs of this thesis are shown in Appendix A
(table A.1). Different variations on the length of the inductors occurs due to design
decisions.

3.3 Simulation Setup

An exhaustive choice in the simulation settings is necessary to obtain reliable data
from the simulations. Mesh settings, ground plane extension and port configuration
will be taken into account along this section. The single microstrip inductor shown
in Figure 3.2, a) will be used for the simulations of this section.
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3.3.1 Port setting

The pin selection and port definition in ADS is crucial since it will define the
S-parameters obtained in the simulations. Depending on the shape of the zone
excited by the pin in the layout, pins can be defined in 3 types: point pin, edge
pin and area pin.

Figure 3.4: Pin types (taken from [46])

All pin types mentioned above are supported by Momentum. Pins are placed in
the layout and the way they associate with each other defines the port configuration.
Edge pins are used along this work. Ports are defined by two terminals, a positive
and a negative, that can be pins or ground planes.

Differential inductors are usually used, as its name suggests, in differential
mode, indeed, RFICs are often designed to work in differential configuration [44].
That means the signals in the two branches of the inductor are in anti-phase so the
inductor is working on odd mode. As it can be seen in Figure 2.5, the coupling of
the inductor is different depending on the mode the inductors are working on, so it
is important to have several measurements of the inductor to model it properly.

Regarding the excitation of a two-terminal circuit, two main configurations are
possible: differential and single-ended. For differential measurement one port that
excites the two pins in anti-phase is enough. On the other hand, two ports are
needed for the single-ended port configuration. In this thesis, two-port configuration
will be used. This configuration is usually more flexible, since it is possible to
convert the two-port single-ended data into differential data so there is not need
to run two simulations [47]. The conversion basically converts the single-ended
impedance into differential impedance and it will be shown in section 2.5.

3.3.2  Ground plane extension

The ground plane makes an influence in the inductor, so the dimensions of the raised
ground plane have to be taken into consideration. It is called ground extension to
the distance between the transmission line edge and the ground edge in the X-axis,
as shown in Figure 3.5. If ground extension is too small then fringing field shown
in Figure 2.4 is limited and the total capacitance of the line will decrease.

For this reason, it is necessary to extend the ground plane until the effect of it
is the same as an infinite ground. Several values have been tried and it is possible
to see saturation in the parameters, for example, in the characteristic impedance
shown in Figure 3.5. All the different parameters that define the transmission line
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follow the same behaviour in terms of saturation. Since simulation time does not
increase significantly when ground extension increases, so the value used in this
document will be 100 pm.

ground
extension

microstrip (MET3)

90
85 . :
E —4— Characteristic impedance BCB interlayer
é 80
|S 75 ground plane (MET2)

0 50 100 150 200 250
Ground extension (pm)

Figure 3.5: Characteristic impedance function of the ground exten-
sion (left) and section of the microstrip line where the ground
extension is shown (right)

3.3.3 Mesh setting

The mesh is a geometric-based pattern that divides the circuit in cells. The larger
the number of cells in a circuit, the more accurate the circuit is. Increasing the
number of cells implies more complexity so simulation time will increase too [48].
The choice of the characteristics of the mesh decides the reliability of the simulations
done so it is important to carry out a study of the values of the mesh that gives
us good results without consuming too much time. Mesh settings can be global
or can be assigned to a specific part of the circuit, but in this work only global
settings will be used. Three main parameters decide the accuracy of the mesh:
mesh density (cells/wavelength), edge mesh (edge width) and transmission line
mesh (number of cells in width) [48].

e Mesh density is related to the circuit length measured in wavelengths and
the number of cells along the length of the circuit or component. In the case
of this thesis, it will define the cells on the long direction of the transmission
line. Mesh density depends on the mesh frequency, that in this case will be
selected as the highest simulation frequency(200 GHz).

e Transmission line mesh refers to the number of cells along the width of a
geometry. This is often useful for the designs where straight geometry is
used, such a transmission lines.

e Fdge mesh is used to increase the accuracy next to the edge of the structure.
It is defined as the distance between the edge and the first line that defines a
cell. Tt can be useful to notice how the current intensity, and therefore, the
inductance increases when it comes to the outer section
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Edge mes
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Transmission line mesh

Figure 3.6: Mesh parameters for a microstrip. Mesh density = 100
cells/wavelength, 9 cells in width and 0.25um edge mesh. Ports
expressed as Px, ground plane in green(MET2) and the strip in
red(MET3).

Figure 3.6 shows the result of the mesh setup study carried out along this
section, where mesh density defines the partitions along the line length. To identify
the transmission line mesh and the edge mesh, a zoom to the line is desirable.
As explained above, the number of cells per width corresponds to the number of
partitions along the line width, as it is shown in the inset of Figure 3.6.

The values that will be checked in this section are the following: Characteristic
impedance, attenuation, phase shift, delay, effective relative dielectric constant and
the RLGC parameters of the lumped equivalent circuit shown in Figure 2.6, and
its calculation is derived in section 2.5. A flux diagram of the steps in this thesis is
shown in Appendix A (Figure A.1).

In the beginning, edge mesh will remain automatic, so mesh density and
transmission line mesh have to be set. First, transmission line mesh is not selected
and edge mesh is set in auto. The mesh will then have 3 cells per width since it
is the minimum number of cells in width when edge mesh is set [48]. With those
values it is possible to see a saturation around 100 cells/wavelength for the mesh
density. Note that this value of the mesh density is based on not trustworthy
values for the transmission line mesh, so, after fixing the transmission line mesh
parameter, it will be necessary to check the mesh density again. After that, a
sweep for the transmission line mesh is done where odd values from 3 to 11 are
taken. Because of the skin effect and the fringing field, it will be less information
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in the centre of the section of the microstrip than near the edges, that is why an
odd number of cells will be selected.

Figure 3.7 shows how inductance and the characteristic impedance changes
with the sweep and it is possible to see some saturation between 7 and 9 cells per
width. Note that, even though only inductance and characteristic impedance are
shown here, several values has been taken into account.

