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Abstract

The patterned ground-shield (PGS) must be well designed; otherwise they
may not at all able to improve the quality factor. Investigations into different strip
length, strip spacing and metal layer positions of the slot-type floating shields for
wavelength, attenuation loss, and characteristic: impedance, which have not yet
been conducted before, are performed in this work. In general, the assumption for
lumped-equivalent-circuit-model-based techniques is valid only if the lengths of
the DUT devices are much smaller than the distances between two ports. However,
this is not always true for larger DUT devices and may result in over
de-embedding when intrinsic device performance is involved. Therefore, the
proposed de-embedding technique can address the problem of over de-embedding.
The contribution of the interconnection and the via stack becomes important as the

frequencies increase. Unfortunately, currently existing techniques do not account



for via stack parasitic contributions. In this dissertation, high-performance
transmission lines and improved de-embedding techniques are presented. The
slow-wave concept has been wused in order to design high-performance
transmission lines and reduce the size of the transmission lines. Accurate models
that describe the behavior of RF devices are critical for the circuit designs, and
improved parasitic de-embedding techniques are proposed as to achieve accurate
device characterization.

A novel slow-wave transmission line with optimized slot-type floating shields
in advanced CMOS technology is presented. Periodical slot-type floating shields
are inserted beneath the transmission line toprovide the substrate shield and
shorten the electromagnetic. propagation wavelength. This is the first study that
demonstrates how the wavelength, attenuation loss, and characteristic impedance
can be adjusted by changing-the strip length, the strip-spacing, and the metal layer
positions of the slot-type floating shields. Wavelength shortening needs to be
achieved with a trade-off between the slow-wave effect and the attenuation loss.
The slot-type floating shields with different strip lengths, strip spacings and metal
layer positions are analyzed. It is concluded that the minimum strip length provides
the most optimal result. A design guideline can be established that enables circuit
designers to achieve the most appropriate slot-type floating shields for optimal
circuit performance. Transmission line test structures were fabricated by using 45
nm CMOS process technology. Both measurement and electro-magnetic (EM)

wave simulation were performed up to 50 GHz. Transmission lines are frequently



used at a length of half- or quarter-wavelength. With a shortened wavelength, a
saving in silicon area of more than 67% can be achieved by using optimized
slot-type floating shields. Experimental results demonstrated a higher effective
relative permittivity value, improved by a factor of more than 9, and a better
quality factor, improved by a factor of more than 6, as compared to conventional
transmission lines.

A novel transmission line de-embedding technique is presented. With this
technique, the left- and right-side ground-signal-ground (GSG) probe pads can be
extracted directly using two transmission line test structures of length L and 2L.
An additional through structure'is designed using via stack de-embedding, which is
unique amongst current de-embedding methods. The advantages of the proposed
method include the following: (1) a smaller silicon area; (2) the consideration for
discontinuity between the pad and interconnect; (3) the consideration for substrate
coupling and contact effects; (4) the .employment of via stack de-embedding; and
(5) the solution to the over de-embedding. The proposed novel methodology could
be considered as a breakthrough in the area of ultra-high frequency de-embedding
and should enable more accurate RF models to be developed. In the proposed
methodology, intrinsic slow-wave coplanar waveguide (CPW) transmission line
structures are placed on the inter-level metallization layers, as they are the most
appropriate RF device for a cascade-based de-embedding method involving the via
stack de-embedding technique. Experimental results have demonstrated that

attenuation loss and wavelength can be optimized by changing the metal density



and the metal layer positions of the floating shields. With a shortened wavelength,
a reduction in silicon area of more than 66% can be achieved by using optimized

slot-type floating shields located both above and below the CPW structure.
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1 Review of Transmission Line Structures and
De-embedding Methodologies

1.1 Transmission line design challenges in silicon technology

Advanced communication applications, such as cellular telephones, wireless
networks, satellite broadcasting and fiber-optic communication rely on continuous
improvements in increased speed and reduced size. In other words, a trend toward
increasing the speed of information transmission and miniaturizing the integrated
circuits that provide various .relevant communication functions is inevitable.
However, as system designers look toward using higher frequencies in the range of
tens of gigahertz (GHz), as-well as the miniaturization of the integrated circuits, a
number of conventional components that in the past were considered inapplicable
continue to become indispensable. Consequently, a common design challenge
involves identifying new components that can be implemented in integrated
circuits to achieve faster operations and smaller chip areas.

