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Abstract

When heading into the millimeter wave frequency band, even wires on CMOS exhibit trans-
mission line effects, this thesis therefore presents models, simulation and measurements for
transmission lines on CMOS. The main goal is slow wave miniaturization, and models are ex-
plored for both a traditional CPW line above a silicon substrate and slow wave lines, emphasis
is given on analytical over empirical formulations where loss is modeled by conductor skin
effect, and conductive and dielectric polarization caused by the silicon substrate. Full 3D Elec-
tromagnetic simulation is used as a comparison, and to model more complex structures like a
digitally tuned slow wave line. Models and simulations are compared to fabricated lines on a
commercial CMOS process, where deembedding using the LL. method is described in short.
A new comb slow wave grounded coplanar waveguide (comb-S-GCPW) is presented, with an
effective dielectric constant of 140 leading to a size reduction of 83 % compared to a traditional
CPW. Applications of the published line is explored, with emphasis on filters.
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Chapter 1

Introduction

With digital chips being everywhere, in computers, mobiles, cars and even washing machines,
their underlying technology is rapidly progressing, leading to high performance and low mass
production costs. This technology is called CMOS, and is based on the second most abounded
resource on the planet, silicon. New applications are now emerging, with buzzwords like con-
nected devices and internet of things. It is apparent that wireless communication between chips
are becoming increasingly common.

Today, this communication usually relies on WLAN operating in the 2 GHz to 5 GHz fre-
quency range. With the release of the unlicensed 57 GHz to 64 GHz band, data rates of over
3 Gbit/s is possible, leading to streaming high definition video. In addition, new applications
emerge. Like short range radars, with uses in medical applications and cars. The 60 GHz
frequency range is unlicensed mainly due to its high atmospheric attenuation (due to O, absorp-
tion), making it unsuitable for broadcasting or cellular applications. But this makes it ideal for
short range (indoor) usage. For short range radar this means less interference from neighbouring
radar systems, and in WLAN applications it leads to higher security and frequency reuse.

Handling signals at these frequencies is far from trivial, but commercial Complementary
Metal-Oxide-Semiconductor (CMOS) process already provide transistors with an intrinsic fre-
quency well over 100 GHz. As a first baby step towards small, cheap and high performance
radars and data links, we will in this thesis discuss wires on CMOS. As it turns out, in addition
to the rather mundane usage of transporting a signal from point A to point B, which we will
refer to as interconnect, wires carrying high frequency signals can perform useful functions,
like delay lines, filters, matching networks, power combiners and many others.

Transmission lines has the potential to replace lumped capacitors and inductors, whose us-
age is prevalent at low frequencies. As all parasitics are naturally included in the modeling of
a transmission line, they are easier to work with than lumped components which always has an
upper frequency limit to their use. Transmission lines can however be rather large, leading to
high cost. Novel techniques for reducing the physical length exists, these “slow wave” transmis-
sion lines can give substantial area saving when designing millimeter wave components. And
will be one of the main objectives of this thesis.

Though mass production of CMOS devices is cheap, prototyping is very time consuming
and costly. The chips fabricated for this thesis, used 4 months from final drawing to a physical
device. This stresses the importance of a good model, where designs can be tested and optimized
before fabrication. Trial and error is not an option for CMOS design.
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Models can either be obtained from a mathematical description, where different levels of
simplifications can lead to accurate; or less accurate models. If measurements are already avail-
able, empirical equations can be developed, leading to models that fit well with reality. These
are however difficult to generalize to other geometries and manufacturers. A more accurate
approach is the use of full wave simulation. Where the model is divided into smaller pieces
and Maxwell’s equations are solved for each block. This is however challenging and time con-
suming. The user must be proficient in both numerical techniques and ElectroMagnetic (EM)
theory. Solution time and memory requirements scale quickly with growing problem size, so
full system simulation is usually impossible. For reasonable simulation times, a number of
simplifications must be made and we will discuss these in detail. Mathematical models should
therefore be utilized for increased parameter insight and quick performance evaluation. While
simulation provides an accurate check, before fabrication.

Transmission line theory is not a new field, in particular for Printed Circuit Board (PCB)
designs, models, simulations and measurements are plentiful. In addition CMOS tool chains al-
ready extract wire models that are empirically determined by the manufacturer, leading to a high
degree of accuracy. These models are however created for low frequency digital applications,
leading to poor accuracy at millimeter wave frequencies (30 GHz to 300 GHz).

To support the high transistor density of modern CMOS processes, a staggering number of
metal layers are available. The lowest layers are for local interconnect and are therefore made
thin, while the higher layers are thicker and wider for reduced loss. For digital designs; this
allows dense signal routing, and enables efficient power and clock distribution. The number of
layers is only expected to increase in the future, paving the way for novel uses. In this thesis,
usage of the 9 metal layers available in the utilized 90 nm process will be explored for low
loss interconnect and slow wave lines, mainly by using the lower layers as shielding against the
lossy semiconducting substrate.

Thesis goals are therefore as follows

* Investigate on-chip transmission lines with particular focus on slow wave miniaturization.

Provide design guidelines and design on-chip slow wave transmission lines.
* Provide analytical models, that does not rely on measurements for empirical fitting.
* Compare models to EM simulation and on-chip measurements.

* Investigate potensial applications with focus on filters.

The thesis is divided in two parts, the first being a theoretical foundation and a literature
review. Chapter 2 covers some fundamental wave and transmission line theory, in addition to
advanced aspects of loss. The next chapter explore the literature of on chip CMOS transmission
lines, highlighting some challenges and exploring slow wave realizations. Modeling is done in
chapter 4, where mathematical models are presented in increasing complexity.

The second part is of a more practical aspects and cover simulation in chapter 5 and measure-
ments in chapter 6. A new comb slow wave transmission line has been submitted for publication
and is presented in chapter 7, with literature review, modeling, simulation and measurements.
The thesis is ended with some simple applications, reviewed in chapter 8 and the conclusion is
drawn in chapter 9.



Part I

Theoretical foundation






Chapter 2

Transmission lines

Figure 2.1: On chip and power transmission line.

This chapter explores basic transmission line theory, most of the material presented here,
apply equally well on electrical power transmission lines and transmission lines fabricated on
CMOS; see the illustration above. We will highlight the major transmission line effect, namely
phase shift, loss and reflection. Except for section 2.3, where we do a deeper dive into loss, this
is fairly textbook material.

2.1 A voltage wave

As in [LB09], we define a voltage wave

V(z,t) = sin(wt — fz) (2.1)
where [ = 2;
and w =2nf.



Where the wavelength ) is given in m and f is the frequency in Hz. We also introduce a phase
velocity v, with a period 7" =1/ f,

(2.2)

Assuming a wave in a uniform, non magnetic material, with a relative dielectric constant ¢,., we
can also express the phase velocity in terms of the speed of light

Up = C/\/Er (23)

Using (2.2) and (2.3), it is trivial to related, frequency, wavelength, phase velocity and derived
quantities like angular wavenumber and angular frequency.

Equation (2.1) is a function of both time and space, to illustrate this we plot two periods of
the wave at two different locations. Assuming the wave moves in an environment with €, ~ 12
(which corresponds to silicon) we get the waves in figure 2.2, which shows a 60 GHz signal at
two locations dr = 361 pm apart.

t [ps]

Figure 2.2: A sine wave on a lossless and infinite transmission line, measured at two locations.

The discussion above assumes the wave moves entirely in a single homogeneous environ-
ment being completely described by the relative dielectric constant ¢,. To generalize the dis-
cussion we introduce the effective dielectric constant e.¢, which generalizes the discussion to
a wider range of problems by including geometry of the transmission line and allows the wave
to move in multiple materials. This replaces ¢,., which is a material constant, while ¢ can be
viewed as a wave constant. The reasoning and implications of this will be discussed later in
section 2.3.2, for now it can simply be viewed as a scaling for the waves velocity.

Going back to figure 2.2, we can observe that if the distance dx is very small, then the phase
shift is negligible and can be ignored. A common rule of thumb is that any distance shorter than
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A/10 can ignore transmission line effects. It is therefore useful to express the wavelength as

A= 2 ¢

el

To give some numerical examples, table 2.1 gives the wavelength \ at different frequencies
and material constants. To relate this to the power transmission line on the chapter page, if we
assumed f = 50 Hz and ¢, = 1 (air) the wavelength is 5996 km.

Table 2.1: Wavelength A for different effective dielectric constants and frequencies
f odx(e,=1) dx(e, =4) dx(e, =12) dax(ees = 100)

GHz mm
1 300 150 86.5 30.0

20 15.0 7.49 4.33 1.50
30 9.99 5.00 2.88 0.999
40 7.49 3.75 2.16 0.749
50 6.00 3.00 1.73 0.600
60 5.00 2.50 1.44 0.500

100 3.00 1.50 0.865 0.300

This thesis will mainly focus on the technology CMOS, which ruffly consists of silicon
with €, &~ 12 and the insulator silicon dioxide ¢, ~ 4, more details will be given in chapter 3.
To further reduce the waves velocity, there are a number of techniques under the name “Slow
wave”, discussed in detail in section 3.3, which can increase the effective dielectric constant to
values as high as e, =~ 100.

Since a typical CMOS chip is on the order of millimeter/centimeter in size, transmission
lines are unsuited for low frequency (< 1 GHz) applications; due to the long lengths required.
However, at higher frequencies and utilizing slow wave techniques to increase ., transmission
lines on CMOS is an attractive alternative.

In summary we can note that the phase shift caused by the finite speed of light can be
ignored for low frequency signals (sub GHz) when working on CMOS. But to take advantage
of the continuous transistor scaling, now reaching f,.x = 100 GHz, careful interconnect design
becomes necessary.

2.2 Telegrapher’s equations

One way to derive the wave equation for a transmission line is to use the equivalent circuit in
figure 2.3. We can then apply Kirchhoff’s laws to obtain

I(z)(R+ jwL)Ax + V(x + Az) = V(x),
V(z+ Az)(G + jwC)Azx + I(x + Azx) = I(x).



T T
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Figure 2.3: Basic RLCG model of a TL representing a short segment Ax

Letting Az — 0 this can be rewritten as a set of coupled differential equation,

) IR+ L)
dz;@ — _V(2)(C + jwC).

Differentiating both sides we can write it as a set of second order equations

ddewg@ = V(2)(G + jwC)(R + jwL),
dz;(? = —I(2)(R + jwL)(G + jwC).

With solutions

V(z)=Vte "+ V7",
v+ V- (2.4)
I — ]—l— —yT I_ Y _ P £
(x) e+ 1"e 7 e T+ 7 e
Where [T is the wave traveling in the positive = direction and [~ is the wave traveling in
the negative direction (caused by reflection). Note that a time dependence can be added by
multiplying by /!, when the line is exited by a steady sine wave.
In the above we have introduced the characteristic impedance

R+ jwL
Zo= | —— 2.5
0 G+ jwC 2:5)

and the propagation constant

y=a+jB=+(R+ jwl)(G + jwC) (2.6)

Some special cases can simplify these expressions, for the lossless (R = G = 0) and the
low loss approximation (R < wL, G < w(') the characteristic impedance reduces to Z; =

8



\/L/C'. In addition to these approximation, the distortionless condition /R = C/G ensures
a frequency independent characteristic impedance equal to Z; = \/ L/C = \/ R/G, which can
be useful for lossy transmission lines. Under these conditions the propagation constant can be

written as
JwV LC lossless R =G =0
= %(z% + GZO> + jwVLC lowloss R < wlL, G <€ wC 2.7
VRG + jwv LC distortionless L/R = C/G

2.3 Loss

We will now consider a non-ideal characteristic of a transmission line, namely “loss”. This can
be divided into different terms based on the underlying physical phenomena, [Hay97] suggests
that the total loss for a transmission line on a conductive substrate (like silicon) can be expressed
as

O = Qohmic T Orad T Omodes T Olsub-pol + Qsub-cond

where « is the attenuation constant in the propagation constant (2.7) with unit Np/m. An
example with & = 3dB/mm = 0.345 Np/mm over a distance of 10 wavelengths is shown in
figure 2.4. We see that after 1 mm the wave has attenuated by e~°-3%° or equivalently from the
dB value, the signal has halved.

=V

Amplitude [V]

Distance [z] = mm

Figure 2.4: Voltage as function of distance with an attenuation loss &« = 3dB/mm.

2.3.1 Displacement and substrate loss by Maxwell’s equations

We start with some fundamental electromagnetic theory, for a more thorough introduction see a
standard textbook, like Foundations for Microwave Engineering [Col01] or University physics
with modern physics [YFF0S].



Maxwell’s equations together with Lorentz force law form the basis for all electrical circuit
theory. Force on a particle ¢ with velocity ¥ can be expressed in terms of the electric and
magnetic field by the Lortenz force law

—

F:q<ﬁ+ﬁx E). (2.8)

We can turn this equation around and state that a charge ¢ experiencing a force F will radiate an
electric field E. If this charge is moving, it will also produce a magnetic field B. The magnetic
and electric field we have just introduced is not something that can be directly observed, is it
rather an abstraction for the force a test charge ¢y will experience if it is placed in a particular
position.[ YFF08]

Gauss law relate a total charge () and the electric field through D = eyE + P. For a well
behaving material (linear and isotropic), dielectric polarization can be expressed as a function
of the electric field

where the electric susceptibility y. = €, — 1 is a measure of how easily a material polarizes
(rotates or stretches when applying an electric field). We may now rewrite displacement to

D =¢oE + eoler — 1)5 = coe, E = ¢E. (2.9)

We have here introduced a frequency dependent complex scaling factor e = &’ — j&” (absolute
dielectric constant). The complex frequency dependence can be intuitively explained by noting
that the atom needs time to adjust to the applied field, if the applied field changes slowly (low
frequency) the atom will reach a stable equilibrium, while at higher frequencies the atom may
lag behind or oscillate like a spring—mass—dampening system (see [Col01] for details). Mod-
eling the polarization of a crystal structure with free electrons (like silicon) requires quantum
physics and is therefore outside the scope of this thesis.
Ampere’s law gives a relation between the magnetic field and current density J

= (0 + we") + jwe'|E

Where we can define the loss tangent tan J, where ¢ is the angle between the real (resistive) and
imaginary (capacitive) part

"
o+ we o €
tand = ; = + - (210)
we we £
~~ ~~
extrinsic intrinsic

10



We have divided this into extrinsic and intrinsic loss. The intrinsic loss is from current going
through the substrate and is a limitation of not having an insulating substrate (Gjnsuar = 0) and
the extrinsic loss is caused by polarization of the substrate and is loss due to the energy used
to displace the atoms in the substrate. [RYCYYK™06] The loss tangent is usually viewed as a
material constant for a narrow frequency range, but it is important to remember that both £’ and
e’ are function of frequency which may cause tan J to change by orders of magnitude.

The per unit length model for this is an imperfect capacitor, so a resistor in parallel with C'
is used, see figure 2.5.

R L

Figure 2.5: Accounting for an imperfect capacitor introduces G¢ to the model in figure 2.3.

2.3.2 Mode coupling

An important assumption for transmission line design is Transverse Electromagnetic (TEM)
propagation, where the magnetic and electric fields are orthogonal. This however only holds for
a conductor in a homogeneous environment, like a coax. In this mode the wave travels with the
same speed both above and below the conductor. When the line is created on top of a substrate
the wave in the substrate will move slower than the wave above, at low frequencies this effect
is not noticeable and the line behaves much like a true TEM line. For low frequencies this can
be modeled by introducing an effective dielectric constant .. The mode is then often referred
to as “Quasi TEM”.[LB09]

Below we will investigate the loss caused by these non-TEM modes for a Coplanar Wave-
guide (CPW), in particular when the CPW 1s mounted on a substrate with a conductor backing
(as in CMOS).

Based on Collier [Kwo091] we can express the “critical frequency” before the TEM mode
starts to mix with Transverse Electro (TE) and Transverse Magnetic (TM) modes for a CPW on
a silicon substrate of height hg;

2 c ™
=/ tan 1 —) — 137GH
fTE £gi — 127 - hSi (arc ant -+ 2 z
Frar = 1| —2——C_(arctancs;) = 86 GH
= arctaneg;) = z
M £gi — 127 - hSi S

where both modes fall within the millimeter wave frequency spectrum. The frequencies was
found by using typical CMOS parameters. What we observe is that the TM mode will start to
interact with the TEM mode above 86 GHz, making CPWs less attractive above this frequency.
Another observation is that the frequencies scale as 1/hg;, hence decreasing the substrate thick-

ness will increase the critical frequencies.
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Above the critical frequencies CPW transmission lines should be avoided, the solution is
then to use TM or TE as the wavemodes, this can be achieved in waveguide structures and will
not be further discussed in this thesis.

In [RMAF90] Riaziat et al. derive the following expression for loss due to coupling to the
first TM mode

Zo (W QGS
®mode = 7r =0 ( i g f €SV 1-— 5eff/581

2hg; Ma

where e 18 the effective dielectric constant of the CPW, eg; = 11.7 is the substrate’s effective
dielectric constant and 7y = 3772/, /€g; is the wave impedance. In addition to the 1/hg; seen
above, the loss contains the geometric terms W, (signal width) and G, (gap), but the most
important term is the square root which goes to zero for e = £g;.

Figure 2.6 shows the loss for different values of the effective dielectric constant, as we
approach the substrates dielectric constant the loss goes to zero. We also note that the maximum
value of ayge = 0.07 dB/mm is very low.

Figure 2.6: Loss due to non TEM mode.

2.3.3 Radiation

Any wire of significant length will act as an antenna, which can cause both noise (due to distur-
bance from other wires) and loss (due to the energy used to transmit). The received signal will
typically be orders of magnitude lower than any signal we wish to transmit over the transmis-
sion line, especially if we shield our chip properly, unless of course the offending transmitter
is close by (say on the same chip). Loss by radiation is decreased by having the return current
flow close by the signal current, the emitted field is then decreased due to a TEM mode without
a radiation mode. In addition, proper termination is important to avoid standing waves; this
includes bends and other discontinuities. [KS88] Due to the complexity of transmission line
radiation, EM simulation is usually required, as this will show any unwanted modes.
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2.3.4 Summary
Turning back to our original expression

O = Qiohmic T Qlrad T Cmodes + asub—po] + Qsub-cond

we have now covered substrate loss by polarization, mode coupling and radiation. These are the
most obscure types of losses, and is often neglected. In the case of radiation and mode loss, their
significance can be ignored if the transmission line is well designed. And substrate polarization
is usually considered negligible, but we will later in the thesis highlight its importance for
silicon designs.

Neglecting radiation and modes we can now develop a first order approximation to the total
loss. The ohmic and conductive substrate loss can for the case of low loss be calculated from
the definition of the propagation constant and the characteristic impedance, from (2.7) it is clear
that the real part of the propagation constant (&y = ) can be expressed as o = %Z% + %GZO
Where the first part is the ohmic loss and the second contains both substrate conductivity and
polarization. Since ¢ is the angle between the real and imaginary part we can write tan =

G /wC, the above results in

1R
A

Qohmic =

1 1 1CZ
Qlgub-con 1 Qsub-pol = éGZO = §WCZ() tand = 5 0

= (osi + we"). (2.11)
The conductive substrate loss is frequency independent, but the displacement loss is propor-
tional to frequency and therefore cause problems at high frequencies. Equation (2.11) is a
function of both line geometry (C'Z,/¢’) and substrate material. Where the real part of the per-
mittivity (¢') is the energy storage capacity. The loss factors are then the imaginary part ("),
which is loss due to polarization, and conductivity (og;) being the ohmic loss of the substrate
(where og; =~ 0 for a non-semiconductor substrate).