Considering all the parameters calculated, less than 0.05% of relative error
is obtained between 9 and 11 cells per width in the worst case (inductance).
Simulation time evolution can be shown in table 3.1, where it can be seen that the
maximum difference happens between 9 and 11 cells per width.

2 36.8-
= 715 36.4-
En E 36.2
9—705 S 364
] .
N | - Characteristic impedance | 35.81
70 4—p————r——r—r—r—  35.6 +—r——————r———s
2 3 456 7 8 9 101112 2 3456 7 8 9 1011 12
a) cells/width b) cells/width

Figure 3.7: a) Characteristic impedance and b) inductance (mesh
density=100 cells/wavelength)

Cells per width 3 5 7 9 11
Simulation time 01:15 01:10 01:20 01:30 01:50

Table 3.1: Simulation time for mesh density = 100 cells/wavelength
and automatic edge mesh

For the edge mesh adjust, a mesh density of 100 cells/wavelength and 9 cells
per width are used. Edge mesh selection is motivated by the two main effects that
affect a microstrip in the distribution of the current along the strip: skin effect and
fringe fields.

Monolithic inductors can have their Q-factor affected by the skin effect because
it makes the resistance and the inductance frequency-dependent [4]. Along this
thesis, this effect can be noticed in two different ways:

e As said in section 2, skin effect produces a variation on the resistance with
the frequency. This variation of the resistance with the frequency is almost
linear for high frequencies [49]. In section 4, RLGC parameters are calculated
for a single microstrip inductor and this variation with the frequency can be
easily seen.

e Its definition says that what provokes this effect is that intensity tends to
flow in the outer section of the line. Taking then different points of the
microstrip measuring it then will give us the variation of the intensity, thus,
the inductance in relation with its proximity to the edge. This relation
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should be exponential so the closest it gets to the edge, the higher intensity
through it [49].

Moreover, the fringe field shown in Figure 2.4 contributes to increase the current
through the edges of the line as well. This effects affect the current distribution
in some way that losses increases when they are approaching the edge, until they
reach a maximum and start to decrease. This shape can be seen in Figure 3.8, a).

In order to consider those effects in the models, a proper edge mesh should
be selected. Different measurements from 0.05um to 0.85um are taken and the
variation of the attenuation and the inductance of the inductors is shown in
Figure 3.8.

For a gold microstrip as the one used along this document, the skin depth is
around 0.25um at 100 GHz as can be calculated with the equation 3.1 [50].

=T o

Where ¢ is the skin depth, w is the angular frequency, p is the permeability
and o is the conductivity of the material.

0.68 4 375+
ﬁgﬁj . 370+
£ 0621 E 365
3 0.64 I —
z =2 S ——t>
< 0.581 _ & ool
S 0.564 ‘ —- Attenuation(50 GHz) -

355
0 0102030405060.70.80.9 0 0.10.2030.405060.7080.9
a) edge mesh (um) b) edge mesh (um)

Figure 3.8: a) Attenuation and b) inductance of a microstrip for
different edge mesh

As Figure 3.8 presents, the graph for the inductance is exponential, as expected,
while the attenuation shows the behaviour explained above. With the purpose of
not underestimate the losses of the line, the skin depth value is taken [50]. Note that
this measurement refers to the maximum attenuation point. The final configuration
for the thesis then is mesh density = 100 cells/wavelength, transmission line mesh
= 9 cells/width and edge mesh = 0.25 um. In order to check the accuracy of the
selected meshing setup, a comparison with a very complex mesh is shown in the
Figure A.2 of the Appendix A.

3.4 Measurements

The first step to follow after drawing the layout of the inductor is running an elec-
tromagnetic (EM) simulation using Momentum pWW. The result of this simulation
could be used to create an EMmodel that characterizes the inductor component
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that will be used for the simulations. After that, it is possible to place those
components on a schematic to measure the mentioned parameters in section 2.5.

The measurements are divided into the extraction of the RLGC parameters
of the line and the characterization of the inductors through a measurement of
the inductance, resistance and quality factor. RLGC parameters extraction will
be useful in the definition of the model, while the measure of the inductance and
resistance will help to define the behaviour of the component as well as verification
of the model.

Apart from the measurements of inductance and resistance, some extra mea-
surements are taken for the transformers, such as impedance gain, unbalance
amplitude and phase or frequency range. Depending on the purpose of the compo-
nent, different measurements have to be done. Since this thesis structure follows a
general research, several configurations are considered and comparison of different
kind of inductors are tested.

3.5 Modelling

Owing to the critical role of inductors and transformers in RFICs, a performance
optimization is needed. For that, it is necessary to define not only the characteristics
that describe the inductor, but an equivalent circuit that models the effect of the
parasitics, specially at high frequencies [22]. In this section, a description of the
models used in this thesis is done. In the same way the design of the inductors
follows a bottom-to-top structure, each model will be based on the previous one,
growing in complexity as it does so.

° Yy — AN °
Ls Rs()

G(f)- ==Cp/2 Cp /2:% g( /2

Figure 3.9: Section of the lumped equivalent circuit model of a
microstrip inductor for this thesis

Following this structure, the first model to take into consideration will be the
single microstrip inductor model. The lumped equivalent circuit of a microstrip
inductor is shown in Figure 2.7. Due to the technology used, the raised ground
plane of the microstrip blocks the substrate effect so the parasitics related to that
will not appear. Furthermore, the current structure only has one turn so there
is not capacitive coupling between adjacent turns of the inductor. Considering
that capacitors are not ideal, a conductance should be placed in parallel with the
capacitance between the strip and the ground plane. The resulting model turn
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out to be a m-model version (the inductor is reciprocal) of the equivalent circuit
for a transmission line shown in Figure 2.6. Despite the fact that it is possible
to use both a m-model and a T-model for a reciprocal transmission line, 7 model
is generally recommended in modeling, due to the creation of a new node in a T
representation [52]. The circuit model used for the inductor is shown in Figure 3.9
where Ry, L, C), and G are the RLGC parameters calculated (at 100GHz, since
this is the frequency of interest) following the formulas of section 2.5.