The size of the interconnections and parasitic loss in silicon IC technologies
are common design challenges in millimeter wave integrated circuits (MMICs).
Passive devices with low parasitic loss that can be isolated from other circuit
sub-blocks are required in order to complement the gain-bandwidth of silicon
transistors for microwave applications. Unfortunately, the parasitic contribution of

RF on-chip passive components cannot be scaled as readily as the parasitic that



accompanies active devices, such as transistors. Until more efficient components
are developed, circuit designs will be constrained by the limitations related to the
interconnections and passive components surrounding the active devices.

In most circuit designs, the direct application of traditional transmission lines
1s not realistic because the electromagnetic wavelength is too long. For example,
the electromagnetic wavelength in SiO, dielectric material is 3000 um at 50 GHz,
which is area-consuming when applied to impedance matching networks for
quarter-wavelength long transmission lines. Furthermore, the increased ohmic and
substrate loss of transmission lines is another barrier to the design of fully
integrated high-frequency circuits. Current crowding at high frequencies also
causes high ohmic conductor loss.~Each type of metal has its own skin depth,
which is a function of frequency, as illustrated in Fig. 1-1. The exact skin depth at
certain frequencies is listed in Table 1-1 for reference. The skin depth of copper at
50 GHz is 0.3 um, which negates some of the advantages of a thick top metal
layers or increased metal width. If the transmission lines are of a coplanar
waveguide type, the lateral sidewalls still help in reducing loss. Coplanar
waveguide transmission lines also suffer from substrate loss as a result of using
highly conductive substrates in most CMOS processes.

Enhanced silicon system-on-a-chip (SOC) designs continue to enable
improved technologies for the future generations of low-cost portable multimedia
wireless devices. With the continuous scaling of CMOS technology, devices with a

higher cut-off frequency are now being manufactured, so integrated circuits in the



millimeter wavelength range will be considered more seriously in the coming years.
However, these devices cannot yet be efficiently integrated into microwave circuits,
mainly because of significant transmission line loss and unacceptable line lengths.
This study investigates the evolution in the design of the transmission lines, and,
therefore, coplanar waveguide (CPW) and microstrip (MS) line transmission line
structures are studied in relation to the field of low loss and high quality factors.
CPW transmission lines are often used in (MMICs) [1] as they are uniplanar,
which allows the easy connection of shunt and series circuit elements without the
need for via hole arrays, as shown in Fig. 1-2(a). CPW transmission lines are
commonly referred to as an asymmetric configuration. The arrangement of two
ground lines surrounding the center signal conductor serves to confine the electric
field in the dielectric material between the signal and. the ground lines, thereby
creating a conduit through which the wave can propagate. To achieve the proposed
characteristic impedance, CPW "transmission: lines allow a variety of signal line
width to be used and the adjustable spacing between the signal and the ground
lines. However, CPW transmission lines generally suffer from limited impedance
ranges. This is due to the fact that CPW transmission line loss tends to increase at
high and low characteristic impedance extremes. CPW transmission lines have an
inherent disadvantage in having no shield between the signal line and the
underlying substrate. Moreover, low-loss CPW structures on a silicon substrate
have been designed and optimized by using either a thick dielectric layer [2] or a

micromachining process [3]-[5]. However, the CPW structures mentioned above



are not fully compatible with advanced CMOS processes. It is expected that a
standard CPW transmission line can be combined with substrate shields to create
competitive passive components for MMIC chips.