2.4 Reflection

Up until this point we have assumed a wave traveling down an infinitely long transmission line,
with no start or end termination. We now add this effect by investigating the general setup in
figure 2.7. The depicted setup can be viewed as a signal generator Vi; with an output impedance
of Z, connected via a transmission line Z, with phase shift and loss y, to some load impedance
Z1, we wish to characterize. But the discussion below is equally valid when the generator is a
transistor and both Z; and Z; may contain a complex network including transmission line
segments.

At any transmission line interface where the impedance changes we get reflection, some
of the incident power will go back and the rest will continue. This can easily be proven by
requiring Z;, = IV, and using the derived wave equation (2.4) at x = 0, the result is usually
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Figure 2.7: Transmission line characterized by Z, and ~y/, with generator () and load (L). Note
that all quantities can be complex and frequency dependent.

called the reflection coefficient, here shown for the load

vVt I Z
V-t 21 2y

If I'; is O there is no reflection and if |T;] is 1 we have full reflection and all the incident power
will be reflected back.

2.4.1 A time domain view

As an example, the transient response when V¢ is a step function will be discussed, mostly
following the example in [JG93]. At time ¢ = 0 we have a voltage division between Z; and Z,
this is then delayed and attenuated by the transmission line. If the load impedance is different
from the characteristic impedance of the line, the fraction I'; will reflect back towards the
source. Depicted in the top part of figure 2.8 is the input (V) and V¢ which is the voltage over
the load considering no further reflections.

0.00
100 - EERARRERERRERRREE AR s ERRRRREEEEE .
§ 0.48 P """"
0.00 l_/ ,,,,,,,, Lo T Lo J
0 20 40 60 80 100
1.00 oo Py AR o ERRRREREEEE R =
s |
014 r """""""" | Ve T x T |
0 20 40 60 80 100
1.00 - | | | | a
S . .
~ f :
004 oo ey I ' :
0 20 40 60 80 100
1.00 - | | i | 8
~ 067 = R rE—— ;
0.00 ‘L_/ 1 I 1 I J
0 20 40 60 80 100
[t] = ps

Figure 2.8: Reflection when Zo = 50, Zy = 20 and Z;, = 100 (see figure 2.7). Showing the
first intermediate voltages, the input V{; (top) and the output V;, = > . V7,; (bottom).

The reflected part will go back towards the source, reflect again by the fraction ['; then go
towards the load and reflect by I';, the result is V1. This continuous forever, but the magnitude
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of the reflection falls off rapidly. In figure 2.8 the third step V75 is included and at the bottom
the output voltage V;, = > . V},; is shown.

The time domain view is the most intuitive visualization, where a discontinuity will reflect
part of the wave backwards. But a frequency view eases system design and gives a simpler
mathematical foundation.

2.4.2 A frequency domain view

The time and frequency domain is linked by the fact that we can express most time domain
waveforms as a weighted sum of sin(w;t) terms. We are then focused on the steady state,
and since we assume the transmission line is lossless, we can, in the steady state, ignore it
completely. In the above example we can then conclude that the setup displayed in figure 2.8
will converge towards 1 V- 1002 /(100 2+ 50 2) = 0.67 V, which is a lot easier to derive than
drawing individual step functions, especially if the load is complex.

At higher frequencies the frequency domain view can be summarized concisely by the input
impedance

_,, Zp+ jZytanh(yl)
~ Zy + jZ, tanh(y1)’

Zin (2.12)

for which there are a number of neat special cases, depending on the load and wavelength for a
lossless line (7 = j3) we write

jZ() tan(ﬁl) short ZL =0
—jZy/ tan(Bl) open Zj, = o0

Lin = . (2.13)
Z27Z, quarter wave [ = \/4

Z DCf=0

The first two are particularly useful in filter synthesis, where a lumped filter consisting of in-
ductors and capacitors can be realized by replacing inductors by shorted lines and capacitors by
open lines. The quarter wave length can be used for low bandwidth matching networks and we
used the last one above.

2.5 Summary

We have now covered the most central aspects of transmission line theory, first introducing
waves and the transmission line equation, which forms the mathematical basis we work on.
The discussion was quantified by a look at phase shift. A critical aspect of transmission line
design on CMOS is loss, so a deep dive was done, dividing loss into ohmic, radition, mode and
two kinds of substrate loss. We will quantify the discussion further in chapter 4, where ohmic
and substrate loss is expressed in terms of geometry and material properties.

Maybe the biggest surprise for the low frequency engineer is reflection, where a badly de-
signed circuit can cause some baffling behavior. Fortunately, reflection can be used as an ad-
vantage, and we will return the phenomena in chapter 8.
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Chapter 3

Transmission lines in CMOS

This chapter serves as a literature review and explores different transmission lines in CMOS.
Figure 3.1 shows a simplified cross sectional view of the CMOS process used in this thesis.
The vias between metal layers are not shown and the dielectric layers has been simplified, the
process also has a single poly layer which is not shown. M10 is not available for routing and is
made of aluminum, but is used for contacting measurement probes. The other metal layers are
made of copper. Only top part of the substrate is shown, it actually extends to z = —350 pm.

[y] = pm

Figure 3.1: Layered structure of a typical CMOS chip, cross sectional view. Metal lines (white
border) are submerged in multiple layers of dielectric material (shown simplified) on top of a
silicon substrate. Brightness indicate the dielectric constant (silicon is black and air is white).
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For most of the modeling part we will assume the dielectric layers are made of silicon diox-
ide (Si0,), though mostly for notational convenience. This is however not true in a modern
CMOS process, where more novel materials are used in addition to SiO,. These materials usu-
ally have a lower ¢, to reduce capacative coupling between metal layers and is usually referred
to as “low «” materials. The exact material properties are confidential and the number of layers
are staggering, so the illustrations used here shows multiple materials averaged together. We
will return to the dielectric stack-up in the simulation chapter.

3.1 Limitations of CMOS for RF and millimeter wave design

3.1.1 Density rules

The silicon foundry for modern CMOS processes require that each metal layer has a certain
percentage of metal. This is usually specified with both an upper and lower bound, meaning
that every metal layer must have between say 30 % to 80 % metal fill. The exact numbers are
generally kept confidential by the manufacturer. Density rules are checked by the Design Rule
Check (DRC) and must be fulfilled in a sliding window of e.g. 100 um x 100 pm.

Due to these density rules, additional metal must normally be added, these are usually left
floating and perform no electrical function; these are therefore called metal-dummies. In a
conventional (low frequency) design, these are automatically added by the design tool at a
late stage. At higher frequencies (millimeter) these dummies can severely affect the circuit
performance and should therefore be added at an early stage and included in the EM analysis.
[SJPRO9]

The density rules has two implications for designs

1. For sparse structures some form of metal filler must be added. This is typical for transmis-
sion lines where one generally only uses a couple of metal layers. One can for instance
use the top layer for the signal line and bottom layer for shield, one then wants the space
separating these to be free of metal to reduce capacitance and induced eddy currents. This
configuration is however not allowed in a conventional CMOS process.

2. The upper bound prevents utilizing a solid ground shield. A solution by [SJPR09] is to
use two layers in a complementary fashion, where the area not covered by one is covered
by the other layer.

One can also have a problems with very wide lines, the solution of “cheesing”’[SJPR09]
them will affect the wave propagation. To resolve this [OMHW10] suggests looking at
the current distribution of the line. Due to the skin and proximity effect the current will
crowd to the conductor edge and we can therefore remove the center. Doing this correctly
resulting loss can be minimized and a slight decrease in velocity is observed (due to the
increased self capacitance and inductance).

3.1.2 Substrate conductivity

As was discussed in section 2.3, substrate conductivity causes signal loss. Due to the high
conductivity of silicon, CMOS has a major disadvantage compared to other technologies. It is
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therefore vital to shield the line from the silicon substrate. Using alternative technologies, like
Silicon On Insulator (SOI) or Gallium arsenid (GaAs) with order of magnitude lower conduc-
tivity, mitigate the problem but with the disadvantage of increased cost.

3.1.3 Characterization

Since CMOS is traditionally targeted towards digital applications, the manufacturers only sup-
ply transistor and interconnect models for low frequencies. At millimeter wave frequencies
these models are simply no longer correct and modeling is then up to the designer. This be-
comes even more difficult due to the confidentiality of the process, where details of the manu-
facturing process which can be ignored at lower frequencies become dominant in the millimeter
wave band.

As one example, I have been unable to find any information about the dielectric loss in
either the substrate nor the dielectric layers. And the literature is of little help since people
tend to avoid writing the manufacturers name (unless they are paid to do so), so that at least
some confidential information can be included. It does not help that values for dielectric loss
tangent range from 1 x 1072 in [Hay97] and 0.05 in [RYCY YK 06], neither of which discusses
CMOS. We will return to the loss tangent later in this chapter.

3.2 Common transmission line structures

We will now cover a few common transmission line structures before we dive into slow wave
structures in the next section.

The most basic transmission line is the Microstrip (MS), depicted in figure 3.2, consisting
of a signal line above a larger ground plane. The classical work by Hasegawa et al. [HFY71]
analyses this structure when the ground plane is placed at the bottom of the substrate and is
reviewed in section 3.3.1. Due to the coupling with the substrate this configuration is lossy
and dispersive. This can be alleviated by creating a ground plane of the lower metal layers, as
illustrated in figure 3.2 and studied on CMOS by Seo et al. [SJPR09] and [LP10].

s Signal line (s)

Silicon substrate (Si)
Figure 3.2: Microstrip (MS) transmission line, showing geometric symbols used in this thesis.
Note that the ground line may be either on the lower metal layers (as illustrated here) or below

the silicon substrate.
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When designing for CMOS, it is the manufacturer who decides metal thickness and dis-
tances. As pointed out by Cheung and Long [CL06] and others; a microstrip line fabricated on
CMOS can only use the signal width W as a design variable, as the rest is fixed by the man-
ufacturer. This restriction leads to narrow and thereby lossy transmission line when designing
for a characteristic impedance Z;, > 502, since Z; is mainly influenced by the signal-ground
height h,, and .

A more flexible transmission line configuration is the CPW depicted in figure 3.3, where
Z is instead influenced by the W to gap G, ratio. The characteristic impedance can then be
tuned by varying G, without reducing W,. The EM field is here concentrated between the
signal line and the ground lines in the upper metal layer(s), reducing coupling to the substrate
and other conductors. Because of these advantages the CPW is the most popular transmission
line structure on CMOS and will be the main focus of this thesis.

pisnatiine ) Ground line (g) hy

Silicon substrate (Si)

Figure 3.3: Coplanar Waveguide (CPW) transmission line, showing geometric symbols used in
this thesis.

For differential signals there are a number of alternatives, one can either use a slot line (large
metal sheet with a gap) or a simple extension of the CPW, the “Dual coplanar waveguide”
presented recently by Long et al. in [LZW™12]. This is however outside the scope of this
thesis.

3.3 Slow wave

Remembering that a transmission line embedded in a material with a relative dielectric constant
&,, moves at the speed v, = ¢/,/¢,, an intuitively simple way of reducing v, would be to use
a high ¢,. For instance water (¢, ~ 50) is a good candidate, but comes with a few practical
problems.

The literature provides a number of alternatives for a “Slow wave” transmission line for bulk
CMOS realization. The common characteristics is that by separating the electric and magnetic
energy, the phase velocity is reduced without resorting to high ¢, materials. We will here
briefly explore three of these phenomena, first the Maxwell-Wagner polarization which occurs
at the conducting Si and insulating SiO, interface at low frequencies. Then in section 3.3.2 we
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explore periodic low and high impedance segments and in section 3.3.3 we periodically load
the transmission line with orthogonal slots.

3.3.1 Fundamental modes for SiO, on Si

W
Signal
hsio, £si0, SiO,
Osi
" hs; S Si
T R G round

(a) Geometry

Figure 3.4: Transmission line with insulator (SiO,) and conducting substrate (Si).

A simplifying assumption is that electromagnetic waves on a transmission line satisfy TEM,
where the electric and magnetic field is perpendicular to each other. With the geometry in
figure 3.4, where a conducting substrate is sandwiched with an insulating layer this assumption
is no longer valid. As investigated by Hasegawa et al. [HFY71] three different modes can be
observed depending on the substrate conductivity and frequency.

Hasegawa et al. provides an equivalent circuit for each mode and an attempt has been made
to implement the models and comparing them to simulation results. But I have failed to get a
model that makes any sense, so more intuitive, but less mathematically rigorous, models will be
presented.

1. Dielectric quasi TEM mode is valid above

)

w215
€ocsi
and when the wavelength is longer than the thickness of the substrate and insulator.
Higher order modes discussed in section 2.3.2 provides an upper bound.

An equivalent circuit is shown in figure 3.5, where the Y part of the equivalent circuit
is modelled as a capacitor for the insulating material and a lossy capacitor (a GG in par-
allel with an ideal C'). The insulator is considered loss-less due to the assumed small
thickness and much lower conductivity (csio, =~ 0) of the insulating material. Resis-
tance is included for both the signal line and ground line (12, and 1, respectively) and the
inductance is found as a function of distance to the ground plane.

~L R -

hsio,

h Si0, —
Gsi  hs
I Si B

¥ =l

Figure 3.5: Equivalent circuit for the quasi TEM mode.
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2. Substrate skin—effect mode: The wave penetrates only a distance

2
Osi = 4/
Ti oW

into the substrate and the substrate itself acts like a ground conductor due to the low
resistivity. The series resistance is large and both inductance and resistance is a function

of dg;. Capacitance is now dependent on the thinner SiO,, insulating layer, but due to the
increased inductance phase velocity is mostly unchanged. This is illustrated in figure 3.6,
where 7, has been replaced by silicon Rg; and inductance is now reduced due to the
reduced distance to the return current.

Energy loss is high since most of the return current now flow in the substrate.

L R,

hsio,
?5102 — S
i 1

Rg; = —

Figure 3.6: Equivalent circuit for the skin effect mode.

3. Slow-wave mode: When the height / is larger than dg; inductance is again only a function
of distance to the ground plane, but free charges in the interface stops the electric field
from penetrating the substrate. This creates a large capacitance combined with a large
inductance, which slows down the propagating wave. The equivalent circuit is depicted
in figure 3.7 where Cg; is removed from the quasi TEM model, substantially increasing
the equivalent capacitance.

Figure 3.7: Equivalent circuit for the slow wave mode.

Figure 3.8 depict the frequency and resistivity values for the modes discussed above. In the
figure CMOS resistivity is marked as a black line. Note that this value is very dependent on the
purity and doping of Si, for instance [TPBQO8] report a resistivity of p = 1 /o0 =1 x 1074 Qm
for a heavily doped substrate. Leading to skin effect mode instead of a Quasi TEM mode at
millimeter wave frequencies.

In figure 3.8(a) the colors indicate the effective dielectric constant. The related term “slow
wave factor” can be defined as the wavelength in air (\) divided by the actual wavelength (),
in which case Ao/ = /ecr. The figure shows that the slow wave mode has the highest slow
wave factor, which is equivalent to a short wavelength, writing v, = \f it is evident that this
mode has the lowest phase velocity and hence the name “slow wave”.
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Figure 3.8: “Resistivity-frequency domain chart”’[HFY71] for hSiOQ/ hsi ~ 7pum/350 um
showing slow wave factor and substrate loss. Black line at ¢ = 10 /Qm indicated approxi-
mate bulk CMOS conductivity. Transitions in white are not modeled.

From the loss in figure 3.8(b) two general trends can be observed. First, as the frequency is
increased so is loss and as the substrate resistivity is decreased (conductivity is increased) the
loss increases. This makes the skin effect region the most lossy mode.
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(a) Real and imaginary part of the effective dielectric con- (b) Loss by substrate conductivity and polarization.
stant, based on [HFY71].

Figure 3.9: Relative complex dielectric constant, accounting for polarization charge at the
Si/Si0, interface. Showing both relative dielectric constant and loss tangent divided into polar-
ization and conductivity loss. Where hsgio, /hs; ~ 7 pm/350 pm and og; = 10 /Qm.

In figure 3.9 a 2D view is given, where the substrate conductivity is set to the black line in
figure 3.8 to correspond to the CMOS process of interest. The effective dielectric constant is
very high, but decreases quickly to the value of silicon in the millimeter frequency range. By
decreasing the ratio hg;o, /hsi, for instance by using lower metal layers, the effective dielectric
constant increases but so does the cutoff frequency; making it even less attractive for high
frequency applications. The assumed model is sometimes called a “Debye model”, which seems
to me as a fancy name for a first order (single pole) model.
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Figure 3.9(b) shows a rather surprising result, by using the work by Hasegawa to estimate
the real and imaginary part of the relative dielectric constant, combined with the conductivity
of 10 /Qm, we can by (2.10) calculate the components of the loss tangent tand = &/’ +
osi/(we’). First of all, tan § is far from constant, but this was also predicted when we introduced
the loss tangent in section 2.3.1. Secondly, loss by conductivity is comparable to dielectric loss
and the absolute value is much larger than previously reported. For instance [Hay97], gives
typical values for £’ /¢’ as 107 to 1073, We will use the calculated tan § represented here in
the modeling chapter, and will conclude that the model agrees well with measurements.

In the meantime, we still have two more slow wave realizations to cover.

3.3.2 Periodic high and low impedance

By cascading short low and high impedance transmission line segments periodicallly as de-
picted in figure 3.10 the wave can be slowed down.

ZA’ ’YA ZBa YB ZAa 7A ZBa IVB

la lp

L

A

-
>

d
Figure 3.10: Periodically Cascading transmission lines with different impedances.

The phenomena can be explored by Floquet’s theorem, which simply states that a periodic
structure will have a periodic propagating field (®) [Col01]

(2 +d) = O(2)e P (3.1)

where d is the period in meter and [ is the fields propagation constant. This has been inves-
tigated by Seki and Hasegawa [SH81] and later in a more general form by Kwon [Kwo91].
Equation (3.1) is satisfied when both voltage and current is continuous at the boundaries, which
we can express in terms of the ABCD network representation

ABCD ., — ( cosh(yala)  Za Sinh(vAlA)> ( cosh(vglg)  Zp sinh(vBlB))

Z i sinh(yala)  cosh(yala) Z5'sinh(yglp)  cosh(yplp)

Lumping this to an equivalent transmission line of length d = [z + [4 we must require that the
above is equal to

cosh(~l)  Zsinh(+)
ABCD =
C (Zl sinh(yl)  cosh(vl)

The above can not be satisfied exactly since ABCD 45 is not symmetric (and ABCD is).

Based on the above, [Kwo091] derives the following relation for a slow wave line consisting
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of alternating sections of low (A) and high (B) impedance

cosh(fl) = cosh(5ala) cosh(Bple) + E <é + é) sinh(5ala) sinh(Gplg). (3.2)

2\ Zp  Za
The above is only valid when the lengths {4 and [p is smaller than the wavelength and 7 is
much larger than Z, (thatis, Z,/Zp < 1).

Solving (3.2) for 5 and using one of the examples in [SH81] we get figure 3.11. The closed
form solution in (3.2) is compared with a naive solution of multiplying ABCD representations of
line A and B. Note that a large number of sections must be cascaded before the result converge.
Also included is the line A and B alone, showing that the cascade has increased e ¢ from 9 to
153.