Two facts are necessary to take into account: First, all those parameters are
dependent on the microstrip line length, so the transmission line can be represented
with a multi-component model in which each section describes only a small section
of the line. Four sections are selected for the single inductor because it gives a
good accuracy and relatively low design complexity.

Second, R, has a linear dependence with frequency, and as it will be seen in
chapter 4, G has a linear dependence with frequency too. In terms of the dependence
with the frequency, the expression for the resistance and the conductance will be

Rs(f)=Rpc+Rsxxx f (3.2)
G(f)=Gpc+Gxyxf (3.3)

where Ry and G are the parameters calculated above at 100GHz, Rpc and
Gpce are the resistance and the conductance of the inductor at OHz and = and
y define the slopes of the linear dependence with frequency for resistance and
conductance respectively. The DC parameters values, as well as the slopes, are
calculated from the graphs of the resistance and the conductance that can be
obtained with formulas 2.18 and 2.19. Those graphs are almost linear around
the band of interest (W-band), but the behaviour out of this band may differ.
Therefore, those parameters may be changed to fit the model.

1 le_._.-lm m|_._._|m j_._._|p|

MSline_pi_model MSline_pi_model MSline_pi_model MSline_pi_model
T

X18 X19 X29 X30 Term
Term Term4
Li::fa Num=4

= Z=50 Oh
Z=50 Ohm m

Figure 3.10: Model of a microstrip single inductor (down) and single
inductor (up) for N = 4 stages

Figure 3.10 shows the 4 sections in which is divided the model of the microstrip
inductor. In the detailed section of the model shown in Figure 3.11 it is possible to
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. [1,1] (Gdc+G*y*freq) C=CpIZN)e Z1P1 c=colN| | [1,1] (Gdc+G*y*freq)

Z[1,1]=(Rdc+Rs*x*freq)/N ’l\

=
Figure 3.11: w-configuration of a section of the model of a transmis-
sion line stub

see how the component Z1P Fqn is used instead of a simple resistor to achieve
the dependence with frequency.

What comes next in the list is the differential inductor modelling and two differ-
ent structures have to be taken into consideration: 2 fingers structure (Figure 3.2,
b)) and ring structure (Figure 3.3, a)). Prior to that, a coupling study is needed so
both capacitive and inductive coupling can be modelled properly.

Coupling study

Two single microstrip are placed in parallel separated by a variable distance. 10,
20, 30, 40 and 50pum will be the set of values for this gap. The objective of this
study is to get the relation between the coupling and the gap length with the
purpose of applying this coupling to the model of the differential inductor and the
transformer.

MUTIND

I

7rw—ﬂ—v%\neiplimoe 1 MsSline_pi_model
Mutual ] x76 ] x75
Mutual4
M= £ g
Inductor 1="X76.14" Fprerm— )
¥ . fne_pi_mode 1 MsSline_pi_model
Inductor2="X75.L4" [+ y7g - 5
MUTIND c27
P . C=Ccouplingl |
Mutual Ew—ﬂ—v_)meiplimo el l_'% MSline_pi_model
Mutual11 = x74 (o} = x70 —
K=k c28
M= C=Ccoupling1
Inductor1="X78.L4" L& £
Inductor2="X77.L4" _TTeTe prmodel—) F—=——1_ misiine_pi model =
| x73 (0] s x72

MUTIND
C25

I

C=Ccoupling1

Mutual 5 i
Mutual12 T T
KK . v .

7T

M=

Inductor1="X74.L4" (o3
Inductor2="X70.4" c26

C=Ccoupling1
P

Term s Term

Mutual Term3 Term4
Mutual10 Num=3 Num=4
K=k Z=50 Ohm Z=50 Ohm

M= =
Inductor1="X73..4"
Inductor2="X72..4" -

Figure 3.12: Schematic test bench for the coupling study

To get the coupling between them, two single inductor models are placed
as shown in Figure 3.12 and capacitors between the two branches emulate the
capacitive coupling. MUTIND ADS component is used for the inductive coupling,
that indicates the mutual inductance between the sections of the model, and the
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coupling coefficient will be used to model that (mutual inductance can also be used
instead of the coupling coefficient [53]).

0.14+
0.12+4
0.14
0.08+4
=< 0.06 1
0.04 4
0.02+4

‘ -l coupling_coefficient

0 Ay
5 10 15 20 25 30 35 40 45 50 55
gap (um)

Figure 3.13: Inductive coupling coefficient between the two lines

As a result of this study, it is easy to notice that capacitive coupling does
not make a big influence so we can conclude that capacitive coupling is negligible.
However, there is an inductive coupling between the branches and it increases
exponentially when the gap decreases, as can be seen in Figure 3.13.

The simplest differential structure proves to be the 2 fingers (2F), since it only
consists of two parallel straight lines separated by 20um that are joined by the
central tap. Four 21.5um sections will be used in each branch for the straight part,
and an additional section with 14um for the horizontal part next to the central
tap, which is modelled with a 11pum section as it is shown in Figure 3.14.
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Figure 3.14: Test bench for the 2 fingers differential inductor

Note that the inductive coupling is not desirable in this case, so in order to
dim this coupling, a ring structure shown in Figure 3.3, a) is used [45]. Note that 3
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different coupling coefficients are considered in the ring structure but only £3 has
a non-negligible value, so the value for that coefficient only refers to the inductive
coupling between the two 11 um segments close to the ports.
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Figure 3.15: Test bench for the ring differential inductor

Despite the fact that the model for a single inductor shown in Figure 3.10 is
divided into four equal sections, this division does not have to be in equal parts.
Model presented in Figure 3.11 can be modelled depending on the length of the
section, that is useful in non-homogeneous lines such as the differential inductors of
this thesis. For this modelling, the selection of the N parameter is done internally
and it is computed with the equation 3.4.