Microstrip (MS) line structures are composed of a signal line and a ground
plane underneath such that there is no dependency on substrate properties due to
the shielding by the ground plane [6], as shown in Fig. 1-2(b). The signal line and
the ground plane for MS lines are separated by only a few microns of SiO,
dielectric material as a result of the continuous scaling of CMOS technology,
resulting in a relatively large capacitance. Consequently, a 50 Q MS line has a
relatively narrow signal width. To achieve the proposed characteristic impedance,
the ohmic loss is higher because of the narrow signal width, which limits the
flexible tuning in characteristic impedance performance. Since the ground plane is
treated as both the return path and the substrate shields, the thin ground plane used
in current CMOS processes also results in high ohmic loss. Lowing the resistance
of the ground plane can be achieved by connecting the two bottom layers.

Several substrate shield methods for passive devices, such as transmission
lines, inductors and transformers, have been developed in order to minimize the
amount of lost radio-frequency (RF) energy that is coupled to the substrate.
Substrate shields can be either a patterned ground shield (PGS) [7]-[17] or a
floating shield [18]. The PGS must be well designed; otherwise they may not be
able to improve the quality factor, as in [7]-[8]. According to Faraday’s and Lenz’s

laws, an electric field is magnetically induced for every electrical-current-carrying



segment, resulting in both substrate and conductor eddy-current loss [19]-[21]. The
interactions and correlations of conductor eddy-current loss on slot-type floating
shields [18] have not been investigated previously. The eddy-current loss plays a
major role at high frequencies, and it is worth mentioning that the eddy-current
loss in conductors is roughly proportional to the square of the frequency [21]. The
majority of earlier research [9]-[12] covers frequencies less than 20 GHz, at which
there is no enough eddy-current loss on the PGS to significantly degrade the
quality factor of the devices. At a frequency of 20 GHz or above, the quality factor
of devices with PGS can be degraded further to be even lower than that of
unshielded devices. In practice, it 1s also difficult to.implement an on-chip ground
reference that does not suffer from some- level of veltage variation due to the
parasitic inductance and capacitance coupled - with the neighboring
interconnections of both circuits and packages. When an AC variation exists on the
grounded shields, energy is again lost to-the silicon, thereby degrading the
shielding ability. However, floating shields do not suffer from voltage variations,
since no source is connected to the isolated floating shields.

In conventional transmission lines, the phase velocity Vp is controlled only by
the dielectric material and can be expressed as:

Co

He &,

Vo foqo (1)

where ¢, is the velocity of light, u« 1is the effective relative permeability,

and ¢, is the effective relative permittivity. Generally, a reduction in phase velocity



results in a corresponding reduction in wavelength and an increase in the effective
relative permittivity of the dielectric material at a given operating frequency. Thus
the wavelength is not adjustable. But a reduced wavelength in the transmission line
can be achieved by adding periodical shields that decelerate the propagation EM
waves in a guided medium. This is called the slow-wave phenomenon. The
slow-wave theory in the microwave range has been investigated with most
grounded slow-wave structures [22]-[34]. However, investigations into floating
metal coverage density and floating metal layer positions for substrate shields and
wavelength reduction, which have not yet been conducted, are performed in this

work.

1.2 De-embedding Methodologies

The extreme importance of ‘accurate on-wafer parasitic de-embedding
techniques to RF device characterization has-already been established. In general,
the parasitic contributions of DUT structures mainly arise from the probe pads, the
interconnection lines connected to the intrinsic on-chip DUT structure, and the
silicon substrate. The intrinsic device performance can be obtained by removing
the parasitic contributions of an RF device under test (DUT) structure 1s defined as
the de-embedding, as shown in Fig. 1-3. De-embedding techniques can be
classified as two groups. The first group is called the
lumped-equivalent-circuit-model-based technique [35]-[43]. An equivalent circuit

model for the RF DUT structure and the parasitic components is illustrated in Fig.



1-4. A conventional open/short (OS) de-embedding technique is popularly used in
the industry, and the accuracy is recognized for the frequencies below 20 GHz.
However, the accuracy is not enough for the frequencies above 20 GHz, and more
developed de-embedding techniques, which involve a more complicated extraction
and a larger chip in advanced CMOS processes, are needed to obtain accurate
results. In this group, an extra grounded metal strip, which adds resistance and
inductance to the short structure, is used as a connection between the two ports, as
shown in Fig. 1-5. The parasitic contribution of the extra grounded metal strip,
resulting in over de-embedding, cannot be ignored if the frequencies are high or if
the DUT structures are .large. In general, the short structure for
lumped-equivalent-circuit-model-based techniques does not account for via stack
parasitic contributions exactly if the imtrinsic DUT structures are placed on the
inter-level metallization layers, as illustrated in Fig. 1-6.