**[ine A —— Closed form *» *«ABCD cascade
@--0OLine B

Frequency [f] = GHz

Figure 3.11: The closed form is from solving (3.2) with Z,/Zp = 1/66, l4 = lp = 10 pm and
Ba = Pp =w/(l x 10%)rad/m. The ABCD cascade is found by cascading 64 ABCD sections
of line A and line B.

3.3.3 Slow wave slots

We are now in a position to discuss the more conventional slow wave implementation in CMOS.
This can be viewed as either a periodic structure, as seen in the previous section (3.3.2), or as
separating the electric and magnetic field as in section 3.3.1. Figure 3.12 and figure 3.13 shows
the microstrip and CPW implementation respectivly. We will also introduce some impressive
abbreviations (GSCPW), so keep the nomenclature close by.

When comparing the slotted microstrip line in figure 3.12 to the conventional shielded line
in figure 3.2 the location and direction of the return current is the deciding difference. For both
structures the electric field will terminate on the ground layer, effectively loading the line with
a large C'. By moving the ground layer closer; C' is increased and for the conventional design L
is reduced, since the return current flows closer to the signal line. This keeps the phase velocity
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Silicon substrate (Si)

Figure 3.12: Slow wave microstrip line (SMS) transmission line, showing geometric symbols
used in this thesis.

Zslot

Figure 3.13: Slow wave Coplanar Waveguide (SCPW) transmission line, showing geometric
symbols used in this thesis. If the slots are connected to the ground lines (for instance by vias)
we have a Grounded SCPW (GSCPW).
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constants, due to v, = 1/ V/LC' In the slotted design the return current is forced away from the
signal line and the inductance is therefore kept constant, leading to a reduced phase velocity.
The slow wave microstrip line above can also be viewed as a special case of the Grounded Slow
wave Coplanar Waveguide (GSCPW), where the signal line is elevated above the ground lines.

For the CPW line in figure 3.13 the slots can be viewed as shield against the conductive
substrate. Had we used a whole shield, induced current in the thin lower metal layer would result
in significant loss in addition to the increased L and C'; which would reduce the characteristic
impedance Z, = /L/C. In the same manner as above, the slots prevent current flowing
orthogonal to the signal, thereby leaving inductance unchanged. If the shield is placed far
enough away from the CPW (further away than the signal ground distance G,), the electric field
is mostly confined between the signal and ground lines resulting in the shield not significantly
increasing C' leaving the characteristic impedance mostly unchanged by the added shield. A
similar argument was given by Vecchi et al. [VRET09a]. Further design guidelines are given
below.

—no shleld -- shleld M8 Jrs slots M8

40309010 0109020 40 40309010 010 ‘.20 20 40
ly] = pm ly] = pm
(a) Geometry. (b) HFSS simulation constant E and H field.

Figure 3.14: Constant contour levels for CPW without shielding, floating shield in M8 and
floating slotted shield in M8. Right: £ = 6 x 10° V/m, Left: H = 50 A/m.

We first investigate the field distribution of a conventional CPW line, a shielded line (contin-
uous shield below the CPW) and a slotted shield line. This was simulated in the 3D simulator
HESS, the fields where extracted and a constant contour line for each line is shown in fig-
ure 3.14, together with the geometry. As expected, both E and H is confined when using a
continuous shield, while for the slotted version only H is able to penetrate the substrate. Note
the coordinate system used here, we will in this thesis assume that the signal is moving in the x
direction (in/out of the paper), while 2 is pointing upwards and vy is orthogonal to both x and z,
making the z, y plane the cross sectional view.

3.3.4 Slow wave parameters

Based on the literature and experiments done in this thesis some design guidelines will be
presented for slotted slow wave transmission lines. There is an extensive amount of papers on
the subject where many focus on only a single aspect of the design, we will here try to give an
overview and compare with my own experience from modeling, simulation and measurements.
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A recent work by Franc et al. [FPGF12] investigates the slotted shield thickness g, and
finds that it should be small to reduce induced eddy currents in the slots. It is interesting to
note that authors like Franc contribute slot loss entirely to magnetically induced currents, while
others consider only the electric coupling.

e Gslot =0.42 pm - - Gslot =1 pm e G(slot =2 pm

80 - Py SRR [ P 8

b5 1 1 1 1
0 1 2 3 4
[Wslot] = um

o b

Figure 3.15: Effective dielectric constant for different width and slot gaps. Based on empirical
work in [CYLWO09].

The “slot ratio”, Wyiot/(Wiior + Gsior) 1s studied extensively by Aziz et al. for the Coplanar
Stripline (CS) line, first by simulation in [AIK*09] and later with measurements in [AFE" 12].
The discussion is lengthy, but can be summarized as follows: A smaller slot cross section (width
and thickness) leads to reduced loss and the gap should be minimized (but not zero) for highest
slow wave effect. The duty cycle of 0.5 (equal width and gap) with minimum dimensions
therefore represent the best compromise between loss and size reduction. Although the study is
done for a CS line, the field distribution resembles that of a CPW line and is therefore applicable.
An empirical equation was derived in [CYLWO09] for the CPW and is shown in figure 3.15.
Although the absolute value does not coincide with any result in this work, the overall trend
gives the same insight as above.

As is the case for a parallel plate capacitor, reducing the height between the signal line
and the slots (ho), increases capacitance per unit length. [SKXL09] investigates the slotline
height /4o and finds that the slow wave factor is inversely proportional to the distance e.¢ o
1/hgsor- They also investigates having slots in multiple layers (as opposed to a single layer), but
concludes this has little effect on the performance.

Extracting the data from [SKXLO09] and including measurements and simulations carried
out in this work, figure 3.16 is obtained. There is some discrepancy between simulation and
measurements, but we will discuss that later in the thesis. It should be noted that an extensive
study on slot distance was not carried out in this thesis, measurements was only done on two
floating lines and a single grounded line. Therefore the straight line between two points should
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Figure 3.16: Effective dielectric constant for slow wave CPW as a function of reverse of height
between slots and signal line. Supporting the data from [SKXL09] with measurements and
simulation from this work.

Wg ng Ws Wg
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Figure 3.17: Showing capacitance for a floating and grounded (with vias) S-CPW transmission
line. Dashed capacitances to ground will be shorted if the vias are used.

be viewed with some skepticism. The main point is that reducing the distance to the slots
increases capacitance per unit length and therefore increases the effective dielectric constant.

Also shown in figure 3.16 is results for grounding the slots, these have a higher effective di-
electric constant than their floating counterparts. This can be intuitively grasped by considering
the equivalent circuit in figure 3.17. If the slots are connected to the ground lines (with vias),
then the dashed capacitances will effectively be shorted. If the vias are not used, then the series
combination of the signal capacitance and the ground capacitances results in an overall reduced
capacitance.

Considering loss, Cheung and Long [CL0O6] shows that the slots should float to reduce loss
at frequencies above 10 GHz. This is contradicted by [SRG09], who shows measurements that a
grounded line has lower attenuation than a floating version, and argues that the silicon substrate
used in their study (og; = 66.7 S/m) is too conductive for such a technique. This was therefore
tested in this thesis and measurements seems to agree with Cheung and Long.

In [TFP*12], Ferrari and his team has done an extensive study on slot length (Iy,,) for both
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conductive and insulating substrate. The conclusion is that for conductive substrates the slots
must extend to at least W + 2(W, 4+ G,) for adequate shielding and highest slow wave factor.

A few key points have, as far as I know, not been discussed in the literature in regards to
slot dimensions. Firstly, as was implicitly assumed in the previous section, the slot period must
be much smaller than the wavelength (W + Gor << M), else the operation is limited by the
“bragg frequency” and a low pass filter is created. Secondly, it would be reasonable to assume,
that the slot thickness also plays a role in the shields effectiveness, as it does in a Faraday cage.
This is something to keep in mind as future technologies downscale lower metal dimensions.

To summarize, the slow wave slots should be created in a thin layer with minimum width
(to minimize loss) close to the signal line and with minimum gap (to maximize the slow wave
factor). It should also be noted that the slow wave line is generally considered to improve the Q
factor, but that due to the slow down, the loss per unit length « is not reduced; see for instance
[SRGO9].

3.3.5 State of the art

Table 3.1 shows some dimensions and performance characteristics of published transmission
lines. Most of the entries can also be found in [LP10] and [FPGF12] but all data is based on
reading the original source. Number of significant digits may not agree with standard practices,
since 5 x 10 is harder to read than 50, if in doubt only a single significant digit should be
assumed. Few authors include technology specific information like thickness of layers, height
above substrate and substrate conductivity which can greatly impact performance characteris-
tics. To my best knowledge all the transmission lines compared here are based on measurements
on standard bulk CMOS.

Table 3.1: Physical size (where available) and performance (at 30 GHz) of published on chip
slow wave transmission lines. Sorted by year of publication.

Type Ref. W ng Wg VVslot/ Gslot Z 0 €eff a Q

pm Q dB/mm
S-CPW [CLO6] 16 20 - 1.6 50 8 04 17
S-CPW finger [LFO7] 12 34 - 0.25 - 16 1 13
S-CPW [VKKHO08] 12 9 - - 35 - 0.6 12
S-CPW  [KIFT09] 18 100 60 0.6 35 47 - 40
S-MS [LP10] 4 40 - 0.6 45 25 04 32
S-CPW [WZY*11] 10 10 45 0.1 50 6.0 04 17
S-CPS [AFE*12] 35 200 - 0.6 452 - 0.6 27

S-CPW [FPGF12] 5 50 10 0.16/0.64 35 256 0.4 35
S-CPW [TFP*12] 17 20 15 0.1/0.55 28 30 0.4 30

Cheung et al. [CLV*03] is usually attributed as the first slow wave transmission line on
CMOS, later explored in more details by Cheung and Long [CL06]. Mainly for density com-
pliance, fingers are added in [LFO7], an increase in effective dielectric constant is shown, but
the impedance of the line is not discussed. High Q lines are presented in [KIFT09], where a
large gap spacing and wide signal line are utilized. A “downscaling” of this line is presented in

30



[FPGF12], where the signal ground spacing is halved and the signal line is reduced to compen-
sate, a comparable () factor is achieved.
As can be seen, the highest available () of 40 was created by a line of total width of

18um + 2 - 100 pm + 2 - 60 pm = 338 pum.

For comparison, in this thesis, lines with Iengths down to 100 um are fabricated to reduce cost
and area on the small die.

3.4 Summary

We have now presented an in depth overview of slow wave teqniques, going from the work by
Hasegawa et al. [HFY71] via periodic structures published by Kwon in 1991 to the more recent
discussion on CMOS started by Cheung et al. [CLVT03]. Slow wave miniaturization is still an
on-going research, the tradeoff between @), c¢r, o and Zj is far from trivial and most designs
are based on simulation and guided by experience. To ease design, we will now investigate a
mathematical model.
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Chapter 4

Transmission line models

R L

“\\—TN

Figure 4.1: RLCG equivalent circuit for a short segment of a transmission line.

This chapter is devoted to different RLCG transmission line models. In this model R rep-
resent the resistance of the line, L the inductance, C' the capacitance to surrounding media and
G is leakage. Note that all these quantities are in units per meter; some authors distinguishes
between lumped and per meter quantities by a R’, but since we will almost exclusively deal
with per meter quantities in this thesis the meaning should be clear from the context.

The literature provides a large number of RLCG models, which can be divided in two cate-
gories. The first category is based on extraction, either frequency dependent RLCG parameters
are extracted directly from measurements (like in [EE92]) or a hypotheses is made by some
least square error minimization.

We begin with a very simple model, where the main geometric dependencies are high-
lighted. We then improve the RL part by investigating different skin effect models in sec-
tion 4.2, before we present a more advanced model. A quasi-empirical model is presented in
the paper, given in chapter 7.

4.1 Parallel plate model

Below some physical intuition will be developed for the RLCG parameters, showing some
simple qualitative formulas. The symbol o, which reads “proportional to” (not to be confused
with the greek letter ), will be used to simplify the equations further highlighting the main
geometric factors involved. The assumed geometry is shown in figure 4.2, where the metal is
made of copper (conductivity of o¢,) and the substrate is slightly conductive. In the analysis
edge effects are ignored, but the line is lossy (finite conductivity and thickness). The solution is
given in most textbooks, so the mathematical details will be omitted (see for instance [LB09]).
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Figure 4.2: Assumed geometry for the parallel plate model. Two metal lines with conductivity
ooy are separated by a conductive substrate with relative dielectric constant €4, and conductiv-
ity Osub-

4.1.1 Resistance R

A copper wire with cross sectional area A = WWh, assuming uniform current density, will have
a resistance inversely proportional to the width and thickness of the wire.

1 1

Rae = 0k W

4.1

with unit [R] = €/m. Where copper conductivity oc, = 5.88 x 107S/m [LB09, p. 60] is a
material constant. If we assumed equal dimensions for ground and signal line, the total resis-
tance is twice that of (4.1), but the ground line is usually made much larger than the signal and
can therefore be neglected.

Manufacturing datasheets usually supply resistance value as sheet resistance in €2/C], the
corresponding conductivity can be found by multiplying the sheet resistance and the conductor
thickness.

4.1.2 Inductance L

A time varying current will induce a magnetic field B, which in turn produces an opposing
voltage. To model this, we define an inductance /L = & with unit [L] = H/m. The mag-
netic field will behave differently inside and outside of the conductor, inside the field will be
monotonically increasing due to the increase of enclosed current and on the outside the field
will decrease. This lead to the inductance

L=/
{Lim = inside h > h,

Lex = 5022 outside 1 < By

The total inductance is calculated as the sum of the internal and external inductance, but the
internal inductance is usually much smaller in magnitude and is therefore usually neglected. It
is included here since it is key to describe the skin effect in section 4.2. The above shows that
inductance is proportional to the distance between the signal and the ground line. It should be
noted that for other geometries, like two round wires, the inductance becomes o< In(h,/Wy).
In addition to this we need to account for any nearby conductors with time varying currents,
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as these will induce a voltage on the wire of interest. This effect is modeled as a mutual in-
ductance M. For two wires, mutual inductance on wire 2, caused by wire 1 is written as Ms.
Whose sign is determined by the angle between current in wire 1 and wire 2, if the wires carry
current in the same direction the mutual inductance is positive and if the current is opposite
the inductance is negative. If however the current is perpendicular, the mutual inductance is 0,
which was exploited in the previous chapter for the slow wave slots. In the same manner as
Grover [Gro46], we can express the total inductance as

Ltot = Lint + Lext + M+ - M-

where M is the sum of all mutual inductances of same direction and M _ is the sum of any
opposite currents. In transmission line applications the M _ term is mutual inductance caused by
the return current and M. is present if multiple parallel wires are used (for instance the ground
return of a CPW line).

4.1.3 Capacitance C'

The simplest formula for capacitance is for two parallel lines, the assumption being that the
electric field is tangential to the plates.

where the unit is [C] = F/m.

4.1.4 Conductance G

Conductance GG will contain any loss to the transmission line surroundings. While loss due to R
will cause heating in the conductor itself, conductance will dissipate in the surrounding material.
Though conductance will contain terms such as mode coupling and radiation (discussed in
section 2.3.2 and section 2.3.3), the major term will be caused by the substrate. We have already
seen that the loss tangent relate capacitance and conductance by tand = G/(wC') so we can
now write

G =wCtand = %(081 +we') ~ osi Wi

Ssg th

where we ignore the polarization loss for now. Conductance has the unit of siemens, which is
the inverse of ohm [G] = /Qm = S/m.

4.1.5 Summary

We are now in a position to discuss impedance and propagation constant in terms of fundamental
geometric quantities, we simply insert our simple model into the equations given in section 2.2
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and the rest is algebra. Starting with the characteristic impedance

7 _ R+ijO<hsg
0 G+ jwC — W,

This shows the difficulty discussed earlier when designing a high impedance microstrip line,
where the signal width must be narrow for a given gap.

When doing the same for the propagation constant, a neat thing happens

y=a+j8=(R+jwL)(G + jwC)

_ 1 . ;uohsg USi% . EW
B \/<00u%hs e % )( hsy A hsg ’

and it is now independent of the signal width. One would assume that making the signal wider

would reduce loss, but due to the linear increase in conductance the effect cancels out. In a
“real” circuit things are not as neat, and we will return to a more realistic model at the end of
this chapter. By simplifying further one can obtain

VEr L s

M —_—
OCu hs Er

+ /B

As expected, the phase constant (5 is proportional to the dielectric constant, while loss is in-
versely proportional to conductor conductivity and directly proportional to substrate conductiv-
ity. Of particular note is that the effective dielectric constant influences the loss per unit length,
making « an inappropriate figure of merit for slow wave lines.

The major drawback of this model is the frequency response, where in real life 2, L, C' and
G all vary with frequency. This represents a challenge for spice simulators, since they rarely
allow passive elements to change value depending on frequency. Spice simulation is important
for co-simulation and for delay and distortion estimation. Another reason for extending the
RLCG model is that the underlying physics can become clearer. We will now extend the resis-
tance and inductance model so that it includes skin effect, and also explore how the skin effect
can be modeled with frequency independent components.

4.2 Skin effect

The assumption that the current is uniform is incorrect at frequencies comparable the conductor
cross section, introducing the skin depth

1
V muo f’

results in the high frequency approximation [JG93]

J

1 1
Ryin = 42
K0 (W + h)ad W + pVI (4-2)
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where a frequency dependence of /f is introduced. kg, is an empirical constant having a
value between 1 and 2. Note that (4.2) is only valid when § < h. To provide a wideband model
we can either require Ry, < F4., which results in an asymptotic approximation. Johnson and
Graham [JG93] suggests using the length:

R(f) =/ Rpc + R (4.3)

Comparing (4.3) (where ki, = 1.5 was used) with the 2D field solver in Q3D for different
values of W the relative error was found to be as high as —20 % in the low to high frequency
transition. For values 6 < h and § > h the error was less than —7.5%. The error can be
reduced by tuning kg, for each line.

In figure 4.3 the resistance of a rectangular conductor with W, = 12um and A = 3.4 pym is
shown. Where it is clear that the skin effect is important for millimeter wave design.

- - RBpc < Rgin -+ V Bhe + R,

Q3D

1L i i J
0.1 1.0 10.0 100.0
Frequency [f] = GHz

Figure 4.3: Comparing model with and without skin effect on resistance per meter. W, =
12 pym, h = 3.4 pm.

Alternative formulations for the frequency dependent resistance uses either a field solver to
determine empirical constants or the general Partial Element Equivalent Circuit (PEEC) method
which, much like a field solver, discretizes the geometry and solves for each cell. To limit the
scope of the thesis PEEC will not be considered in this thesis.

4.2.1 SKkin effect by frequency independent components

The frequency dependent R(f) models discussed above can not be directly inserted in a con-
ventional spice simulator, the traditional solution is to use an RL ladder to “simulate” the cur-
rent distribution as the frequency is increased. The model for this used by [WZY*11] and
[PCCLO06] is described by Kim and Neikirk [KN96] and applies to a circular conductor. The
model promises to be both compact and accurate for a wide frequency spectrum.
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Figure 4.4: Four ladder skin effect model from [KN96]

The model is depicted in figure 4.4 for a four ladder case, if a wider frequency spectrum is
wanted a larger number of “ladder steps” must be used. Using inductors we can steer the current
through the different resistors based on frequency, at low frequencies the inductors will behave
as shorts and the total resistance is the parallel connection of all of the resistors. As we increase
the frequency large inductors will have a large impedance, blocking the current from entering
a ladder. At sufficiently high frequency ( fi.x) all the current will go through the lowest ladder
step (Ry).