N — Ltotal (34)

Lsegment

where Lo refers to the length of the line used to obtain the RLGC parameters,
100 pm in this thesis, and Lgegment is the length of the segment we are modelling.
The notation for those component is sec,, where z is the length of the segment.

Several effects have to be considered regarding differential structures. The first
consideration is that, even though the length of one branch is the same as the
length of the single inductor modelled before, the central tap adds an extra length
to the design. On the other hand, the presence of corners reduces the electrical
path of the current so the electrical length is reduced. Corners are often translated
into an increase of the losses, since energy can be lost there too.

As indicated in section 3.3.2, an extension in the ground was made for the
purpose of having an "infinite ground" at both sides of the inductor so the fringe
field does not get lost. In the differential inductor structures, nonetheless, the
superior edge of the horizontal 14um sections are only 8 microns away from the
edge of the ground, so part of the fringe field is limited at this point.
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Following the bottom-to-top structure mentioned above, the model for the
transformer will be based on the model of the ring differential inductor as it was
presented in Figure 3.3, b). A ring model such as the one shown in Figure 3.15 for
each winding will be considered and additional inductive and capacitive coupling
will be added between them. Both types of coupling will be added separately for
each section of the wing, linking each section with the one that is just above/below.

° section 1

Geoup/. 2_ | Ccoup/2

k i Ceoup/2 Gecoup/2

section 2

Figure 3.16: Coupling between two sections.

This way of modelling a transformer is quite common for monolithic inductors in
RFICs, as can be seen in [54] and [55]. The used structure is shown in the Figure 3.16
where the sections are described in Figure 3.9, section 1 and 2 corresponds to the
primary and secondary winding sections and k represents the inductive coupling
between their respective L, components. The capacitive coupling and losses is
defined by Ceoup and Geoup-
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Chapter 4

Results and Discussion

The structure of the present chapter is divided into three parts regarding to each
of the components(single inductor, differential inductor and transformer). Specific
RLGC values for the models are found in the Appendix A, as well as the Q-factor
of the devices, the model accuracy and the length of the designs.

4.1 Single inductor

As an initial step, a single microstrip-based inductor is analyzed. Both a 75%)
and a 5012 line are considered, for which line width of 8um and 16um are used

respectively.
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Figure 4.1: a) Characteristic impedance, b) attenuation constant, c)
effective relative dielectric constant and d) phase constant for
the 752 and 50f2 single inductors

The same BCB layer is used for both simulations but a wider line would
produce more electric lines within the dielectric interlayer, so the effective relative

35
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dielectric constant increases (Figure 4.1, ¢)). As expected, the slope of the phase
constant increases with the width of the line and the attenuation constant decreases
(Figure 4.1, d)) [10]. Also, the attenuation decreases linearly with the width
(Figure 4.1, b)) as it is presented in [10], even though the value is slightly higher
than expected.
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Figure 4.2: RLGC parameters for the 752 and 5052 single microstrip

inductors

Wider transmission lines have lower resistance per unit length since the cross-
section is larger as can be translated into a decrease of the series resistance, an
increase of the parallel conductance and a decrease of the series inductance [50].
This can be shown in Figure 4.2( b), ¢) and a) respectively). Furthermore, when
the area of the line increases, so do the area of the shunt capacitor that defines the
parallel capacitance in Figure 4.2 d).

200
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AR N w——
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Frequency (GHz)
Figure 4.3: Q-factor for the 7502 and 502 single microstrip
inductors(100xm)

As can be seen in Figure 4.3, a 502 line shows slightly higher Q-factor than
the 7502 line, and the peak of maximum value is displaced to lower frequencies
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with the increase of the width. Note that the values for this models are similar to
the ones obtained with lumped elements in ADS [43](Q=16.61). Increasing the
width of the line reduces the losses and thus the Q-factor increases. On the other
hand, not big differences can be seen around the interest band when the variation
occurs in the length instead of the width. As can be seen in Figure 4.4, values for
an increase and decrease of a 30% with respect to the initial value do not make a
big difference in the Q-factor. However, at very high frequencies, the shorter the
line, the higher the quality factor. On the other hand, longer lines implies higher
inductance and higher resistance as well.
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Figure 4.4: Inductance, Q-factor and resistance for the 75 single
microstrip inductor (different length)

Figure 4.3 can be useful to show a comparison of the Q-factor for two lines with
the same length but different width, however, if a comparison between two different
inductors is needed, inductors with the same inductance have to be considered.
Since the 50€2 line has lower inductance than the 752, it is necessary to reduce the
length of the 752 line in order to have similar values of inductance, as Figure 4.5
presents. It can be concluded that for a single microstrip inductor designed in this
technology with a certain inductance, a 5092 line has 17% higher Q-factor than a
7582 line at 100 GHz.
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Figure 4.5: Inductance and Q-factor for the 75Q(70um) and
50€2(100m) single microstrip inductors
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4.1.1 model

The 4-stage transmission line model presented in the previous chapter is followed
to create a single microstrip inductor model. For the composition of the models,
RLGC parameters are extracted from the lines. Also, DC resistance and the slope
of the resistance and conductance graph shown in Figure 4.2 are used.
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Figure 4.6: Q-factor, inductance and resistance for the 752 single
microstrip inductor
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Figure 4.7: Q-factor, inductance and resistance for the 50Q2 single
microstrip inductor

Both lumped-element models almost overlap the graph of the Momentum
model, as can be seen in figures 4.6 and 4.7, with a maximum of 1.3% of relative
error within the W-band. The simplicity of this model makes that, even though
it fits along the desired band, it is not possible to follow the behaviour at low
frequencies. Some effects are not considered and, therefore, an overestimation of
the losses and underestimation of the inductance for low frequencies can be seen.
Apart from that, the model gives an accurate estimation of the single inductor.

4.2 Differential inductor

Once the transmission line is modelled and analyzed, a microstrip-based differential
inductor can be defined. Throughout this section, not only the single-ended
parameters (inductance, resistance and Q-factor) are measured, but the differential
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ones as well. Single-ended parameters are calculated using Y-parameters, so when
one port is being excited, the rest of the ports are shorted, and the opposite happens
when differential parameters are calculated, since Z-parameters are used for that.
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Figure 4.8: Q-factor, inductance and resistance for the differential
2F structure

The simplest structure used for a differential inductor consist on the 2 fingers
(2F) structure: two parallel 75  transmission lines joined by the centre tap. The
shape around the centre tap is difficult to model since several 90° turns and sharp
corners can cause variations on the characteristic of the inductor.

Since the model shown in 3.14 is pretty simple, the relative error for this
lumped-element model increases from 1.3% in the transmission line case to a
maximum of 2.3% with the 2F structure. Maximum relative error for the different
models can be found in Appendix A. The fitting of the model can be shown in
Figure 4.8, where, in the same way as the single transmission line, the model fits for
the W-band but it does not follow the Momentum model for very low frequencies.
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Figure 4.9: Gain(isolation) for the 75} differential inductors
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With the goal of diminish the coupling and reduce the sharpness of the corners,
a ring structure [45] is used. In the 2F case, the two parallel lines are separated
by 20pm so a theoretical coupling coefficient of 0.06 would appear in the model,
according to the coupling study. Taking into consideration only the coupling
between parallel lines, with the use of the ring structure, it can be noticeable that
the coupling between most of the parts are negligible since the distance between
the sections that form the ring is more than 50um. Only coupling between the
two sections next to the ports (sec_11 in Figure 3.15) occurs, where the distance
is again 20um. Figure 4.9 shows the gain (isolation) for the two 752 structures,
where it is possible to see the decrease in around 3.3 dB at 100 GHz when a ring
structure is used. Considering that the centre tap is shorted, So; represents the
inductance between the two inductors, so is the mutual inductance, and thus, the
inductive coupling, what is reduced when ring structure is used.
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Figure 4.10: Inductance, Q-factor and resistance for the differential
ring structure (5092 and 75(2)

Study was carried out in section 3.3.2 to choose a suitable ground extension in
order to avoid the losses of fringe field, notwithstanding, differential structures are
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not single transmission lines and different sections have different orientations. For
that, it is possible that in sections next to the central tap (sec 14 in Figure 3.14),
some of the fringe fields may be lost, and the inductance can be reduced. Ring
structure is not exempt from that. This is one of the reasons why L, value is often
reduced when the differential lumped-element model is tuned as it can be shown in
Appendix A. Other reason may be the reduction of the effective electrical path.

Due to the use of Y-parameters, the results for the single-ended parameters
in the differential inductors are similar to the ones shown in the previous section
of the transmission line, as it is shown in figures 4.8 and 4.10. The figures shows
how the model fits for the different widths of the transmission line, but still it is
not possible to follow the trend at very low frequencies and, in some cases, at very
high frequencies. Although the model could be more complex, the fitting shown in
the graphs shows a maximum relative error of 1.9% for the 752 and a 2.8% for the
5092.

With the purpose of designing inductors with different inductances, a set of
lengths are compared. For that, variations of +/-30% with respect to a 100um
long line are made. The results are similar to the ones made on the single inductor:
inductance increase with the length and so do resistance. Q-factor remains the
same value along the desired band, ignoring the length of the inductor.
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Figure 4.11: Q-factor and inductance comparison for the differential
ring structure with different lengths (7542)

From observation, it can be concluded that a ring structure reduces significantly
the coupling of the differential inductor and the Q-factor dependence on the width
of the line is stronger than the one on the length.
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4.3  Transformer

As it was above mentioned, transformers have been widely applied in mm-wave
ICs [21]. DC isolation, impedance matching or balanced-to-unbalanced mode
conversion are some of the applications for those devices. For that, different
configurations are tested throughout this section, such as single ended to single
ended or single ended to differential. Note that the two main transformers are
based on the 100m long transmission line, so the theoretical length is 200m each

winding. Due to layout considerations, the real length is larger, as can be seen in
Appendix A (Figure A.1).

Designs

Apart from the two main transformers used in this thesis(75§2 and 50€2), different
designs are considered in this work. The only variation over 502 is 502D, whose
length is double than the 50€). For the 752 transformer, 5 variations are made:
75QNS, 750h0, 750v0, 75Qinout and 75Qoutin.

i | Barn o @
P1 P2 P1 @ P2 P1 H P2

a) b) c)

Figure 4.12: 75Q transformers: a) completely overlapped b) in-out
c) out-in d) v0 e) hO

750v0 and 750Qh0 refers to vertical and horizontal displacements in the layout,
as it can be shown in Figure 4.12(d) and e)), while 75§NS refers to a transformer in
which the raised ground plane, drawn in MET2, is removed. The main transformers
and most of the designs are completely overlapped. With the purpose of study
differences when the length of the windings are not equal, 75Qinout and 75Qoutin
are described in figure 4.12(b) and c)). Note that the secondary winding (blue) is
drawn in METS5 (top) and the primary (red) is drawn in MET3 (bottom).

In order to characterize a transformer, several measurements have to be taken.
Some of them are defined below.

DC resistance

Although an ideal transformer behaves like two non-coupled wires when it is not
receiving any excitation, a real transformer presents some resistance when no AC
current is flowing through it. Table 4.1 below shows the values of the DC resistance
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for the two main transformers (750 and 5082). The lower DC resistance of the 50
shown in table 4.1 can be explained by the wider microstrip line.

Transformer primary winding secondary winding
750 0.978Q 0.97Q2
5082 0.6182 0.589%2

Table 4.1: DC resistance of the transformer

Impedance ratio

The turns ratio of the transformer was already explained in section 2.1.1. The
impedance ratio can be defined as n?, being n the turns ratio, according to
equation 2.6. The value refers to the transformation the device provides in terms
of electrical characteristics, which is used to calculate it based on Z-parameters.
Three different 752 transformers are compared in table 4.2.