The model components is found by

Ifil = Kppfori=1,2,3and

R
Ry = KrRpc
Rskin
Kr=0.53—
f Rpc

Where Ry, is calculated at the highest frequency of interest f,.x. The constant K is found
by solving the polynomial

Kpn+ Kpp+ Krr+(1—Kg)=0 4.4)

which ensures that the resistance is equal to Rpc at DC. In a similar manner, the inductance
can be found by L;/L;y1 = K fori = 1,2 and

Ly = Ky Lpc
K = 0.315Kp.

To ensure Lpc at DC the constant K7,;, must satisfy
K2+ (1+ Kiph) 'K+ (K2 + Kb +1)° = Ko ([L+ Kpb] [K2 +1])° =0 4.5)

The multiplication constant 0.315K i have been found by the author to fit well for circular
conductors. When using rectangular conductors [PCCLO06] suggests using 0.2 K instead. Note
that the inductance is the internal inducance, in addition we need the external (self) inductance
Lgr. We must also supply the DC resistance Rpc, maximum resistance Rg,, low frequency
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internal inductance L p¢c and the maximum frequency.
As an example we consider a single wire with width W, = 12 ym, thickness h = 3.4 ym
and f.x = 100 GHz. For the DC and high frequency resistance we use (4.1) and (4.2) to obtain

and Rskin ~ 3.5 kQ/m

The internal DC inductance is found from the empirical polynomial in [CFOO] and self induc-
tance is calculated by Grover [Gro46]

Lpe ~ 0.044 pH/m

h
Lo =0.2x107° (log( W+

050049
Wt h) - *

) ~ 1.2uH/m (4.6)

we then obtain the ladder in figure 4.5 where K = 8.51, K, = 1.7, Krr = 1.54, K, = 0.784

and the skin depth at 100 GHz is t/6 = 16.
0.98 k2 /n]
go.m uH /m

L AA—]
1.5k/m
§0.096 uH/m

L AAA—]
2.3kQ/m

%0.075 pH/m
JYMNM VAN

L2pH/m  35kQ/m

Figure 4.5: Four ladder skin effect model based on [KN96]

Resulting inductance and resistance of the ladder structure is shown in figure 4.6, where
ladders with f.x equal to 25 GHz and 50 GHz is included for comparison. Also included is
results from the 2D solver Q3D.

From the resistance graph we see that the ladder model is able to pass thought the sup-
plied high and low frequency points. The maximum error when f.,,x = 100 GHz is as high as
—106 % and the resistance seems highly dependent on fi,,.x. Only for f,.« equal to 25 GHz is the
transition region accurately modeled for this case. Note that deviation for the f.« = 25 GHz
model above 25 GHz is expected, since the model only promises to be accurate between DC
and fiax-

Inductance is dominated by the self inductance (which is orders of magnitude larger than
the internal ladder inductance), so the accuracy of the inductance will be dominated by (4.6).
But we can see good correlation between the frequency dependence of the Q3D simulation and
the ladder model. For the f,.x = 100 GHz case the inductance error is less than —5 %.

The model can be improved by tuning the empirical constants 0.53 and 0.2 or by tuning the
inductance value. A general fitting procedure would then need the high frequency inductance;
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Figure 4.6: Modeling skin effect by 4 ladder network for different f,,, values.

which is not trivial to compute analytically. This conclusion seems to agree with a similar
comparison done by Mukherjee et al. [MWP04].

It should also be noted that the need for frequency independent components is decreasing
due to the advancements in circuit simulators. Since most simulation environments, both com-
mercial like Cadence and ADS and open source tools like Qucs, support using S-parameters
directly as circuit blocks for both frequency and time domain analysis. Of course, this reduces
physical insight and increases computational time due to the inherent inverse Fourier transform.

4.3 Analytic conformal mapping

An attempt was made to repeat the work of [WZY'11] as their results seemed promising,
covering a large number of configurations. The work does however not seem adequately docu-
mented and a surprising amount of empirical relations are utilized; without adequate empirical
evidence. Deriving empirical models for on chip transmission lines would require a very large
set of transmission lines of different dimensions (width, gap, height and thickness), which is
not feasible due to the large area such a test chip would need. In addition, since manufactur-
ing processes differ, one would need chips from multiple process families. Since [WZY 1 11] is
based on measurements from a 65 nm technology there is no way of knowing how the presented
model fit with the technology in this thesis.

Instead the analytic model from Heinrich [Hei93] is used as a basis. The G and C' part of
the model is slightly improved in [BVM10], where the equivalent circuit now looks more like
the one proposed by Hasegawa et al. [HFY71] for the quasi TEM mode.

The model is quite extensive, so a full description will not be given, my implementation is
available! where the discussed model can be found between line 474 and 709. The geometry

'www.ob.cakebox.net/masterThesis/src/t1Models.py

40


www.ob.cakebox.net/masterThesis/src/tlModels.py

Figure 4.7: Geometry and equivalent circuit for the CPW model presented in [BVM10]. Not to
scale.
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Figure 4.8: Example of conformal mapping, for the upper capacitance of two parallel lines.
Adapted from [MKC*03].

is shown in figure 4.7 and consists of a CPW submerged in two layers of dielectric material,
above a conductive silicon substrate.

The signal ground capacitance C, is found by conformal mapping. The conformal mapping
technique is widely used to characterize capacitance of a coplanar line and can even be applied
for multilayered substrates [GLK95]. The idea is shown in figure 4.8, where the leftmost geom-
etry is transformed to the parallel plate version on the right. For a multilayered CPW, a similar
set of transformations are used and this is applied for each layer, and the results are summed. G
is found by the expression presented in chapter 2, namely (2.11), where €” /¢’ was presented in
section 3.3.1.

Resistance and inductance is modeled in three regions, DC, high frequency and a transition
region as presented in [Hei93]. The proximity effect is modeled and the model is forced to have
a continues derivative.

4.3.1 Results and comparison

Instead of focusing on the implementation the results will be presented and compared to both
the simple model we started this chapter with, simulation results and measurements. Note that
simulation and measurements are the topics for the next two chapters and will be described in
more details there.

We start by varying the signal width W, with G, and W, fixed at 10 um and 54 um respec-
tivly. The resulting RLCG values are shown in figure 4.9. In accordance with our intuition, as
the signal is made wider the resistance decreases and inductance increases. Due to the larger
area, capacitance increases and there is a slight increase in GG since we couple more to the sub-
strate. The net effect of increased capacitance and decreased inductance is a decrease in char-
acteristic impedance, being 65 €2, 54 () and 44 €). In contrast to the MS line discussed earlier,
conductance of the CPW shows a much smaller dependence on signal width. This is reasonable
since the fields are confined in the signal ground gap; and as we will see next, increasing the
gap has a large effect on G.

In figure 4.10, the signal width is fixed to W, = 12um, and the signal ground gap G,
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Figure 4.9: Modeled RLCG parameters for an unshielded CPW with varying signal width,

simulation and measurements are for the W = 12 pym line and the other parameters are G, =
10 ym and W, = 54 pm.

----- Gsg=5mm - -G, =20um e—eHFSS
— Gy =10 pm  *—*meas

6‘0
[f] = GHz /] = GHz

Figure 4.10: Modeled RLCG parameters for an unshielded CPW with varying signal ground

gap, simulation and measurements are for the G5, = 10 um line and the other parameters are
Ws = 12pum and W, = 54 um.
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Figure 4.11: Performance characteristics as a function of gap spacing for different signal
widths. Showing effective dielectric constant, loss per unit length, () and Z; at 10 GHz. Note:
x-axis is not frequency.

is increased from 5um to 20 um. As the distance is increased inductance increases, and as
in the parallel plate model capacitance decreases. This leads to an increase in characteristic
impedance, being 41 (2, 54 €2 and 68 (2.

Sweeping both parameters, figure 4.11 is obtained at 10 GHz. From the loss, the tradeoff
between metal loss and substrate loss is apparent. For a larger gap spacing the total loss in-
creases with increasing signal width and only slightly with gap, due to the large coupling to the
substrate. With gap spacing below 10 um the proximity effect forces more of the current to the
sidewalls, thereby decreasing resistance rapidly with increasing gap. As a result of the large
substrate loss at large gap spacings, the highest () is obtained for the narrowest line.

4.4 Modeling slow wave lines

The above model assumes there is no shielding between the CPW and the silicon substrate,
when adding a shield the only change is in the CG part. To model the change in capacitance per
unit length, the signal to ground capacitance C, shown in figure 4.7 is kept, while the lower
portion is replaced by either Cyo or Cyo || Ciior depending on whether the slots are floating
or grounded respectively (see the discussion around figure 3.17, page 29). Formulation of Cy,
is given in the publication as (7.4), and is just a weighted parallel plate formulation. As will
be shown in the measurement chapter, very good agreement is obtained between model C' and
measurements when the slots are close to the signal line (relative to gap spacing).
For grounded slots conductance is modeled as capacitive coupling to resistive slots, that is

R(W = Wyot, h = haot, 1 = lyat/2, f)
Wslot + Gslot

Rslot -
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where R(...) is from (4.3). The series connection

1
Zs) t — Ry ¢+ ——
S101 S1O ]wCSIOt
can then be used to extract G = R(1/Zgy). Unfortunately the above does not seem to agree
with measured results, showing orders of magnitude lower conductance then measured values.
A more realistic model must include

* Partial electric loss to the substrate due to incomplete shielding
* Magnetically induced eddy currents in the substrate.
* Eddy currents in the slots.

where it is believed that the last term is the most significant, see for instance [FPGF12].
We will do a proper comparison in chapter 6, where we will show that the capacitance and
inductance is well modeled. Leading to accurate estimates for .4 and impedance Zj.

4.5 Designing a slow wave transmission line on CMOS

We now have all the tools we need for setting up a simple design guide for slow wave transmis-
sion lines. The assumed task is to design a high Q line with a given characteristic impedance
and electrical length (phase shift).

1. Start with the effective dielectric constant. First check if a floating slotted shield will
meet the design criteria, remember that by moving the slots closer to the signal line you
increase the effective dielectric constant. If the line is still to long, ground the slots, but
remember that this might increase loss.

2. Use the width and gap to design the wanted characteristic impedance. This isn’t trivial,
since constraints on density and minimum feature sizes limit the options. In addition,
by increasing the gap you increase the effects of the slots (not modeled above) and by
decreasing the signal width or by making the gap too short you increase loss.

If the line is still too large, try the published comb structure in chapter 7. It may sound strange
to not immediately use the highest possible slow wave factor, but keep in mind that by creating
alarge C, L must be compensated for a given Z. Since neither reducing W, nor increasing G,
(to achieve a higher 7)) is desirable a decent value of €. must be used. In addition, particularly
when designing filters you may end up with lines that are physically very short, making them
impractical and unreliable.
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Part 11

Practical aspects
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Chapter 5

Simulation

\

Figure 5.1: Example of adaptive meshing in HFSS. Red rectangle is a lumped gap port

We begin this chapter with some simulation theory and practical guidelines, in section 5.2
some necessary assumptions and simplifications are discussed and in section 5.3 selected sim-
ulation results are presented. Some concluding remarks are given in section 5.4.

5.1 Theory

Giving a detailed mathematical description of the utilized EM software is way outside the scope
of this thesis, but some thoughts and motivation is given in this section.

Getting closed form solutions for complex EM problems can range from hard to impossi-
ble. But as any problems becomes easier when dividing into smaller pieces; so does solving
Maxwell’s equations. We have already applied this when developing models in chapter 4, where
we first divided the problem into two independent parts, the RL and the CG section.

There are different ways of categorizing EM software, the most intuitive being the number
of dimensions. There are 2D, 2.5D and 3D solvers available and the main trade-off should be
obvious, more dimension increase computation time but also enable more complex geometries
and effects. The 2D approach has usually been sufficient for transmission line design, where
only the cross section is considered. In fact, most of the models in the previous chapter was
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based on this assumption. But with the introduction of a periodic structure, like the slow wave
slots, this method is no longer suitable.

By using a layered geometry, where the boundaries are either closed or “open” (infinitely far
away), half a dimension is added. In this 2.5D method, current is restricted to two dimensions,
while fields may extend in the third. This type of simulation is usually based on the Method
of moments (MoM), and should be well suited for the layered CMOS stack or a PCB. On the
other hand, [HKOS8] does not recommend MoM for tightly coupled conductors and problems
with multiple modes, making it unsuitable for CPW simulation.

A full 3D method based on the Finite Element Method (FEM) is the most general tool
(sledgehammer) for solving EM problems. Instead of meshing only the boundaries as in MoM,
the entire volume is divided into tetrahedra and the fields are approximated to a low order
polynomial inside each tetrahedron. In terms of memory usage, both MoM and FEM rely on
storing the problem in memory as a matrix, the problem is then solved using techniques from
linear algebra. According to [HKO08], MoM solvers tend to create smaller but denser matrices
than FEM which is capable of creating large but sparse matrices. An optimized FEM code can
therefore outperform a MoM solver, but this is very application dependent.

The choice of tool is unfortunately limited to the tools available to me, which is ANSYS
HFSS™ and Agilent ADS™, implementing FEM and MoM respectively. Some initial compar-
ison was done and ADS came out as unstable and unreliable as a host of technical problems
where encountered. The same layout, or slight variations, yielded different results that some-
times conflict with basic laws of physics; like the speed of light or conservation of energy
(amplification though a passive device). It should be noted that a software update fixed some of
these issues and that part of the problems was caused by a full home directory.

In addition, subjective factors like usability, documentation and graphical features are im-
portant when choosing software, my comparison is as follows:

¢ | know HFSS better and its better documented.

* Debugging a run away HFSS model is simpler, reported data about mesh and the number
of options to tune are invaluable.

» Adaptive mesh in HFSS seems more reasonable than in ADS.

* HFSS’s field and current visualizations (and export) options are essential for increased
design insight.

The final choice of software and the superior results from HFSS has of course nothing to do
with the fact that FFI (where I use HFSS) offers free coffe while IFI (where I use ADS) does
not. A more objective comparison is done in the next section.

5.2 Simplifications and vertification

Ideally a simulator will reflect every aspect of the real world, this is of course not possible, so
some simplifications must be applied. We will first explore the dielectric stack-up, as discussed
in the introduction in chapter 3, a modern CMOS process has many thin layers of dielectric
material and this presents a challenge to the simulator. Section 5.2.1 is therefore devoted to this
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stack-up and also compares results from HFSS with ADS. In section 5.2.2 a novel approach to
reduce a long transmission line into very short segment is explored.

5.2.1 Number of dielectric layers

A modern CMOS stack-up usually consists of a large number of dielectric layers situated be-
tween the various metal layers. These are added both as mechanical spacers and for electric
isolation between different layers. Finite element methods are unsuited for this configuration
as large thin layers requires a huge amount of mesh cells, resulting in long simulation time and
large memory requirements.

To reduce the number of layers we can use the parallel plate formula to calculate an effective
height and an effective dielectric constant.

heff - Z tz
- heff
D NCYEN

Where the assumption is that the electric field is vertical, which is clearly not always the case,
especially for a CPW.

In figure 5.2 four different stack-ups are shown, consisting of silicon, different number of
dielectric layers and the top metal layer. All are based on the 90 nm process from TSMC.
Figure 5.2a shows the typically assumed stack-up for some theoretical models where the metal
is assumed to lie in air, this structure resembles conventional PCB design. A more realistic
version is shown in figure 5.2b, where the transmission line is fully submerged in a uniform
dielectric layer. This is likely to show less dispersion since the environment above and below
the line is the same. The last two shows two and nine layers respectively, which are the ones we
will focus on in this thesis.

Table 5.1: Different dielectric setups for HFSS (see figure 5.2) and waveport vs lumped port
(lumped unless otherwise stated), compared to ADS and measurements. For a CPW without
shield, showing maximum memory and computational time where available.

Name %, L C G R CPU time Max mem.
Q  nH/m pF/m S/m kQ/m h GiB
Meas. 52.2 363 133 3.86 9.92 - -
Dl-top 66.7 351 79.0 0.0201 3.54 0.121 0.468
DI 585 356 104 0.003 10 4.07 0.240 0.926
D2 584 375 110 —0.0274 3.74 7.42 12.8
Waveport D2 57.9 372 111 0.001 67 3.54 10.1 14.4
D9 52.7 368 132 0.0109 3.56 24.2 11.7
D9 ADS 58.4 367 108 0.442 0.966 - -
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(a) Single layer, PCB style (D1-top). (b) Metal submerged in single dielectric (D1).
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(c) Two dielectric layers (D2). (d) Nine dielectric layers and all metal layers, labels not
shown (D9).

Figure 5.2: Simplified dielectric stack-up of a CMOS process, cross sectional view. Showing
dielectric layers and some metal layers. Short names for each stack-up is shown in parenthesis.
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Figure 5.3: HFSS simulation of microstrip line with ground below the substrate and different
dielectric configurations, ADS simulation with D9 is included for comparison.
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Figure 5.4: HFSS simulation of CPW with different dielectric configurations, ADS simulation
with D9 and measurements are included for comparison.
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The different stackups are compared for both a MS configuration with ground return in
the lowest metal layer and a CPW without shield. The MS results are displayed in figure 5.3,
the ADS results indicate an effective dielectric constant of 20, while HFSS lies around the
more reasonable value of 5. Table 5.1 and figure 5.4 shows the CPW results, where consumed
memory and CPU time is also included. The observant reader may find a CPU time of 24 h
excessive, but due to the beauty of parallel processing the elapsed time is closer to 4 h.

5.2.2 Unit cell

In [VRET09b], Vecchi et al. presents a novel technique for simulating on chip transmission
lines, instead of simulating an entire transmission line the inherent periodicity is exploited.
The traditional way of simulating a transmission line in HFSS is to draw a long line, then
excite the line by either a wave or a specified voltage difference (called wave port and lumped
port respectively). The lumped version is shown as the chapter image in figure 5.1, where an
arbitrary voltage of 1V is applied between the ground and signal line. This is the intuitive
circuit approach to the problem and is the one we will rely on in this thesis.

The method presented by Vecchi et al. instead relies on an eigenmode solution; where, as
in linear algebra, the final solution is viewed as a weighted sum of eigenvectors (modes). One
then draws a small unit cell (say d = 1 um in length) and then tells the solver that there should
be a phase shift of § = w,/e,d/c between each end of the cell. No information is given to
the solver about the applied voltage, and theirin lies the rub, because in most of my attempts

—40

[y] = pm
(b) 2nd mode (10.1 4 0.390i) GHz, @ = 13 and extracted impedance (—63 + 5.61) €.

Figure 5.5: Electric field lines for two modes when using the eigenmode solver in HFSS, thicker
line correspond to greater field magnitude.
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Listing 5.1: Pseudo code for solving the unit cell using HFSS eigenmode solver.

for each frequency f:
e =4 # Inital guess
while iteration is < max: # prevent oo loop
0 =2rnf\/e,d/c # Required phase shift

~

f = HEFSS(0) # Returns lowest mode

R Oc \>
Ep = - # new value
2 fd
if |, —¢|/er < 1%: # if close to old one
goto next frequency
else: # try again
f=

~

& = &r

the solver gives a higher voltage on the ground lines than the signal line. This can be solved
by simply swapping the sign of the calculated impedance (which comes out negative), but the
tricky part, which is not discussed in [VRET09b], is that HFSS gives you multiple modes, but
not the weights.

Usually the lowest mode gives a mode which is reasonable, except for the sign mentioned
above. But sometimes, some really strange modes appear, figure 5.5 shows the electric field
from a “reasonable” mode in (a) and a “strange” mode in (b).

Another challenge with the discussed method is that as input, you must specify not only a
frequency (which is natural), but also the effective dielectric constant. This defeats the purpose,
since especially for slow wave lines, the effective dielectric constant is the main parameter of
interest. With this in mind, and also noting that Vecchi et al. mentions “iterating”, the algorithm
in listing 5.1 was written. To automate the process, this was implemented in an IronPython
HFSS script, which worked but with the major issue mentioned above. A typical iteration could
for instance give the effective dielectric values of [4, 4.2, 4.294, 1000, 1001, ... ].

The critical piece to get listing 5.1 to work is the call f = HFSS(0) to return the “reasonable”
mode, instead of the lowest mode. One might think that the lowest mode is the correct one and
that the problem lies with the drawn geometry', but what figure 5.5 doesn’t show is where the
current flows. In the bottom figure, currents flow out of the page in the middle (signal) line
and into the page in the ground lines (as it should); but in the top figure the signal lines carries
current both into and out of the page, which is clearly not what happens if we apply a voltage
difference between the ground and signal line.

One odd observation is that the “reasonable” mode has, in all simulations that I have done,
the lowest () factor. This could be used as a reliable criteria for choosing the correct mode.
But there remains some technical challenges as to how this can be automated. Some man-
ual iterations where carried out, where the extracted characteristic impedance, loss and phase
showed good agreement with other published work and simulations and measurements done in
this thesis.

Lor the dense master student
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5.3 Results

This is not the best named section title, since we have already covered a lot of simulation
results, but this section covers results for a tunable line in subsection 5.3.1 and shielded lines in
subsection 5.3.2.

5.3.1 Tunable line, passive and active co-simulation

Presented here is the simulation setup for the tunable CPW transmission line. The line is made
tunable by using MOS transistors to electrically tune the slow wave slots, this creates a “Digital
controlled artificial dielectric” first published by Huang et al. [HHW™06] as part of a Voltage
Controlled Oscillator (VCO). The proposed structure (see figure 5.6) is similar to [SXH"10],
but uses a variable capacitor (varactor) structure instead of a variable resistor.

In [SXH'10] a tunability of e,z = [13.2,14] is reported for a CPW, while the coplanar
stripline in [LTH08] can be tuned from e.¢(60 GHz) = [10.8,79.9], where all values are at
60 GHz.

Ground

T VeN

Ve
0Veo

Figure 5.6: Varactor tuned CPW, cross section. Slots are placed on M8 and broken, all NV slots
are connected to individually controlled varactors.

To simulate transistors in HFSS, one possible option is to use the “lumped RLC” boundary
condition to represent the varactor. We then need a frequency independent assembly of 1, L
and C which can be drawn as rectangles in HFSS with the appropriate boundary condition.
After an initial transistor simulation the empirical RLC model in figure 5.7 was chosen.

Cp(Ve)
f ; Vi Va
R e Rfvm
R,(V,)

Ve

Figure 5.7: RLC model for varactor, C, represents the tunable capacitor while R, and R, are
parasitic components.

The Virtuoso simulation of the layout (after layout and parasitic extraction) of the varactor
structure with width 120 nm x 5 and length 500 nm are shown in figure 5.8 together with the
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extracted model. The resulting values are shown in figure 5.9, where the HFSS simulation was
first run with all the varactors “on” and then all “off™.

—off = -on * =*on
*—koff

[yl

SO0

i ——

re(2)

P ——

SOOOOOOOOO
OCHROWRNTOT0OOHNW

-im(2)

Figure 5.8: Impedance of varactor by Cadence simulation and extracted RLC model.
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|| ||
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1.1 x 1080 4.2 %1012 Q)
(a) On (V, = 1.2V) (b) Off (V. = 0'V)

Figure 5.9: Extracted RLC values of simulated varactor.

Figure 5.10 shows the resulting e.¢, where at 30 GHz simulation indicate a tunability of
[40.6, 39.1] while measurements show [35.0, 34.8]. It should be noted that an initial simulation
using ideal open and short conditions (i.e. by either replacing the lumped impedances repre-
senting the transistors by a perfect conductor or removing them) a tunability of [19.3,10.9] was
found, where the lower absolute values is due to a smaller gap spacing.

Further work is obviously needed, especially on the transistor modeling and design. The
model presented above is clearly nonphysical, since no inductive term appears even above
100 GHz (not shown). It should also be noted that to date, the largest tunability published
is for a CS line and not a CPW as attempted here.
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Figure 5.10: Effective dielectric constant of tunable CPW line, comparing measurements and
simulation.

5.3.2 Shielding a CPW

By adding a continuous ground layer between the CPW and the lossy silicon substrate, loss is
reduced as long as the metal loss from the shield does not exceed substrate loss. In this section
we will explore a few different ways of shielding a CPW line from the substrate.

For low loss interconnect, [KJCH04] makes the observation that a grounded CPW has lower
resistance due to the proximity effect pushing the current more evenly in the signal conductor.
HFSS simulation of the structures proposed in [KJCHO04] is shown in figure 5.11d), c¢) and f),
where the current density on a cross section is shown. Also shown for comparison is a standard
CPW without shield, and a floating shield in the lowest metal layers (M1) and M8. It should
be noted that the unshielded line has a much higher current density in the substrate than the
shielded lines. The white spots in the conductors is due to a current density of < 1071° ~ 0,
which the log function does not appreciate.

The extracted RLCG values for a 500 um long line (not deembedded) is shown in figure 5.12.
As expected, the unshielded CPW shows the highest G and the lowest C'. By adding a shield,
C'is increased and L is decreased.

The new structures, rectangular, circle and V shaped does not provide any reduction in loss
compared to the simpler floating M1 shield. The only advantage is not investigated here, but
it is reasonable to assume the new structures have lower coupling to neighboring circuits, as
the fields are well confined. Note that the lines are not optimized, so performance might be
improved by careful design, for instance the lowest metal layers is quite thin, so using multiple
layers might help.
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(e) GCPW V shaped. (f) GCPW circular.

Figure 5.11: CPW shape comparison, showing current density in the cross section at 40 GHz,
grounded CPW with different shapes compared to simpler floating shields.
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Figure 5.12: CPW shape comparison, showing extracted RLCG values, grounded CPW with

different shapes compared to simpler floating shields. Geometry of the lines is shown in fig-
ure 5.11.
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5.4 Other aspects

Another simplification that we have not mentioned is that the large aspect ratio between the
signal lines and the slot lines is difficult to capture, requiring a huge amount of memory and
exceeding the programs abilities. As was discussed when we explored slow wave parameters,
the slot ratio is the most important aspect of the slots, so by keeping the ratio constant results
should not be affected too much. Therefore all slots are simulated with G = Wyoe = 1 um
instead of the smaller values which where fabricated. When increasing the absolute size of the
slots we would expect both a slight increase in loss, due to the wider slots, and a decrease in
effective dielectric constant as the period is reduced. We will come back to this observation
in the next chapter where we compare simulation and measurements for the slotted lines. In
general, the major challenge for an EM simulator when simulating on chip devices is the large
aspect ratios, where thin metal and dielectric layers are placed on a thick conductive substrate
causes great headaches.

Discussed above is some of the more critical choices when performing an EM simulation
for on chip applications, although the unit cell approach did not work out it has great potential
for reduced simulation time and required memory. Not mentioned is some of the more “stan-
dard” challenges related to 3D simulation, like boundary conditions, sweep type, meshing and
convergence criteria which is covered in manuals and quickly becomes more of an art-form.

In the end I would stress that doing a simulation is a lot like doing a measurement (except
that, unless you are paid by the hour, it is a lot cheaper). One must first set up the measurement
equipment, which is equivalent to drawing the model and assigning boundaries and excitations,
this quickly becomes a habit and re-use is simple. One must then do the tedious task of con-
firming that the setup is indeed correct, preferably by simulating/measuring some simple well
known structure, which was done by the microstrip and CPW lines presented. Now more novel
approaches can be tested, and due to the wealth of data a simulator can pump out, the most time
consuming part is analyzing the data and re-iterating and confirming the obtained data. This is
where knowledge of the tools really come in, since it always becomes necessary to tune some
parameters or setting up the model a bit differently.
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Chapter 6

Chip and measurements

| =
@ |

Figure 6.1: Chip before fabrication, dummies not shown.

In this chapter the fabricated chip will be presented, which is shown above. In addition the
PCB and the measurement setup will be described in short. Emphasis is given to the deembed-
ding procedure described in section 6.1.2 and the observed variation is explained in section 6.3.
The chapter is ended with an extensive comparison between measurements, simulation and
models given in section 6.4.

The chip was fabricated by TSMC on the 90 nm node with a thick top metal. The tunable
line is shown at the bottom, together with a Serial Peripheral Interface (SPI) interface (layed out
by Kristian Gjertsen Kjelgard, original designer Hakon A. Hjortland). The SPI control signals
are connected to the encircling pad frame, which is connected to the PCB by wire bonding (not
shown). For clarity, dummies are not shown, but dummy free zones are visible in orange. Note
that the free area at the top right corner of the chip was used by another project. Transmission
line dimensions are shown in table 6.1 and the chip measures 2 mm x 2 mm.

61



Table 6.1: Dimensions of fabricated transmission lines. In addition, each line has also has a
[ = 100 pm duplicate for deembedding. The last on is published under the name comb-S-
GCPW.

Name Ws Wg ng l Welot C:slot lslot
um

CPW 12 54 10 500 - - -

CPW slow-M1 1254 10 500 0.12 0.12 140

CPW slow-M8 1254 10 300 0.42 0.42 140

GCPW slow-M8 1225 25 300 042 042 114

GCPW slow-M8 tunable 12 25 25 500 0.42 042 114
GCPW slow-MS fingers 12 20 25 300 0.42 0.42 100

Each line is probed with a Ground-Signal-Ground (GSG) pad, where ground pads are shared
to reduce area. Pads are shielded from the substrate by a floating shield, which is created by
strapping the two lowest metal layers together. As tested by Cheung and Long [CLO06], the
shield reduces the coupling to the substrate and should float to reduce signal-ground capaci-
tance.

6.1 Calibration and deembedding

When doing measurements at microwave frequencies, measurement equipment and connecting
cables will significantly influence the obtained data. In this thesis we are interested in extracting
phase shift, loss and reflection from the fabricated transmission lines. Therefore it is important
to remove effect like the phase shift of the connecting cables, reflection in the network analyzer
and all joints and loss from both cables, analyzer and pads. The mathematical details of this
have been relegated to the appendix, but the idea is to remove the unknown effects of the cables
and analyzer by measuring “something” with known properties.

6.1.1 Calibration

The CS-5 alumina substrate from GGB Industries is used for this “something”, fabricated on
the substrate is a number of shorts, open, load (50 £2) and through lines. With the substrate a
floppy drive with a mathematical description of each standard is included, which is loaded into
the network analyzer. We can now measure each of these standards and instruct the analyzer to
remove the unwanted effects of the measurement setup. In theory one can measure all of the
standards, but it is sufficient to measure standards such as short, open, load and through (SOLT)
or through, reflect and match (TRM). The interested reader should consult a network analyzer
manual for details, in this thesis multiple standards where used with similar results. Ideally this
calibration step should place the reference plane at the probe tips, meaning that any subsequent
measurement will have 0 phase at the probe tips. Figure 6.2 (page 63) shows the measurement
setup, with network analyzer (VNA) and probing station.

62



Figure 6.2: Measurement setup, from the left: 50 GHz network analyzer (Agilent™ N5245A),
probing station with (Picoprobe™ 40A-GSG-100-DP) and microscope display.

Calibrate VNA: | |
VNA, CS-5 " |Short | Cs-5 VNA
Cables pads : ggfg | pads Cables
. |Through |
| |
Measure | | | ‘

VNA, | [cmos Short TL cMOS | | vNA
Cables | | | Pads pads | 1 | Cables
| N |
VNA, : CMOS Long TL CMOS 3 VNA
Cables | | | pads pads | Cables
| . |

After LL deembedding ‘ ‘
VNA, cmos |« ~TL_ | [cMoOS VNA
Cables pads 3 : pads Cables
‘ |
|z ]

Figure 6.3: The deembedding process, first loss and phase associated with network analyzer
(VNA) and connecting cables are removed by measuring known standards on the CS-5 sub-
strate. The reference plane is now at the tip of the probes. Then the short and long transmission
lines (TL) are measured and these measurements also include the CMOS pads.The conventional
approach is to extract o, § and 7 after LL post-processing, but due to high variations in « it
was chosen to extract « directly from the long TL, giving an upper bound.
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6.1.2 Deembedding

We are now halfway there, since the probing pads on the CMOS chip are relatively large com-
pared to the lines we want to measure, their effect must also be removed. These could have
been removed with the steps described above, if accurate models for short, open, load and
through structures was available for the CMOS substrate. Instead the LL method described in
appendix A.2 was relied on for deembedding, where two lines of different lengths [y > [, give
the characteristics of a new line of length [, — ;. This method was first applied to simulation
results and it was found that consistent results where obtained with /; = 100 um and [, at least
300 um long.

Unfortunately, fabricated lines with these lengths, did not give consistent results for line loss
a. The effect is clearly visible in figure 6.4 a) (page 65), where repeated measurements shows
large deviation in loss and even indicate gain through a passive structure. Though a Nobel
Price for finding a new source of energy sounded tempting, I instead decided to extract loss
using measurements for the long line. The transformation from S parameters to TL parameters
are given in appendix A.1. The improvement is visible in figure 6.4 b). It should be noted
that the proposed method gives an upper bound for the loss, as the loss now contains pad loss
in addition to the line loss which we are interested in measuring. The proposed calibration
and deembedding procedure is schematically illustrated in figure 6.3 and it is applied to both
simulation and measurements results unless otherwise stated.

Table 6.2: Extracted pad parasitics for the CPW measurements, showing deviations at 40 GHz.

Rpad Lpad C(pad Gpad
Q pH fF mS

Mean 1.2 25 41 0.45

Standard deviation 0.69 9.9 12 0.38
Max 2.1 42 68 1.3

Min 0.18 14 33 0.20

The LL method above extracts a general “error box” which is difficult to analyze, a simpler
but more physically intuitive deembedding method was also attempted. Based on the work by
Tretiakov et al. [TVW™04], an equivalent circuit for the pads can be extracted (based on mea-
surements of two lines with length [ and /N7). Running this on the same data as above, the shunt
conductance and capacitance and the series resistance and inductance presented in table 6.2 was
extracted. As we can see, the variation is quite larger and we can conclude that the variation is
not caused by the deembedding method. For reference, the LL method described in the appendix
shows a maximum standard deviation in extracted alpha as 0.48 dB/mm, while the method from
Tretiakov shows 0.65 dB/mm compared to the proposed solution with 0.12 dB/mm.

Deembedding microwave frequency measurements on CMOS is discussed in great length
in the literature and no consensus seems to have been reached. Since other methods generally
require some addition deembedding structure to be fabricated on chip, other methods could not
be applied. The LL method was relied on due to promising results when applied to simulation
data and therefore no open, short or other structures where fabricated.
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Figure 6.4: Individual measurements are shown as black lines and shaded region marks 3 stan-
dard deviations from the mean. (a) shows TL characteristics after conventional deembedding,
and (b) the proposed solution of extracting « from the long TL. Maximum standard deviation
for a goes from 0.48 dB/mm to 0.12 dB/mm and is now physical.
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6.2 Removing outliers

Accurate probeing is difficult, creating large variations in measured data. In particular, when
doing the calibration, a slight misplacement on one of the standards can lead to subsequent
measurements being incorrect. In addition, since the deembedding relies on the two lines being
measured the same way, slight discrepancies will lead to erroneous results. For some cases,
incorrect calibration can be discovered immediate after the calibration is applied and it is always
a good idea to re-measure some short, open, thru or loads structures to verify that the calibration
went smoothly. Other, more subtle misplacements, are only discovered after the data has been
processed and these errors are the subject of this section.

As an objective means of marking individual measurements as bad measurements (outliers),
the IQR test was used as a guide. To simplify, the IQR test shows data-points which are far from
the mean. In addition, the measured data was required to be both approximately continuous and
symmetric. When applying this approach, for each of the lines, an interesting pattern emerged.
About 85 % of the outliers, where “lumped together”, and came from the same calibration (and
VNA settings); which emphasizes the importance of a good calibration.

6.3 Explaining the variance by nudging

The deembedded loss can, at first order, be considered a subtraction of loss (|Sy;|) from the
long line minus loss from the short line. Since the calibration can not reliably and completely
eliminate network analyzer, cable and probe loss and since probe placement is challenging, the
resulting uncertainty becomes significant when trying to measure the small difference in loss
between the two short transmission lines. To quantify the above hypothesis, we consider the
original LL. deembedding method described in the appendix (i.e. by considering loss from both
lines).

By adding/subtracting a small constant (a random normal distributed value with variance
of 0.02), lets call it nudging, to the S3; magnitude, to a single measurement of either the short
or the long line; a similar behavior to that displayed in figure 6.4 is obtained. With 1000
samples the maximum (over frequency points) standard deviation becomes 0.46 dB/mm, which
is comparable to the measurements presented above. By nudging the other parameters, either the
So1 phase or Sy the extracted 5 and Zj also becomes erratic and does not match the measured
results. In addition, if both the short and long line is nudged with the same value, the variation
remains low at 0.045 dB/mm.

We can therefore conclude that the observed variation in deembedded loss is due to a differ-
ence in measured |Ss; | loss between the long and short line. By using longer lines, the absolute
loss will increase and the measurements will be less sensitive to “nudging”.

In addition to affecting loss, |55 | also has an effect on the deembedded Z,,, which variance
we have yet to discuss. In the same manner as above, when considering all measurements
presented in figure 6.4 we have a maximum standard deviation for Z, at 12¢) while when
nudging a single measurement a deviation of 5.7 () emerge, which doesn’t account for all of
the variation in Z; but covers some. When looking at figure 6.4 we note that the high measured
deviation is from the low frequency (sub 2.5 GHz) range, where on chip matching is of less
importance and where we know the VNA is less precise.
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6.4 Results and comparison

At this point we have actually seen most of the measurements, in figure 3.16 the extracted
effective dielectric constant for the various slow wave lines where used to support the data from
[SKXL09]; showing that the slow wave factor increases as o< 1/hgo. It was also noted that the
grounded slow wave lines had a higher capacitance then their floating counterparts.

Measurements for the CPW (without shield) is shown in multiple places to provide a com-
mon thread, in section 4.3 it was compared to the model from [Hei93, BVM10] and in figure 5.4
we used it to verify our simulation setup. In this chapter (figure 6.4) repeated measurements are
displayed to show the high variation in loss when deembedding the pads.

The tunable line was entirely presented in section 5.3.1, with modeling, simulation and
measurements. It turned out not to be tunable, so not much focus was given. Chapter 7 is
entirely devoted to the GCPW slow-M8 finger line, showing the remarkable effective dielectric
constant of 140. The GCPW slow-M8 line is also discussed in the publication for comparison.

6.4.1 Floating slots

We therefore present here (figure 6.5) a comparison of the CPW, CPW slow-M1 and CPW
slow-MS8 lines.