As expected, when the two windings are completely overlapped the value is
near 1 for both the 750 and the 50Q2(n = 1.082) transformers. What is more, when
the secondary winding is larger than the primary (in-out) this value increases and
it decreases when the primary is the largest one (out-in). When the length of one
of the windings increases it has the same effect as increasing the "number of turns",
defined as N, in equation 2.6.

758 Overlapped in-out out-in
n 1.07 1.158  0.989
Impedance ratio (n?) 1.145 1.341  0.978

Table 4.2: Impedance ratio for 75¢2 transformers

Amplitude and phase unbalance

Following the equations and expressions explained in section 2.1.1 it is possible
to get an amplitude unbalance of 1.375 dB for the 750 transformer and a 3.98
dB for the 502. Furthermore, the fact that the 5082 transformer is less symmetric
than the 752 one is confirmed when the phase unbalance is 1.933° for the 752 and
4.707° for the 50€2. Since the designs are almost symmetrical, non-symmetrical
differences in the mesh may cause this asymmetry.

Self-inductance and Q-factor

Inductance and Q-factor can be measured in both windings of the transformer to
characterize it as it was explained in section 2.5. The results of the measurements
of the 5002 and the 7582 based on 100um lines are shown in Figure 4.13.

The performance of the transformers is limited by their self-resonance frequency
(SRF) shown in Figure 4.13, a) and c). It is easy no notice that a resonance occurs
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Figure 4.13: Q-factor and inductance for the transformer a)&b)75¢2,
¢)&d)5092 with a single-ended to single-ended configuration

around 100 GHz for the 752 transformer and around 80 GHz for the 502 in a
single-ended to single-ended configuration without bias. Furthermore, the most
efficient use of the transformer can be defined as the range in which the Q-factor
is maximum, that should be around half the SRF. It can be seen that the model
follows the trend for the inductance and the Q-factor.

Coupling coefficient

As said in section 2.1.1, two ways to define the coupling are considered: capacitive-
inductive or resistive-reactive. Section 2.3 defines the model of the transformer as
two differential ring inductors placed at the top to each other, so capacitive coupling
is added as real capacitors (considering losses) and the component MUTIND of
ADS Keysight is used to consider the inductive coupling.

Transformer 750 50 500D 75OQNS  750h0 750v0
Ceoup(fF) 19.2 456 &0 21.6 10.4 12.8
k -0.81 -0.79 -0.79 -0.95 -0.61 -0.59

Table 4.3: Inductive and capacitive coupling between the two wind-
ings of the transformers. Cl,,,, refers to the capacitance between
the windings and k is the inductive coupling coefficient

Table 4.3 shows both the capacitive and the inductive coupling used in the
model of the transformer, where the components are the ones defined in image 3.16.
The two main transformers and some variations of them are considered in this
table.
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The ground plane acts as a shield that blocks the magnetic flux with the
purpose of reducing the substrate effect, as said in section 2.1.1, thus the removal
of this plane will increase the inductive coupling in the transformer. Nevertheless,
the absence of ground plane decreases the resonance from 100 GHz to 60GHz. The
displacement shown in 750Qh0 and 75Q2v0 provokes a reduction on the capacitive
coupling, since the two windings are not completely overlapped and the effective
area of the capacitor between them is, hence, reduced. Also, the fact that the
secondary and the primary windings are not aligned can reduce the magnetic flux
through them, increasing the flux leakage and reducing the inductive coupling, as it
is shown in table 4.3. The values obtained in the models are within one of the typical
ranges for a k-factor in monolithic transformer designs (0.6 <| k [< 0.95) [31].

An alternative way to describe the coupling coefficient is presented below. It is
possible to describe the coupling in a resistive-reactive way as well. The common
shape of those coefficients presents, in the self-resonant frequency, a maximum
in the resistive part and a resonance in the reactive part [32]. Figure 4.14 shows
how kg, reach its maximum when the resonance takes effect, as well as kr,, has a
resonant peak at that frequency.
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Figure 4.14: Real and imaginary coupling coefficients for a) a 5082
and b) a 752 transformer

Frequency range and insertion loss

Insertion losses are often the main characteristic of a transformer since it gives
information about the attenuation of the signal and the energy transfer. The way
of measuring it is through Ss; (gain) that is calculated directly by ADS. Depending
on the maximum value of insertion losses that our system is designed for, the
frequency range may vary. Along this thesis, the maximum acceptable value will
be 1 dB, that it will define the bandwidth in which the transformer can work.
An example of this measuring can be seen in Figure 4.15, where the gain of
the 50€2 transformer can be shown. From this figure it can be extracted that the
peak of the gain occurs at 94 GHz and the band starts at 87 GHz and ends at 101
GHz, so a bandwidth of 14 GHz can be achieved. As it was explained in section 2,
one key characteristic of a transformer is the maximum available gain, Gmaz in
the figure. For the 5012 transformer it looks that in a single-ended to single-ended
configuration without bias it matches around the desired frequency, 100 GHz. Even
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though, as it was presented in Figure 4.13, the transformer behaves like that up to
approx. 80 GHz, so it is not completely trustworthy.
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Figure 4.15: Gain of a 5012 transformer for a single-ended to single-
ended configuration without bias

4.4  Configurations

As it was said above, depending on the purpose, a transformer will be connected in
a different way. Some of those configurations are shown in Figure 4.16. If one of the
windings of the transformer is connected in a single-ended model that means one of
the terminals is connected to ground, while the other one is connected to the input
or output. On the other hand, a differential connection requires both terminals of
the winding to be connected to the input or output. Furthermore, the windings
can be biased or not. Since a bias signal is often a DC voltage, when it comes to
measure it using S-parameters, a grounded port is used instead. Differential ports
often use biased central tap, as can be shown in [43]. Throughout this subsection,
some transformers will be tested using different configurations.

a)? = b)? = C) =

Figure 4.16: Transformer configurations: a) single-ended to single-
ended b) single-ended to single-ended (with bias) and c) single-
ended to differential
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4.4.1 single-ended to single-ended

The simplest configuration in which a transformer can be used is a single-ended to
single-ended configuration. The two main transformers of the thesis (509 and a
750 based on a 100um long line) response can be shown in Figure 4.17 and 4.19.
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Figure 4.17: Gain of a) a 50Q2 and b) a 75Q) transformer for a
single-ended to single-ended configuration without bias

When no bias is required, both transformers offers a range of frequencies in
which the value of So; is higher than -1dB. The useful band for the 5012 is located
at lower frequencies than the 75(2, even though the range is narrower. Note that
the 50Q has its maximum value around 95 GHz (close to the desired frequency)
and its frequency range extends from 87 to 101 GHz, while the 752 has its range
between 126 and 164 GHz, that is wider but further from 100 GHz. The frequency
ranges can be summarized in table 4.4.

Transformer bandwidth(GHz) max available bandwidth(GHz)
500 87-101(14) 61-157(96)
750 126-164(38) 85-199(114)

Table 4.4: Frequency ranges of a) a 50€2 and b) a 75 transformer
for a single-ended to single-ended configuration without bias

The maximum gain defines the potential maximum bandwidth and frequency
range that those transformers can reach with this configuration if all its ports
were perfectly matched. Although the 5082 transformer seem to be suitable for a
single-ended to single-ended purpose all over the W-band, it is important to notice
that, as shown in Figure 4.13, both transformers have a self-resonance around 80
or 100 GHz, so the transformers only behave like transformers up to (less than)
that frequency. In addition, it is possible to conclude that a wider transformer may
have a useful band at lower frequencies than a narrower one. Another way to move
the band to lower frequencies it is to increase the length of the windings, as it is
presented in Figure 4.18. Nevertheless, the self-resonant frequency is reduced too
when the length increases so the problem persist.

Based on Figure 4.18, it is possible to assert that, for a single-ended to single-
ended configuration without bias, the frequency useful band moves to lower fre-
quencies when the length or the width of the transformers are increased. Also, the
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self-resonant frequency decreases with the length or the width.
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Figure 4.18: a) Gain and b) maximum available gain of a differ-
ent length 75Q transformers for a single-ended to single-ended
configuration without bias

Bias is usually required in some RFICs, so a grounded central tap is considered
to have the results obtained in figures 4.19 and 4.22. Grounding the central tap in
a single-ended to single-ended configuration, half of the transformer is shorted so
technically only half of the transformer is "transferring energy". That is translated
into a displacement to higher frequencies. Without any matching circuit, the 100um
line based transformers are not useful for this purpose as shown in Figure 4.19,
however, with the optimal matching it is possible to have a bandwidth which lower
limit is around 77 GHz for the 5092 and 102 GHZ for the 75Q2. The self-resonant
frequency is pushed to higher frequencies as well, 160 GHz for the 502 and higher
than 200 for the 75€).
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Figure 4.19: Gain of a) a 5082 and b) a 75Q transformer for a
single-ended to single-ended configuration with bias

Every conducted simulation during the present document has been using 50-£2
terminals to get the S-parameters. For that, a matched port for a specific frequency
will be translated in a Smith chart as this frequency hitting the central point of the
chart, 50  in this case. Figure 4.20 represents the input reflection coefficient of the
input(S11) and output(Ssez) ports for the transformers. The point that corresponds
to the desired frequency (100 GHz) is not even close to the centre of the chart, so
a matching circuit it is necessary.

Variations are made over the simple transformers in order to obtain better
results along this band. While in the configuration without bias an increase of the




“output” — 2019/9/16 — 19:40 — page 49 — #63

Results and Discussion 49

oy
\\.\s‘econdary
primary \ \\

Momentum —
model -

freq (1.000GHz to 200.0GHz) freq (1.000GHz to 200.0GHz)

primary

odel J—

Input reflection coefficient
(e >
Input reflection coefficient

Figure 4.20: Input reflection coefficient of a a)752 and a b)502
transformer for a single-ended to single-ended configuration with
bias. Marks at 100 GHz

length was translated into a displacement of the band to lower frequencies, when
a bias central tap is used, that increase of the length implies an increase of the
gain and thus, of the bandwidth, as presented in Figure 4.21. A transformer based
on a 13012 line will offer the best result inasmuch as the maximum gain showed
in Figure 4.21,b) presents a maximum available bandwidth that starts around 85
GHz. The self resonant frequency is placed around 160 GHz, therefore, with the
correct matching circuit, a bandwidth between 85 and 160 GHz can be achieved.
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Figure 4.21: a) Gain and b) maximum available gain of a differ-
ent length 750 transformers for a single-ended to single-ended
configuration with bias

Since grounding the central tap will reduce to the half the "effective length",
increasing to double may sound reasonable, so the 502D transformer is tested
here. Also, removing the raised ground will increase the inductive coupling and
the energy transfer, that is why 75QNS is probed. Figure 4.22 show both the
isolation gain and the maximum gain for those two variations in comparison with
the original versions.

When ground is removed, maximum gain increases and then the available
bandwidth too as it is shown in Figure 4.22, a). The self-resonance frequency for
this transformer is placed around 120 GHz, so values from 26 GHz (lower available
band limit) to around 100 GHz are suitable to be used with a suitable matching.
On the other hand, the increment of the length is translated into a displacement to
lower frequencies, as it is presented in Figure 4.22, b). In the case of the 500D the
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Figure 4.22: Gain of a) a 75QNS and b) a 502D transformers in
comparison with the simple ones for a single-ended to single-
ended configuration with bias

self-resonant frequency at 60 GHz makes this transformer only useful up to a too
low frequency. With a high self-resonant frequency and a wide band, the 75QNS
can be interesting to explore, but difficult to model, as there are substrate effects.
FEM simulation would be more suitable for this transformer.