A couple of observations can be made, starting with the CPW-slow-M1 line we see that
adding a slotted shield in the lowest metal layer has little effect on neither loss nor the effective
dielectric constant, although a slight decrease and increase respectively can be observed. This
can be explained by looking at the geometry, since the gap spacing is only 10 um (and the
signal to slot distance is about 6 um) the fields are mostly confined in the upper dielectric layers
and what we do in the lower layers has little influence. The model does not account for this,
since the model assumes the slot distance is much smaller than the gap distance, the predicted
capacitance is larger than measured and simulated values.

The other extreme is the CPW-slow-M8 line, where the signal to slot distance is closer to
0.75 um, here a substantial increase of capacitance is observed, effectively slowing down the
wave. This increase does however not come for free, as measurements show a larger GG (per unit
length!) then the un-shielded line. As discussed at the end of the modeling chapter, [FPGF12]
attributes this to induced eddy currents in the slots. Despite the increase in loss, the () factor is
improved, showing the merits of the slow wave transmission line. The reported () is however
far beneath (3 to 4 times lower) then previously reported values, but we attribute this to the
deembedding problems outlined above.

Since the simulation models the slots larger than the fabricated values, and due to the sim-
plified dielectric stack-up used, simulation underestimates ¢ for the CPW-MS line, which also
partly explains the lower simulated loss per unit length. We will come back to the difference
between simulated and measured loss in the next section.

The modeled inductance for the slow wave lines is lower than measured values because we
use a simple DC approximation.

Measurements of both R and G exhibit a distinct resonance. This is not caused by the
transmission line, since the slow-M1 line has, at resonance, a wavelength of about 5.0 mm
while the CPW has 3.8 mm; since both are intentionally made short (0.50 mm) there seems no
relation between the wavelength and the physical length. In addition, this is not a deembedding
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Figure 6.5: Model, simulation and measurement results for floating slow wave slots in M1 and

M8 compared to conventional CPW.
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problem, since the resonance is visible in the raw data (not included here), although the effect
of the resonance becomes more profound as we post process the data.

I do believe the resonance is caused by the sharing of ground pads. At first, the problem
was blamed on the measurement setup, so new cables where tested, then new probes and in the
end even the network analyzer was switched; all in vain. An attempt was made at burning away
the offending connections by using a laser, but the resulting data has not been included in this
thesis since the results are inconclusive. The experiment did however show that the measured
loss, and particularly the resonance, is sensitive to cutting away the extra ground line. Further
experimentation is here needed, but the laser approach is not recommended since the thick top
metal is not exactly designed to be burned away. In addition, though the line may be cut at
DC, the cut must be large to prevent coupling at millimeter wave frequencies. Instead, the extra
ground path could be simulated, or a new line could be fabricated.

6.4.2 All results

To ease comparison table 6.3 shows all performance characteristics of each line and compares
measurements to simulation and models. For measurements, a “typical” value is given, which is
the value extracted from the “meas1-day3” dataset, being a dataset with TLR calibration on the
first chip. In addition, maximum and minimum measured value are included, note that, as with
the rest of this thesis, clear outliers are removed. The “typical” approach might sound strange,
but there is simply not enough data for a proper statistical analysis. In addition, by giving a
single measurement, proper comparison between the linked parameters are obtained.

As already mentioned, the measured loss shows large variations, where the fingers struc-
ture is the most extreme with a minimum measured value of 2.8 dB/mm and a maximum of
8.2dB/mm. This results in a very uncertain GG, which at it lowest is negative, where the simu-
lation agrees with the negative result indicating that the RLCG model may not be the best way
of describing the line. It should be noted that a negative GG is not necessarily non-physical, as
the total loss can still be positive (and is in all cases studied here).

The slow wave guidelines given in section 4.5 seems to hold, as the slotted shield is moved
closer to the signal line the effective dielectric constant increases, by grounding the slots this
increases even further and by adding fingers the maximum is reached. The best modeled aspect
is the capacitance, which (except for the slow-M1 line, discussed above) shows less than 10 %
deviation between measured and modeled value. This gives fair confidence in the modeled
characteristic impedance, showing less than 15 % deviation for all the lines.

The geometry change between the CPW-slowM8 line created with G, = 10 um and the
GCPW-slowMB8 line with G, = 25 um was intentional, resulting in equal impedance for the
two lines. This is generally considered to give a fairer comparison, because o = %Z% %GZO;
the impedance clearly influences loss. Though I am not completely convinced, since the change
in geometry clearly also has an effect. However, if only an increase in gap is applied to the
CPW-slowMS8 line we would expect a decrease in capacitance, instead we observe the GCPW-
slowMS8 line has a higher capacitance, clearly showing the merits of grounding the slots.

In the next chapter we will have a closer look at the GCPW-slowM8-fingers structure, which
I have decided to publish under the name comb slow wave grounded CPW.
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Table 6.3: Measurements as “typical (max/min), # count”, compared to simulation and models at 30 GHz.

Name « I5] 20 L C G R Q Eeff
dB/mm rad/mm Q uH/m nF/m S/m kQ/m
CPW 1.5 1.4 54 0.41 0.14 3.6 8.0 4.1 5.20
(max/min), #6  (1.8/1.4) (1.5/1.4) (59/50) (0.45/0.38) (0.15/0.13) (4.5/3.6) (11/6.0)  (4.4/3.5) (5.43/5.09)
HFSS 0.25 1.3 53 0.37 0.13 —0.00027 3 23 4.39
Model 0.51 1.5 53 0.42 0.15 1.2 2 13 5.55
CPW slow-M1 0.84 1.5 51 0.40 0.16 1.4 6.0 7.8 5.74
(max/min), # 10 (1.1/0.68) (1.5/1.4) (55/49) (0.44/0.37) (0.16/0.14) (3.7/0.10) (10/3.0)  (9.3/6.1) (5.91/5.24)
HFSS 0.26 1.4 53 0.38 0.14 —0.029 3 23 4.64
Model 0.28 1.8 48 0.47 0.2 3.7x107% 3 29 8.45
CPW slow-M8 1.7 3.1 23 0.39 0.71 7.0 5.0 8.2 24.8
(max/min), #6 (2.5/1.3) (3.3/3.1) (25/23) (0.43/0.39) (0.75/0.66) (8.6/4.7) (9.0/3.0) (11/5.4) (26.7/24.8)
HEFSS 0.8 2.7 27 0.39 0.55 —0.019 4 15 19
Model 0.51 3.4 26 0.47 0.69 0.0025 3 29 29.1
GCPW slow-M8 2.9 4.2 24 0.54 0.94 14 8.0 6.3 45.4
(max/min), #4  (4.8/2.9) (4.2/4.1) (27/24) (0.59/0.53) (0.94/0.79) (22/12) (13/8.0) (6.3/3.7) (45.4/41.6)
HFSS 0.67 3.6 27 0.52 0.72 3.1 1 24 33.5
Model 0.6 4.1 28 0.6 0.77 0.0047 3 29 41.9
GCPW slow-MS8 tunable on 1.9 3.8 29 0.58 0.69 —4.4 16 8.5 36.6
(max/min), #2 (1.9/0.57) (3.8/3.7) (29/28) (0.58/0.55) (0.69/0.66) (—4.4/—29) (27/16)  (28/8.5) (36.6/35.0)
HFSS 1.3 4 29 0.63 0.72 0.91 8 13 40.6
GCPW slow-MS8 tunable off 1.9 3.9 29 0.59 0.70 —6.5 18 8.6 37.8
(max/min), #6 (2.2/0.59) (3.9/3.6) (32/28) (0.61/0.55) (0.70/0.60) (7.4/—29) (28/8.0)  (27/7.2) (37.8/33.0)
HFSS 0.96 3.9 30 0.63 0.69 0.14 6 18 39.1
GCPW slow-M8 fingers 4.0 7.4 12 0.49 3.2 19 8.0 8.1 140
(max/min), #4  (8.2/2.8) (7.4/7.2) (14/12) (0.56/0.48) (3.2/2.7) (58/—4.8) (16/8.0) (11/3.9)  (140/130)
HFSS 2.6 6.6 14 0.49 2.5 —2.5 8 11 111
Model 1.2 7.7 15 0.6 2.8 0.0051 3 28 150




Chapter 7

A new comb slow wave CPW for on chip
area reduction and its RLCG model

by Qystein Bjgrndal and Kristian Gjertsen Kjelgard

Abstract— A compact low impedance transmission line in CMOS is presented. The new comb
slow wave grounded coplanar waveguide (comb-S-GCPW) is modeled, simulated and fabri-
cated. Model is a simple and analytic RLCG equivalent circuit. The model agrees well with
simulation and measurements in 90 nm CMOS. Measurements show relative dielectric constant
of 141 for a 12.3 () line, leading to a size reduction of 83 %.

Keywords— CMOS integrated circuits, Integrated circuit interconnections, Transmis-
sion lines, Millimeter wave integrated circuits !

7.1 Introduction

In sub-100nm CMOS technology, transistors with an intrinsic frequency much higher than
100 GHz are available. Together with low production cost and on chip integration with digital
circuitry, this technology is attractive for mass production of millimeter-wave integrated circuits
(ICs). [LZWT12]

Transmission lines are a key component in millimeter wave ICs and can replace lumped
capacitors and inductors in oscillators, filters, matching networks and distributed amplifiers,
but suffer from high loss and large area consumption. Slow wave transmission lines show
promising results, where significant area is saved by reducing the required physical length for a
given phase shift. [FPGF12]

The literature provides a number of alternatives for slow wave transmission line in CMOS.
The common characteristics is that by separating the electric and magnetic energy, the phase ve-
locity is reduced. The first of these is the Maxwell-Wagner polarization, explored by Hasegawa
et al. [HFY71] for the microstrip case, where the free charges of a conductive silicon substrate
will at low frequencies create a virtual ground plane for the electric field. Magnetic energy is
then distributed in the substrate while the electric energy is mostly confined to the insulating
SiO, layer. Although the relative dielectric constant is high (theoretically? ey = 2 x 10%), the
slow wave mode has an upper frequency in the mega hertz range.

! Submitted as a conference paper, reformatted layout, fonts and notation to fit thesis, the text is otherwise
identical. Acceptance status is at time of writing unknown.
?Based on 90 nm TSMC parameters for a microstrip using the lowest metal layer and equations from [HFY71]
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Figure 7.1: Geometry of the comb GCPW transmission line, not to scale. A CPW
transmission line with fingers and underlying slots.

The next approach is similar in principle to the first, but uses metal lines orthogonal to
the wave direction (slots) to screen the electric field so that it does not penetrate the substrate.
The design can be explained by imagining that we create a solid ground plane, some of the
return current will then flow in the lower shield, creating an opposing magnetic field which
lowers inductance. By slotting the ground plane we prevent the longitudinal current but keep
the electric field confined, thereby increasing capacitance without reducing inductance. This
creates the same effect as the slow wave mode explored by Hasegawa et al., with an upper
frequency range only limited by the slot period.

Previous work has focused on moderate impedance values between 30 €2 to 50 €2, but in some
filter applications and matching networks, a wide selection of impedance values are required.
Low impedance transmission lines can be useful in applications like matching networks for low
impedance devices, or stepped impedance filters where the ratio between the lowest and highest
attainable impedance must be high. The conventional way of achieving a low impedance CPW
is to reduce the signal ground gap. To reduce loss by the proximity effect, Gillick and Robertson
[GR93] introduces a low impedance CPW where the signal is extended beneath the ground lines.
These methods are however unsuitable for area reduction techniques, since the fields are largely
confined between the signal and ground lines.

In this thesis a new slow wave transmission line will be presented, inspired by the fixed comb
capacitor. The structure is shown in figure 7.1 and compromises of a “standard” slow wave
CPW line with “fingers” extending from both ground and signal lines to increase capacitive
coupling. The signal and ground lines are created in the thicker top metal (hs; = 3.4 ym) while
the slow wave slots are placed in the next layer. The comb-S-GCPW was designed using the
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RLCG model presented bellow and HFSS simulations, design was verified by measurements in
the 90 nm TSMC process. To the authors knowledge, the new comb-S-GCPW has the highest
reported size reduction in the literature.

7.2 RLCG Model

The RLCG model is largely based on the work of Kwon et al. [KHC87], who improves on the
model from [HFY71]. The model is based on the quasi-TEM assumption

c 1

~ V& VIO

where the dielectric layers are assumed non-magnetic (¢, = 1), L is per unit length inductance
and C'is per unit length capacitance. (7.1) can be solved for L when we set ¢, = 1 and Cly; is

(7.1)

Up

found by conformal mapping (see [KHC87])

1

Resistance is found by the simple skin effect model from [JG93], where the sum of the
square of DC and skin effect resistance is for the signal line calculated as

oL LY, 1 ’ 73)
B OCu Wshs 15(Ws + hs)5m6t31 ’ .

where dpert = 1/v/Toocuf is the skin depth and 1.5 is empirically determined.
For high values of G, and slow wave mode, capacitance is mainly determined by capaci-

tance beneath the signal line, creating an almost microstrip like mode. [KHC87] suggests the
parallel plate equation eW,/ho multiplied with an empirical constant. [WZY11] suggests
using a fill factor which depends on the width and gap between slots (W, and Gy respec-
tively). Combining these articles we obtain

EA Wslot 04
C(A) = 7.4
( ) hsslot (Wslot + C¥s10t> ( )

where A is the overlap area.
Using fingers the capacitance is increased. To provide an upper bound the simple fringe
model from [Lee03, p. 123] is used. Assuming the main contribution is from the finger sidewalls

(lﬁnger - Gﬁngerm)

8(h/s + 1-5Gﬁngery)(<lﬁnger - Gﬁngerx) + 1~5Gﬁngery)

C'sidewall -
Gﬁngery
26’sidewall + CY(‘/Vﬁn erlﬁn er)
C’0 al — C Ws 2 £ £ . 7.5
o ( ) * 2VVﬁnger + 2C';ﬁngernn ( )

Note that Cggewan 1S in units of farad, so to get F/m we must divide by the period 2Wjpger +
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Figure 7.2: Chip micrograph, showing comb structure (bottom) and without fingers (top), for
deembedding each line is 100 um and 300 um long. Probing GSG pads share a common ground
pad to reduce area.

2G fingers> after multiplying with the number of sidewalls 4. The additional term C (Wﬁngerlﬁnger)
comes from capacitance bellow the fingers to the underlying slots.

7.3 Measurements Results

Presented here are results for the structure shown in figure 7.1 and a version without the fingers,
a chip micrograph of these structures are shown in figure 7.2. For both lines the signal line
is Wy = 12um wide and hy = 3.4 um thick. The ground return path is placed at a distance
Gsg = 25pm and is W, = 20um wide. The ground is connected to underlying slots with
vias, where the slots are created with minimum width and gap Wy, = Gyor &= 0.4 um and
a thickness of hgo ~ 0.9um. The fingers are created with a minimum gap in both = and y
direction Gfingery = Gfingere = 2 M, giving a finger length of lgyeer = 23 pm.

To characterize the lines, the measurement setup (a Agilent N5245A) was deembedded
using SOLT on a standard CS-5 alumina substrate and the probing pads was removed with
the L-L deembedding method presented in [RHO3, ZnJRHLYMS11, SGLYM'12]. The L-
L deembedding method allows us to extract transmission line parameters using two lines of
different lengths, without the need of custom built open, short, through or load structures. The
extracted characteristic impedance, calculated from [ZnJRHLYMSI1, eq. (17)], is shown in
figure 7.3.

Due to the short lines used in this study (100 pm and 300 pm), the conventional way of
extracting v = a+ 7 from [RHO3] failed to give consistent results for loss . Small deviations
in probing placement gave large deviations in extracted loss, even resulting in gain through the
extracted line. To obtain physically real results, it was therefore decided to extract o based on
measurements on the long line [EE92]. The reported loss therefore represent an upper bound,
as it contains pad loss.

Since loss per unit length is an inappropriate figure of merit for slow wave transmission
lines, the @ factor 3/(2«) is extracted. Measurements gives a ) of 8.3 for the comb struc-
ture and 5.4 without fingers; both at 20 GHz. In addition, the effective dielectric constant is
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Figure 7.3: Comparing the real part of the characteristic impedance of presented model
(J to simulation () and measurements .

calculated as (8c/(27f))? and is 141 for the comb structure at 40 GHz, which leads to a size
reduction of 44 % compared to the slow wave structure without fingers (. = 44.7) and 83 %
compared to a conventional CPW transmission line.

Phase related information like L, C, . and Z, seems to be accurately predicted by both
model and simulation. But due to the difficulties in extracting loss, the measured loss is higher
than predicted by simulation. This could have been improved by creating longer lines, but this
was not possible due to the small chip used in this study.

To investigate the relative importance of loss by R and G we express « as

o= Real<\/(R + jwl)(G +jw0)>.

We can then extract from measurements that a(G = 0) = 2.97dB/mm and a(R = 0) =
1.04 dB/mm, both at 30 GHz. Metal loss is therefore the major cause of loss (= 75 %), which
can be reduced by increasing the signal thickness by using multiple metal layers. This would
also further increase C, as the sidewall capacitance would increase. G could be decreased by
using a thinner layer for the slots as investigated by [FPGF12], or by letting the slots float at the
cost of reduced effective dielectric constant.
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Figure 7.4: Comparing RLCG parameters of the presented model with measurements,
where lines marked with % are measurements, [J is model and () mark simulation
(HFSS) .

7.4 Conclusion

A new slow wave structure providing large size reduction (¢, = 141) and moderate Q value
for low impedance applications (Z, = 122) has been presented. For design insight and ease
of synthesis, a simple RLCG model was developed. The model is compared to full wave simu-
lation in HFSS and measurements in commercial 90 nm CMOS. By using the comb-S-GCPW
significant area reduction in millimeter-wave ICs are feasible.
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Chapter 8

Applications

“Transmission lines are useful”

This chapter explores some applications of transmission lines and gives and overview of trans-
mission line parameters. Transmission lines can be used for a variety of circuit functions, the
most fundamental being interconnect which is briefly illustrated in section 8.2. We will focus
on filters, and show two examples, a stepped impedance filter is presented in section 8.3, while a
bandstop/bandpass filter is designed in section 8.4. Where the last one actually uses a transmis-
sion line for matching. Examples of other applications, which are not discussed here, are power
combiners, baluns, distributed amplifiers, oscillator tanks, power dividers and attenuators. But
we will first revisit transmission line parameters to give an overview over the essential features.

8.1 Choosing a line

Transmission lines can be fully characterized by different sets of parameters, here we will dis-
cuss S parameters, RLCG, wave properties, () factor and slow wave performance parameters;
and how these should be optimized for different applications.

8.1.1 S parameters

Scattering (S) parameters is the “black box™ approach to RF circuit design. We assume the
network (circuit) is connected with characteristic impedance Z; (usually 50 €2), for a general

two port network we write
by - ai
b2 N a9

With a Z, reference impedance on both sides of the network we can simplify this to positive

and negati\/e waves
V SQ] 522 V ’
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If the network is symmetric, that is, if the input and outputs can be interchanged (which is the
case for all transmission lines discussed in this thesis) the matrix is symmetric i.e. S1; = Sao
and Si3 = So1.

S11 is now a measure of reflection, or deviation from Z,. If the goal is to design a trans-
mission line of 50 €2, S7; should be minimized. If however a different impedance is desired the
S parameters should either be renormalized or the line impedance should be extracted. Loss is
characterized by S,; which is the related to the ratio between output to input power, a ratio of
1 = 0dB signifies zero loss and is usually the goal. The Sy, phase is related to the phase shift
through the device, which should be maximized if miniaturization is a goal. It is important to
keep in mind that transmission line S parameters are periodic, making S parameters unsuitable
for transmission line comparison.