4.4.2 single-ended to differential

In terms of measuring the single-ended to differential configuration showed in
Figure 4.23, a back-to-back configuration is often used. This configuration allows
to have a measuring of the gain in the same way as it was done in a single-ended
to single-ended configuration. -2dB will be the limit instead of -1 dB, since two
transformers are connected in series, as shown in Figure 4.23.

P1 P2
o o

—_ =

Figure 4.23: Back-to-back configuration

As it was done with the single transmission line, different lengths are tried
for the transformer. A displacement in frequencies when the length increases can
be seen in Figure 4.18, while when the central tap is biased, the variation of the
length is translated into an increment on the gain as Figure 4.21. The behaviour
for the single-ended to differential configuration can be explained as a mix between
figures 4.18 and 4.21, since a displacement to low frequencies and an increase of
the gain can be seen when the length increases in Figure 4.24. It is possible to
conclude from Figure 4.24 that the initial transformers cannot work in a single
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Figure 4.24: Gain of a different length 75¢) transformers for a single-
ended to differential configuration (back-to-back)

ended to differential configuration since the graphs of the maximum gain for both
does not reach the -2 dB level.
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Figure 4.25: Gain of a) a 750QNS and b) a 502D transformers in
comparison with the simple ones for a single-ended to differential
configuration (back-to-back)

Two more variations are taken into account: 75Q2NS and 50Q2D. By removing
the raised ground plane in the 75() transformer this maximum gain increases the
same way as it did in the single-ended to single-ended with bias above. A maximum
available bandwidth of 25 GHz from 110 to 135 GHz can be achieved. When a 502
transformer doubles its length, non-uniform behaviour is shown in Figure 4.25, b).

Nonetheless, in the frequency range from 169 to 185 GHz, a 16 width bandwidth
can be achieved.
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Chapter 5

Conclusions

The aim of this thesis was to explore the suitability in the design of mm-wave
on-chip differential inductors in the W-band using the technology defined in the
Nanoelectronics Group Student Library. Several variations of single and differential
inductors and transformers are tested and transmission line-based lumped-element
models are defined for the most general designs. Throughout this work, ADS
Keysight software has proved to be a powerful and efficient tool in terms of
layout design in mm-wave regime, allowing different types of simulations such as
Momentum pW to provide a complete characterization of the designs.

Differential inductors designed in this work achieve relatively high Q-factors at
100 GHz shown in table A.2 that allows its use in RF applications, as well as the
possibility to create a transformer based on those devices. Furthermore, the study
of different configurations for transformers has revealed the possibility of its use in
several applications.

To conclude, it has been possible to achieve all goals set out for the thesis.
The designs show promising results and models for them are described. Thus, it is
possible to assert that the technology used throughout this document is suitable
for the design of mm-wave inductors operating in the W-band.

5.1 Future work

Although all the goals are achieved, the wide scope of this work makes it easy to
extend. Future work could include some of the following points:

e The relative error obtained in the model increases drastically when it comes
to the transformer, as shown in table A.6, so a more exhaustive and detailed
design of the model could be done, taking into account some effects such as
radiation that are not considered in this document.

e A deeper study of the skin effect and the fringe field.

e Use of more complex mesh to obtain more accurate results. The selected
mesh settings were limited by simulation time and the available hardware,
so a balance between complexity of the mesh and time consumption was
made. The difficulties to measure losses can be shown in Figure A.2, where
the mesh settings used in this work are compared with a more complex one.

93
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Conclusions

e FEM simulation instead of Momentum puW for transformers, since FEM is
more suitable for 3D structures.
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Figure A.1: Flux diagram of the simulations done along this work

Single  Differential

Transformer(1 winding)

7582 100pm  200pum
5082 100pum  217um
502D 200pm

75Q-+30% 130um  260um
750-30%  70pum  140pm

7502 inout - -
750 outin - -

216pum
249um
o208um
270pum
158um
232pm /268um
268um /232um

Table A.1: Length of the inductors used in this thesis
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Extra material
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Figure A.2: a) Characteristic impedance, b) attenuation constant,
c) effective relative dielectric constant, d) phase constant, e)
inductance, f) resistance, g) conductance and h) capacitance
for the transmission line used in this work. Continuous line
represents the mesh settings used in this thesis (mesh density =
100 cells/wavelength, edge mesh = 0.25 um and transmission
line mesh = 9 cells/width) and discontinuous line represents a
more accurate mesh (mesh density = 100 cells/wavelength, edge
mesh = 0.05 um and transmission line mesh = 40 cells/width)
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Component Q-factor
750 microstrip line 16.541
50€2 microstrip line 19.272

75Q) 2F differential inductor 15.901
7502 Ring differential inductor 16.092
502 Ring differential inductor 18.612

Table A.2: Q-factor of the single and differential inductors

Component Q-factor Q-factor

(1st winding) (2nd winding)
75Q) Transformer 13.974 15.076
502 Transformer 14.576 15.358

Table A.3: Differential Q-factor of the transformers

Inductor Single 2F  Ring Transformer  Transformer
(1st winding) (2nd winding)

LypH) 3623 332 329 33.15 37.9
R,(Q) 1322 13 13 1315 1.2618
C,(fF) 7187 64 67 618 4.57
G(nS) 361 361 36.1 364 28.23

Table A.4: RLGC parameters for every inductor structure (7552)

Inductor Single Ring Transformer  Transformer
(Ist winding) (2nd winding)

LpH) 2505 222 222 26.7
Ry(Q) 07819 0.8 085 0.85
C,(fF) 1094 105 87 3.6
G(uS) 576 576 59.1 42.69

Table A.5: RLGC parameters for every inductor structure (5052)

Component Relative error
75 microstrip line 1.31%
502 microstrip line 0.5%

750 2F differential inductor 2.32%
75Q Ring differential inductor 1.93%
50Q Ring differential inductor 2.84%
750 Transformer 8.83%
5092 Transformer 10.28%

Table A.6: Maximum relative error of the models
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