The S parameters can easily be converted to different network representations, see for in-
stance [LB09, page 660]. Converting to RLCG or wave parameters is a slightly more compli-
cated and is described in appendix A.1.

8.1.2 RLCG parameters

RLCG parameters are discussed in length in other parts of this thesis, in section 2.2 we in-
troduce the RLCG parameters as solutions to the wave equation governing Quasi-TEM wave
propagation. And in Chapter 4 different physical effects are mapped to either R, C', L or G.

Both R and G represent loss, where R is usually metal loss and G is mostly caused by
the substrate, but any loss to ground gets lumped in GG. For slow wave applications we want
to increase both L and C), this keeps the characteristic impedance constant. G can often be
neglected, but when utilizing CMOS technology we have a conductive and lossy substrate which
must be accounted for. For the CPW structure total loss is often a compromise between metal
loss and substrate loss, since a thin line with a short gap will have high resistance but low
coupling to the substrate.

8.1.3 Wave parameters

We normally characterize transmission lines in terms of characteristics impedance Z, and prop-
agation constant v = « + jf3.

For interconnect design «, representing loss per unit length, should be minimized. For other
(RF) applications we typically require some fixed “electrical length”, so a loss per electrical
length would be more suitable. Defining the () factor as

p

20

Q=

is consistent with the usual definition of energy storage divided by energy loss, assuming low
dispersion!. A good slow wave line will have a large /3 and can therefore have higher loss ()
per unit length without reduction in () factor. Another suitable slow wave figure of merit is
the effective dielectric constant e.¢, which is for a conventional design is slightly influenced by
geometry but mostly defined by the surrounding material. Effective dielectric constant of ~ 5

'see [GY63], we assume v, /v, ~ 1.
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is not uncommon for a conventional design, the included paper discusses a transmission line
with an effective dielectric constant of 140 which is the highest reported in the literature. Effec-
tive dielectric constant directly influences the physical length when realizing a fixed electrical
length.

A related term is “slow wave factor” which is used sparingly in this thesis since the definition
varies a little. In all cases the slow wave factor is defined as a ration between the wavelength
of the slow wave line divided by some reference, where the reference might be a conventional
design or that of a wave traveling with the speed of light.

We now move on to applications, we start with a time domain view before reviewing two
filters.

8.2 Delay line

— Input - In-between =- - Output

. . | | | 1
— i i : 400 600 800 1000
= 0 } } : Distance [/| = pm

Figure 8.1: Pulse response of the GCPW-slowMS8 fingers line, based on deembedded measure-
ments down a 1 mm long line. Also shown is the voltage for each 200 ym down the line (marked
as “In-between”). The inset shows delay (measured at 0.6 V and marked with v ), compared to
l\/€ctr/c marked with [J.

The simplest application of a transmission line is the delay line, by sending a signal down
a transmission line we have accurate control over the delay. Shown in figure 8.1, an ideal
pulse is sent down a cascade of 5 deembedded, 200 um long S-parameter blocks in Cadence.
As is shown in the inset, excellent agreement with the simple expression /,/c./c is achieved.
It should be noted that the simulation was done with the line terminated in its characteristic
impedance (12 €2) to minimize reflection.

The DC value is however a little strange, since the measured data does not include a good
estimate for the low frequency loss. This can be remedied by relying on either simulation or
modeled data at sub gigahertz frequencies.
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8.3 Stepped impedance filter

A stepped impedance filter is a simple filter topology for realizing a low pass filter. Here a
5th order Chebyshev is used as an example, where the capacitors are approximated to low
impedance transmission line segments and the inductors with high impedance segments. Using
the published finger structure for the low impedance segments and the CPW slow-M1 line as
the high impedance segment the corresponding deembedded S parameters where cascaded in
ADS schematic. The structure is visualized in figure 8.2 where the values are calculated from
the measured impedance and phase constants.

12Q 53 12Q 53 Q 120

‘ 111 pm | 486 pm | 150 pm | 495 pm | 115 pm ‘

Figure 8.2: Stepped impedance filter consisting of low impedance GPCW slow-M8 lines cas-
caded with high impedance CPW slow-M1 lines. The figure is not to scale.

—meas 53(2/12Q - -sim 52Q/14Q -+ ideal lumped

[f] = GHz

Figure 8.3: Simulated 5th order Chebyshev stepped impedance low pass filter, based on mea-
surements and simulation of low and high impedance transmission lines. Compared to ideal
lumped filter response.

Since measurements and simulation of these lines differ slightly, both where simulated and
the resulting filter characteristic is shown in figure 8.3. Due to the high loss of the comb struc-
ture and that the simplifications when designing the filter require a very large ratio of low to
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high impedance the filter response falls bellow the —3 dB point well before the design goal of
30 GHz. It should also be noted that the transmission line implementation exhibit a periodic be-
havior, and so the low pass filter will eventually transmit at higher frequencies (around 75 GHz
with the presented design).

The presented filter can not be realized with standard CPW lines, using the model shown
in figure 4.11 from [Hei93, BVMI10], a Z; = 12.52 line needs something like W = 152 um
and G5, = 1.2 pm which is not feasible. In addition, the entire filter would be over 3 mm long
which is 3 times the proposed filter.

8.4 Bandstop and bandpass filter

I was asked to design a filter which could pick out the second harmonic of an oscillator working
at 15 GHz, traditionally this can be achieved by either a bandstop filter at 15 GHz or a bandpass
filter at 30 GHz. A straight forward approach was attempted, where a lumped bandstop filter
was converted to shunt shorted stubs by following [LB09]. In addition to the wanted bandstop
around 15 GHz, the filter also showed a bandstop at 30 GHz, completely defeating the purpose
of the filter. Therefore the following approach was followed instead.

— meas 42l ym = -sim473pm - model 400 pm

|S11| dB

|Sa1| dB

Figure 8.4: Single open shunt filter for suppressing 15 GHz and passing 30 GHz. Filter response
is based on deembeded measurements, simulation and model of the GCPW-slowM8 fingers
which is ideally shunted.

We showed in (2.13) that an open transmission line has an input impedance of
21\ /e
Zin(f) = ~jZo/ tan (”—“ffl) ,
c

the tangent goes to co at A /4, so the input impedance will be zero at

C

Jo= 4\/ Eeir!
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while the impedance will “disappear” to co at 2f;. Since the characteristic impedance is not
critical to achieve the wanted response the published comb structure is utilized. The inital
simulation is shown in figure 8.4, where the simulation using deembedded measurements shows
an insertion loss (20 log(Ss1)) at 15 GHz of —26.1 dB and —2.84 dB in the passband (30 GHz).

As an example of matching, we can improve the matching at 30 GHz by utilizing a quarter
wavelength transformer, the required impedance

Zo=Zn-Z;, = V2820 -50Q = 37.5Q

is however not something we have fabricated so the models developed must be used. By using
the CPW slow wave modeled outlined in the end of chapter 4, and designing for a high () factor,
an impedance of 37.5(2 is achieved with W = 8 um and G5, = 25 pm. The filter is sketched
in figure 8.5 and the resulting idealized filter response in figure 8.6. Input impedance at 30 GHz
is now 49.2, or in terms of input return loss (—201log(S11)), the return loss has gone from
11.1dB to 34.1 dB. In addition the matching now covers a larger bandwidth around 30 GHz.

[ =421 pm
Eeff — 138
Zo = 1250

‘ | = 465 ym ‘

Eeff = 28.9
Zo=37.50Q

Figure 8.5: Sketch of harmonic filter with GCPW-slowMS8-fingers as open shunt stub (\/4 at
15 GHz) and CPW-slowM8 as quarter wave transformer at 30 GHz. Filter is assumed to lie in a
50 €2 environment. Slow wave slots shown exaggerated in grey, figure is in now way to scale.

The estimated area consumption of the proposed filter (if no bends are used) becomes
0.2mm?. If we attempt the same filter with traditional CPW lines the shunt stub would be
about 2.2 mm long, clearly showing the merits of the comb structure.

8.5 Discussion and improvements

In the above, we have done a number of simplifications. Firstly, I must stress that none of these
circuits have neither been fabricated nor simulated, “meas” in the above refers to measurement
data in the form of touchstone files, which are generated from deembedded measurements and
“sim” is based on simulation of a single, isolated line. We will now discuss a few practical
aspects that needs to be addressed before these circuits are ready for fabrication.

In the delay line, the transient simulation needs additional low frequency data points, these
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— Before matching = - with modeled quarter wave matching

0r

1S,,| dB

1S5, | dB

_aoi i i i i i i i J
0 5 10 15 20 25 30 35 40

Figure 8.6: Open shunt filter with impedance matching for suppressing 15 GHz and passing
30 GHz. Filter response is based on deembeded measurements and modeled CPW-slowMS$
quarter wave transformer, which is ideally interconnected. Shunts are created with different
lengths to obtain the same resonance frequencies.

could be gotten from simulation or models, but this would need some fitting to avoid un-physical
effects at the transition. In addition, the driver and receiving circuits must be modeled as these
will greatly affect the actual delay.

The stepped impedance filter of figure 8.2 is not actually as tidy as it looks, since the high
impedance lines have a G, spacing of 10 um while the low impedance finger structure has a
spacing of 25 um, this creates discontinuities which we have not modeled. The filter can how-
ever be made without these discontinuities if the gap is made larger, and this will even improve
performance. By increasing the gap and the finger length, the low impedance segments will
show an even lower impedance, while the high impedance lines will have a higher impedance.
A large low to high impedance ratio is vital for a stepped impedance filter and the filter will
look more like the ideal response.

In the bandpass/bandstop filter of figure 8.5, the open line will show some capacitive loading
which will offset the resonance, this can be remedied by adjusting the stubs length. The loading
can be estimated by empirical expressions (which are plentifully) or by EM simulation. In the
same design, the quarter wave line is based on our simple model and is likely to underestimate
loss as discussed in chapter 6. The improvement in return loss should therefore be weighted
against the added insertion loss. The design did not have any requirement on bandwidth, if such
requirements are to be implemented the standard filter synthesis techniques should be re-visited.

In addition the T discontinuity of the bandpass/bandstop filter must be carefully simulated.
However the conventional problem of air bridging is conveniently solved by grounding the slow
wave slots.

It should also be kept in mind that due to the deembedding problems described earlier, the
“meas” loss 1s always an upper bound, since they include pad loss. We have used the finger
structure extensively, leading to quite low () factors (filter selectivity), other lines like the CPW
slow-M8 should be utilized if higher () is required.
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Chapter 9

The last chapter

“For the impatient”

9.1 Discussion and future work
“Real knowledge is to know the extent of one’s ignorance” — Confucius

The focus of this thesis has not been to revolutionize the field of transmission lines on CMOS,
the fabricated lines where not optimized before fabrication but rather created as a basis for
comparison between design guidelines, mathematical modeling, simulation and measurements.
Two novel approaches where however attempted, a tunable line and a finger structure. The
tunable line did not work, and this is probably caused by the terrible varactor design.

I currently see three main points for improvements for the varactor design, firstly the nMOS
based varactor should have a grounded body instead of being connected to the control voltage.
Secondly, the floating terminal is difficult to model accurately and should be forced to a known
potensial. Lastly, a better high frequency model for the transistors must be utilized, transistor
modeling is not a new field and this should be doable. In my defence, the tunable line was
designed in the hectic weeks before sending the chip to fabrication.

The finger structure shows an impressive size reduction of 83 %, but this comes at a cost
of very low impedance which may be undesirable (although we have shown some uses in the
applications chapter). The only way of increasing the impedance, without impairing the size
reducing, is to increase the inductance value. As discussed, this is done by moving the ground
lines further away from the signal, and this could be achieved by lowering the ground lines to a
lower metal layer, but keeping the fingers at the signal layer.

Mathematical modeling in this thesis is in large parts based on other work, a considerable
amount of time was used (wasted?) wading through available models in the literature. If more
time was spent on the theoretical background and methodologies, new models would not neces-
sarily have emerged (due to the amount of work already available), but existing models could be
understood in greater details and easily adapted to some of the odder geometries in this thesis.

Of particular interest is modeling of (G, which seems to be difficult for both simulators and
mathematical models. Or, the other way around, which seems to be difficult to measure. The
literature seems to agree with the last assumption, although reported values for GG are surpris-
ingly sparse, both [SRG09] and [WZY " 11] report G lower than 1S/m for slow wave lines,
whereas we have here measured values above 7S/m. We have also measured large negative
values, further highlighting the difficulties. In large part this can be attributed to the deembed-
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ding problems which forced the loss to be calculated from the long line, which raises the loss
since the pads are included, and also makes the uniform RLCG model incorrect. In addition,
we have indicated that sharing of ground pads can have unfortunate effects.

If on the other hand the measurements are correct, it should be noted that both mathematical
modeling and simulation uses the same material constants, namely conductivity of both metal
and silicon and loss tangent of silicon. This could indicate incorrect material specifications,
as any model with crappy input will result in incorrect output, especially the dielectric layers,
where little is known about the confidential materials used. Even simpler structures could be
fabricated to extract the material properties, for instance waveguides and microstrip lines where
the fields are well behaved.

We have attributed the deembedding problems to uncertainty in |S,;| magnitude, but where
this variation comes from needs further investigation, although probe placement is a likely
candidate. The observed resonance in measured loss seems unrelated and has been attributed
to the sharing of ground pads. Future work is therefore advised to do 1) proper modeling and
design of pads, 2) not share ground pads with adjacent structures and 3) increase length of
transmission lines for LL. deembedding.

9.2 Perspective

To put this work in perspective; in a “local” scale, the investigation of high frequency on chip
application is unique and significant progress have been made. Significant effort is being made
at the nanoelectronics group in collaboration with FFI, in the millimeter frequency range and
new equipment has been tested out in this thesis. Since interconnect is such a vital and fun-
damental part of any design it is hoped that the contribution of this work will help the group
make a significant contribution to the field. On a “global” scale the work has resulted in a single
conference paper with focus on transmission line miniaturization, which will hopefully inspire
new and novel slow wave transmission lines.
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9.3 Conclusion

Transmission lines are only useful when the wavelength approaches the physical length, or put
another way, transmission line effects can be ignored if the wavelength is sufficiently long.
We have pointed out when this happens and explored phase shift, loss and reflection. The
importance of loss by dielectric polarization is pointed out, first from Maxwell’s equations,
then more quantitatively in terms of an intrinsic slow wave mode for the SiO, on Si stack-up
and finally in a transmission line model compared to simulation and measurements.

Special considerations when designing on CMOS is highlighted and common transmission
line structures are explored with an in-depth discussion on slow wave lines. Design guidelines
for slow wave on-chip transmission lines are given and confirmed by models, simulation and
measurements. Transmission line models are developed, from a very simple RLCG model to
give a “feel” for the parameters, to a quasi-empirical model in the publication to explain the
fingers and a frequency dependent analytical model was used for a more quantitative study.

Extensive EM simulation is carried out, where limitations and required simplifications are
discussed. A novel simulation technique was attempted to reduce the significant memory and
CPU time of full wave 3D simulation, here further investigation is required for automating the
procedure. A tunable line is presented, which has an ideal simulated tunability of e = [19, 11],
but which turned out not to be tunable. Further work is needed, especially in regards to transistor
modeling and varactor design.

The merits of grounding the slow wave slots was shown, resulting in a measured e.¢¢ = 45
and a simulated () factor of 24. An even larger size reduction was obtained with the new low
impedance finger structure, resulting in €. = 141. Applications are explored and significant
area reduction is obtained when utilizing the new structure for filter synthesis. Further investi-
gation is required for accurate measurements of loss, but it should be noted that the challenges
related to deembedding the loss, is in part due to the low loss of the lines compared to the mea-
surement setup. Longer transmission lines with redesigned pads should be fabricated for proper
evaluation of transmission line loss.

Slow wave on-chip transmission lines provide significant area reduction, and gives unique
characteristics for applications like filters, which are essential parts of communication and radar
systems.
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Appendix A

Characterization

A.1 From S parameters to RLCG

Since most simulators and measurement equipment export data as S parameters we need a
way to convert this to transmission line properties (impedance and propagation constant) and
frequency dependent R, L, C and G parameters. The standard file format for S parameters are
touchstone files, to read these the python library scikit-rf! is utilized.

[DES*98, TPBQOS] gives a formula for converting from S parameters to impedance and
propagation constant

Y= 2aurctaunh (1+ 51 = 92)(1 = 51 — Si2)
! (1 —S11 + So1) (1 + S11 + Sa1)

7= 7 (14 Si1 + So1)(1 + S11 — Sa1)
(1 =511 — Sa1)(1 — Sh1 + Sa1)

From the definition of R, L, C and G in (2.6), (2.5) we can now express

R=R(2) L= %(Z)Z )
G =R(+/2) ¢ =202

To test the above formulas and its implementation multiple RLCG circuit blocks are con-
nected in series and simulated in ads schematic. The result is shown in figure A.1 for different
number of blocks and compared to the specified parameters (R = 2kQ/m, L = 700 pH/m,
C = 150pF/m and G = 2S/m). Where each block has a value of R; = R-dx = R - l/n,
with length [ = 1mm. As we can see, there is an inherent frequency dependent part in the
conversion, which decreases as the number of blocks are increased.

Thttp://scikit-rf.org/
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Figure A.1: Cascading frequency independent RLCG blocks.
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A.2 Deembedding

Given measurements of two lines with [y > [; we get the S parameter matrices [S];, and [S];,.
These can be converted to ABCD, denoted as [ABCD);, and [ABCD|,,

A, B cosh(~ly)  Zsinh(~ly)
ABCD), = (21 7)) =
[ABCDIy <011 Dll) (% sinh(yly)  cosh(~ly)
A, B cosh(vly)  Zsinh(~ly)
ABCD),, = 2 ) =
[ABCDL, (Cb Dlz) (% sinh(yly)  cosh(~ly)

From these we define [RHO03, eq. (11)]

T] = (tﬂ “2) = [ABCD],[ABCD].!

t1o  tao

We then solve the quadratic equation below for b,, and 2 [RHO3, eq. (18-19)]
torb2, + (taz — t11)by — tia = 0

2
A, (0%
to1 (—) + (tog — tn)c— —t12=0

Cm m

This gives ambiguity in sign, which is solved in [EH79] by requiring

am

b | <

m

We can now determine the complex propagation constant by [RHO3, eq. (17)]

In(\)

T L1

Y

Om __
Cm bm

i—:tm + bmﬁ—ztm — byt — ti2

where A=

To determine Z we use the results from [ZnJRHLYMSI11, eq. 30]

By, (cosh(vly) + Ay,) — By, (cosh(vly + A))

Z = .
Ay, sinh(yly) — Ay, sinh(vl;) — sinh(~ly) cosh(~ly) + sinh(vl;) cosh(vls)

The above process has been tested on CMOS transmission lines by [SGLYM™12].
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Figure A.2: Comparing deembedding for CPW.
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Appendix B

PCB

To test the tunable line, the PCB shown in figure B.1 was created. From the top it consists
of the chip, level converts (1.2V to 3.3V), bypass capacitors and connectors at the bottom.
The leftmost connector is the 1.2 V power supply, while the larger connector was used for the
SPI interface to a microcontroller which was controlled from a PC via USB. Microcontroller
sofware was adapted from Hakon A. Hjortland, while Kristian Gjertsen Kjelgard helped with
the fabrication and assembly of the PCB.

Some chips where also tested on a bare PCB with a continuous ground plane.

Figure B.1: Printed Circuit Board (PCB) to test the tunable transmission line.
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Appendix C

Source Code and data

“Talk is cheap. Show me the code.” — Linus Torvalds

During the work of this thesis, over 7000 lines of python code has been written (not counting
comments and blank lines). Most of this is plotting related and not very exiting. But some

pieces has been selected, a short description is given below:

Utility files: engineeringUnit.py, files.py and pythonPreamble.py.
hfss-floque.py implements the pseudo code in listing 5.1.
deembedding.py implements the deembedding method presented in section A.2.
layers.py is used to draw figures like figure 3.1, using matplotlibs bar function!
modes . py contains implementation of formulas from Hasegawa et al. [HFY71].

slowWave .py implements the periodic high and low impedance method presented in
section 3.3.2.

networkRepr.py and networkSet .py is an object oriented interface to a “Net-
work”, where subclasses “RLCG”, “Z”, “ABCD”, “TL” and “S” provide some invaluable
operations and conversions.

plotMeasurements_variation.py uses the IQR test to help mark measurements
as outliers.

t1Models.py contains models from chapter 4 and t 1Models_designer.py is a
helper script for exploring the models.

Some process specific constants are define in KONF_myConstants.py, which pre-
vents me from sharing this file, a dummy file with confidential information removed is
shared instead. (This file will raise syntax error)

In addition, the tex source code for both this and supporting documents are included. Since this
thesis utilizes the PythonTEX package these files also contain lots of python code. Due to the
confidentiality of the CMOS process, ADS, Q3D, HFSS and Cadence files can not be included,

but resulting datafiles and measurements results are included. All of the above is available at

www.ob.cakebox.net/masterThesis/

97


www.ob.cakebox.net/masterThesis/




Bibliography

“Standing on the shoulders of giants”

[AFE*12]

[AIKT09]

[BVMI10]

[CFO0]

[CLO6]

[CLV*03]

[Col99]

[ColO1]

Aziz M. Abdel, Podevin F., Safwat A. M. E., Vilcot A., and Ferrari P.
Slow-wave high-Q coplanar striplines in CMOS technology and their RLCG
model. Microwave and Optical Technology Letters, 54(3):650-654, 2012.

M. Abdel Aziz, H. Issa, D. Kaddour, F. Podevin, A. M. E. Safwat,
E. Pistono, J.-M. Duchamp, A. Vilcot, J.-M. Fournier, and P. Ferrari.
Shielded coplanar striplines for RF integrated applications. Microwave and
Optical Technology Letters, 51(2):352-358, 2009.

E. Benevent, B. Viala, and J.-P. Michel. Analytical modeling of multilay-
ered coplanar waveguides including ferromagnetic thin films on semicon-
ductor substrates. Microwave Theory and Techniques, IEEE Transactions
on, 58(3):645-650, 2010.

Huabo Chen and Jiayuan Fang. Modeling of impedance of rectangular
cross-section conductors. In Electrical Performance of Electronic Packag-
ing, 2000, IEEE Conference on., pages 159 —162, 2000.

Tak Shun Dickson Cheung and John R. Long. Shielded passive devices
for silicon-based monolithic microwave and millimeter-wave integrated cir-
cuits. Solid-State Circuits, IEEE Journal of, 41(5):1183 — 1200, may 2006.

Tak Shun D. Cheung, John R. Long, Kunal Vaed, Richard Volant, Anil
Chinthakindi, Christopher M. Schnabel, John Florkey, and Kenneth Stein.
On-chip interconnect for mm-wave applications using an all-copper tech-
nology and wavelength reduction. In Solid-State Circuits Conference, 2003.
Digest of Technical Papers. ISSCC. 2003 IEEE International, pages 396 —
501 vol.1, 2003.

R. J. Collier. Coupling between coplanar waveguides and substrate modes.
In Microwave Conterence, 1999. 29th European, volume 3, pages 382 —385,
oct. 1999.

R. Collin. Foundations for Microwave Engineering. Wiley-IEEE Press, 2nd
edition, 2001.

99



[CYLWO09]

[DES+98]

[EE92]

[EH79]

[FPGF12]

[GLK95]

[GR93]

[Gro46]

[GY63]

[Hay97]

[Hei93]

[HFY71]

Hsiu-Ying Cho, Tzu-Jin Yeh, S. Liu, and Chung-Yu Wu. High-performance
slow-wave transmission lines with optimized slot-type floating shields.
Electron Devices, IEEE Transactions on, 56(8):1705 —1711, aug. 2009.

Wolfgang Diirr, Uwe Erben, Andreas Schiippen, Harry Dietrich, and Her-
mann Schumacher. Investigation of microstrip and coplanar transmission
lines on lossy silicon substrates without backside metallization. Microwave
Theory and Techniques, IEEE Transactions on, 46(5):712 —715, may 1998.

William R. Eisenstadt and Yungseon Eo. S-parameter-based IC interconnect
transmission line characterization. Components, Hybrids, and Manufactur-
ing Technology, IEEE Transactions on, 15(4):483 —490, aug 1992.

Gleen F. Engen and Cletus A. Hoer. Thru-reflect-line: An improved tech-
nique for calibrating the dual six-port automatic network analyzer. Mi-
crowave Theory and Techniques, IEEE Transactions on, 27(12):987 — 993,
dec 1979.

Anne-Laure Franc, Emmanuel Pistono, Daniel Gloria, and Philippe Fer-
rari. High-performance shielded coplanar waveguides for the design of
CMOS 60-GHz bandpass filters. Electron Devices, IEEE Transactions on,
59(5):1219 1226, may 2012.

Spartak Gevorgian, L. J. Peter Linnér, and Erik L. Kollberg. CAD models
for shielded multilayered CPW. Microwave Theory and Techniques, IEEE
Transactions on, 43(4):772-779, april 1995.

Matthew Gillick and Ian D. Robertson. Ultra low impedance CPW transmis-
sion lines for multilayer MMICs. In Microwave Symposium Digest, 1993.,
IEEE MTT-S International, pages 145-148 vol.1, 1993.

Frederick W. Grover. Inductance calculations : working formulas and tables.
New York : D. Van Nostrand, 1946.

H. Golde and C. Yeh. On "A relation between « and Q". Proceedings of the
IEEE, 51(3):484-484, 1963.

William H. Haydl. Conductive substrate losses in coplanar and microstrip
transmission lines. In Microwave Conference, 1997. 27th European, vol-
ume 1, pages 532 —537, sept. 1997.

W. Heinrich. Quasi-TEM description of MMIC coplanar lines including
conductor-loss effects. Microwave Theory and Techniques, IEEE Transac-
tions on, 41(1):45-52, 1993.

Hideki Hasegawa, Mieko Furukawa, and Hisayoshi Yanai. Properties of mi-
crostrip line on Si-SiO2 system. Microwave Theory and Techniques, IEEE
Transactions on, 19(11):869 — 881, nov 1971.

100



[HHW*06]

[HKO8]

[JG93]

[KHC87]

[KIFT09]

[KJCHO4]

[KN96]

[KS88]

[Kwo91]

[LBO9]

[Lee03]

[LF07]

Daquan Huang, William Hant, Ning-Yi Wang, Tai W. Ku, Qun Gu, Ray-
mond Wong, and Mau-Chung F. Chang. A 60 GHz CMOS VCO using
on-chip resonator with embedded artificial dielectric for size, loss and noise
reduction. In Solid-State Circuits Conference, 2006. ISSCC 2006. Digest of
Technical Papers. IEEE International, pages 1218 —1227, feb. 2006.

Hubing and H. Ke. Survey of Current Computational Electromagnetics
Techniques and<p>Software. Technical Report TECHNICAL REPORT:
CVEL-08-011.2, Clemson University, 2008.

Howard W. Johnson and Martin Graham. High-speed digital design: a hand-
book of black magic. Englewood Cliffs, N.J. : Prentice Hall, c1993.

Young Rack Kwon, Vincent M. Hietala, and Keith S. Champlin. Quasi-TEM
analysis of slow-wave mode propagation on coplanar microstructure MIS
transmission lines. Microwave Theory and Techniques, IEEE Transactions
on, 35(6):545 — 551, jun 1987.

D. Kaddour, H. Issa, A.L. Franc, N. Corrao, E. Pistono, F. Podevin, J.M.
Fournier, J.M. Duchamp, and P. Ferrari. High-Q slow-wave coplanar trans-
mission lines on 0.35 m cmos process. Microwave and Wireless Compo-
nents Letters, IEEE, 19(9):542 -544, sept. 2009.

Jaewon Kim, Byunghoo Jung, Philip Cheung, and Ramesh Harjani. Novel
CMOS low-loss transmission line structure. In Radio and Wireless Confer-
ence, 2004 1EEE, pages 235 — 238, sept. 2004.

S. Kim and D.P. Neikirk. Compact equivalent circuit model for the skin
effect. In Microwave Symposium Digest, 1996., IEEE MTT-S International,
volume 3, pages 1815 —1818 vol.3, jun 1996.

Y. Kami and R. Sato. Analysis of radiation characteristics of a finite-length
transmission line using a circuit-concept approach. Electromagnetic Com-
patibility, IEEE Transactions on, 30(2):114-121, 1988.

Y. R. Kwon. Periodically screened coplanar waveguides on semiconductors.
Electronics Letters, 27(18):1665 —1667, aug. 1991.

Reinhold Ludwig and Gene Bogdanov. RF circuit design: theory and appli-
cations. N.J.:Prentice-Hall, 2nd edition, 2009.

Thomas H Lee. The design of CMOS radio-frequency integrated circuits.
Cambridge university press, 2003.

Ivan C. H. Lai and Minoru Fujishima. High-Q slow-wave transmission line
for chip area reduction on advanced CMOS processes. In Microelectronic
Test Structures, 2007. ICMTS °07. IEEE International Conference on, pages
192 —-195, march 2007.

101



[LP10]

[LTH'08]

[LZW*12]

[MKC*03]

[MWP04]

[OMHW10]

[PCCLO6]

[RHO3]

[RMAF90]

[RYCYYK*06]

Jae Jin Lee and Chul Soon Park. A slow-wave microstrip line with a
high-Q and a high dielectric constant for millimeter-wave cmos application.
Microwave and Wireless Components Letters, IEEE, 20(7):381 —383, july
2010.

Tim LaRocca, Sai-Wang Tam, Daquan Huang, Qun Gu, Eran Socher,
William Hant, and Frank Chang. Millimeter-wave CMOS digital controlled
artificial dielectric differential mode transmission lines for reconfigurable
ICs. In Microwave Symposium Digest, 2008 IEEE MTT-S International,
pages 181 —184, june 2008.

John R. Long, Yi Zhao, Wanghua Wu, Marco Spirito, Leonardo Vera, and
Edward Gordon. Passive circuit technologies for mm-wave wireless systems
on silicon. Circuits and Systems I: Regular Papers, IEEE Transactions on,
59(8):1680 —1693, aug. 2012.

Jifeng Mao, Woopoung Kim, Suna Choi, M. Swaminathan, J. Libous, and
D. O’Connor. Electromagnetic modelling of switching noise in on-chip
power distribution networks. In Electromagnetic Interference and Compati-
bility, 2003. INCEMIC 2003. 8th International Conference on, pages 47-52,
2003.

Bhaskar Mukherjee, Lei Wang, and Andrea Pacelli. A practical approach to
modeling skin effect in on-chip interconnects. In Proceedings of the 14th
ACM Great Lakes symposium on VLSI, GLSVLSI °04, pages 266-270,
New York, NY, USA, 2004. ACM.

Naoko Ono, Toshiya Mitomo, Hiroaki Hoshino, and Osamu Watanabe. A
miniaturized transmission line with a mesh-structure signal metal for CMOS
ICs. In Microwave Conference Proceedings (APMC), 2010 Asia-Pacific,
pages 598 —601, dec. 2010.

X. Huo Philip, C. H. Chan, Kevin J. Chen, and Howard C. Luong. A phys-
ical model for on-chip spiral inductors with accurate substrate modeling.
Electron Devices, IEEE Transactions on, 53(12):2942 -2949, dec. 2006.

J.A. Reynoso-Hernandez. Unified method for determining the complex
propagation constant of reflecting and nonreflecting transmission lines. Mi-
crowave and Wireless Components Letters, IEEE, 13(8):351 -353, aug.
2003.

M. Riaziat, R. Majidi-Ahy, and I.-J. Feng. Propagation modes and disper-
sion characteristics of coplanar waveguides. Microwave Theory and Tech-
niques, IEEE Transactions on, 38(3):245 -251, mar 1990.

Yang Ru-Yuan, Hung Cheng-Yuan, Su Yan-Kuin, Weng Min-Hang, and
Wu Hung-Wei. Loss characteristics of silicon substrate with different re-

102



[SGLYM*12]

[SH81]

[SJPRO9]

[SKXL09]

[SRGO9]

[SXHT10]

[TFP*12]

[TPBQOS]

[TVW*04]

sistivities. Microwave and Optical Technology Letters, 48(9):1773-1776,
2006.

H.J. Saavedra-Gomez, J. R. Loo-Yau, P. Moreno, B. E. Figueroa-Resendiz,
and J. A. Reynoso-Hernandez. On-wafer CMOS transistors de-embedding
method using two transmission lines of different lengths. In Radio Fre-
quency Integrated Circuits Symposium (RFIC), 2012 IEEE, pages 417 420,
june 2012.

S. Seki and H. Hasegawa. Cross-tie slow-wave coplanar waveguide on semi-
insulating GaAs substrates. Electronics Letters, 17(25):940 —-941, 10 1981.

Munkyo Seo, Basanth Jagannathan, John Pekarik, and Mark J. W. Rodwell.
A 150 GHz amplifier with 8 db gain and 6 dbm in digital 65 nm CMOS

using dummy-prefilled microstrip lines. Solid-State Circuits, IEEE Journal
of, 44(12):3410 —-3421, dec. 2009.

Jinglin Shi, Kai Kang, Yong Zhong Xiong, and Fujiang Lin. Investigation of
CMOS on-chip transmission lines CPW, SCPW and CPWG up to 110GHz.
In Radio-Frequency Integration Technology, 2009. RFIT 2009. IEEE Inter-
national Symposium on, pages 269 —272, 9 2009-dec. 11 2009.

Avraham Sayag, Dan Ritter, and David Goren. Compact modeling and com-
parative analysis of silicon-chip slow-wave transmission lines with slotted
bottom metal ground planes. Microwave Theory and Techniques, IEEE
Transactions on, 57(4):840 —847, april 2009.

Jinglin Shi, Yong-Zhong Xiong, Sanming Hu, Lei Wang, and Bo Zhang.
Controllable slow-wave delay line. In Electrical Design of Advanced Pack-
aging Systems Symposium (EDAPS), 2010 IEEE, pages 1 —4, dec. 2010.

Xiao-Lan Tang, Anne-Laure Franc, Emmanuel Pistono, Alexandre Siligaris,
Pierre Vincent, Philippe Ferrari, and Jean-Michel Fournier. Performance
improvement versus CPW and loss distribution analysis of slow-wave CPW
in 65 nm HR-SOI CMOS technology. Electron Devices, IEEE Transactions
on, 59(5):1279 —1285, may 2012.

Linh Nguyen Tran, Daniel Pasquet, Emmanuelle Bourdel, and Sébastien
Quintanel. CAD-oriented model of a coplanar line on a silicon substrate in-
cluding eddy-current effects and skin effect. Microwave Theory and Tech-
niques, IEEE Transactions on, 56(3):663 —670, march 2008.

Y. Tretiakov, K. Vaed, W. Woods, S. Venkatadri, and T. Zwick. A new on-
wafer de-embedding technique for on-chip rf transmission line interconnect
characterization. In ARFTG Conference Digest Spring, 2004. 63rd, pages
69-72, 2004.

103



[VKKHOS]

[VRE'09a]

[VRE*09b]

[WZY*11]

[YFFO§]

[ZnJRHLYMS11]

Mikko Varonen, Mikko Kirkkidinen, Mikko Kantanen, and Kari A. 1. Halo-
nen. Millimeter-wave integrated circuits in 65-nm cmos. Solid-State Cir-
cuits, IEEE Journal of, 43(9):1991 -2002, sept. 2008.

Federico Vecchi, Matteo Repossi, Wissam Eyssa, Paolo Arcioni, and
Francesco Svelto. Analysis of loss mechanisms in coplanar waveguides in-
tegrated on bulk CMOS substrates. In Microwave Conference, 2009. EuMC
2009. European, pages 189 —192, 29 2009-oct. 1 2009.

Federico Vecchi, Matteo Repossi, Wissam Eyssa, Paolo Arcioni, and
Francesco Svelto. Design of low-loss transmission lines in scaled CMOS
by accurate electromagnetic simulations. Solid-State Circuits, IEEE Journal
of, 44(9):2605 —2615, sept. 2009.

Hongrui Wang, Dajie Zeng, Dongxu Yang, Li Zhang, Lei Zhang, Yan Wang,
He Qian, and Zhiping Yu. A unified model for on-chip CPWs with various
types of ground shields. In Radio Frequency Integrated Circuits Symposium
(RFIC), 2011 IEEE, pages 1 —4, june 2011.

H.D. Young, R.A Freedman, and L. Ford. University physics with modern
physics, volume 1, chapter 21. Addison Wesley, 12 edition, 2008.

J. E. Ziiiga Judrez, J. A. Reynoso-Hernandez, J. R. Loo-Yau, and M. C.
Maya-Sanchez. An improved two-tier L-L method for characterizing sym-
metrical microwave test fixtures. Measurement, June 2011.

104



	Introduction
	I Theoretical foundation
	Transmission lines
	A voltage wave
	Telegrapher's equations
	Loss
	Displacement and substrate loss by Maxwell's equations
	Mode coupling
	Radiation
	Summary

	Reflection
	A time domain view
	A frequency domain view

	Summary

	Transmission lines in CMOS
	Limitations of CMOS for RF and millimeter wave design
	Density rules
	Substrate conductivity
	Characterization

	Common transmission line structures
	Slow wave
	Fundamental modes for SiO2 on Si
	Periodic high and low impedance
	Slow wave slots
	Slow wave parameters
	State of the art

	Summary

	Transmission line models
	Parallel plate model
	Resistance R
	Inductance L
	Capacitance C
	Conductance G
	Summary

	Skin effect
	Skin effect by frequency independent components

	Analytic conformal mapping
	Results and comparison

	Modeling slow wave lines
	Designing a slow wave transmission line on CMOS


	II Practical aspects
	Simulation
	Theory
	Simplifications and vertification
	Number of dielectric layers
	Unit cell

	Results
	Tunable line, passive and active co-simulation
	Shielding a CPW

	Other aspects

	Chip and measurements
	Calibration and deembedding
	Calibration
	Deembedding

	Removing outliers
	Explaining the variance by nudging
	Results and comparison
	Floating slots
	All results


	A new comb slow wave CPW for on chip area reduction and its RLCG model 
	Introduction
	RLCG Model
	Measurements Results
	Conclusion

	Applications
	Choosing a line
	S parameters
	RLCG parameters
	Wave parameters

	Delay line
	Stepped impedance filter
	Bandstop and bandpass filter
	Discussion and improvements

	The last chapter
	Discussion and future work
	Perspective
	Conclusion


	III Appendix
	Characterization
	From S parameters to RLCG
	Deembedding

	PCB
	Source Code and data