The second group involves a‘cascade-based de-embedding technique [44]-[49]
which enables the extraction of interconnection parameters using through
structures. To obtain the most practical test-key design, the metal interconnection
from the probe pad to the intrinsic DUT structure should be around 20 um to 40
um. It is important to design a good “through” structure where the left and right
pads are effectively uncoupled and do not suffer from the effects of an extra
grounded metal strip. Therefore, cascade-based techniques are suitable for larger
DUT structures, such as transmission lines, inductors, or MOSFETs with larger

widths. In situations where real silicon is involved, RF DUT structures are



connected to the probe pad using low- to high-level metallization, and the cascade
sequence 1s first metallization, then stacked metallization connected through via
holes, and finally top metallization. The contribution of the interconnection and the
proposed methodology becomes important as the frequencies increase.
Unfortunately, currently existing techniques do not account for via stack parasitic

contributions.

1.3 Research Motivation and Main Results

The patterned ground shield (PGS) must be well designed; otherwise they
may not at all able to improve.the quality factor [7]-[8]. Therefore, further study
into the optimization of the shields is: necessary. According to Faraday’s and
Lenz’s laws, an electric field is magnetically induced to create eddy-current loss
both on substrate and grounded shields [19]-[21]. The interactions and correlations
of attenuation loss on slot-type fleating -shields have not been investigated
previously. Moreover, investigations into different strip length, strip spacing and
metal layer positions of the slot-type floating shields for wavelength, attenuation
loss, and characteristic impedance, which have not yet been conducted before, are
performed in this work.

A slow-wave CPW transmission line, combining the advantages of both CPW
transmission lines and MS lines, is proposed to create high-performance passive
components for MMIC chips. Periodical slot-type floating shields are used to

achieve a slow-wave phenomenon enabling a reduction in chip area while still



maintaining high performance. Slot-type floating shields can also enhance the
immunity of slow-wave CPW transmission lines from AC noise. The optimization
of slot-type floating shields plays a key role in creating a high performance
slow-wave CPW. Investigations into floating metal coverage density and floating
metal layer positions for substrate shields and wavelength reduction, which have
not yet been conducted before, are performed in this work. It was found from the
experimental results that the currently prevalent concept that highest-density
shields are the best choice [8] is simply not always true. Instead, either a lower
density coverage or a lower metal layer position of the slot-type floating shields
can exhibit a higher quality factor as frequencies increase. Moreover, the
wavelength and attenuation-loss can be adjusted by changing the strip length (SL),
the strip spacing (SS), or the metal layer position of the slot-type floating shields
while retaining the same area. As compared with conventional transmission lines,
the proposed slow-wave CPW has a higher effective relative permittivity value of
up to 51 at 50 GHz, which is an improvement by a factor of more than 9, and a
better quality factor of 17 at 33 GHz has been obtained, which is an improvement
by a factor of more than 6. Moreover, a wavelength as short as 0.85 mm at 50 GHz
has been obtained, which is a reduction by a factor of more than 3 and results in a
saving in silicon area of more than 67%.

In general, the assumption for lumped-equivalent-circuit-model-based
techniques is valid only if the lengths of the DUT devices are much smaller than

the distances between two ports. However, this is not always true for larger DUT



devices and may result in over de-embedding when intrinsic device performance is
involved. The lumped-equivalent-circuit-model-based techniques may suffer from
other disadvantages, which are that the model used may become invalid when the
electrical properties of a network cannot be modeled using an appropriate
equivalent circuit such as the complicated substrate network, and that an accurate
equivalent circuit would be difficult to be obtained or used if interconnect or
transmission lines lengths become too long or the operating frequency becomes too
high. For simplification, lumped equivalent-circuit model may ignore some effects,
which may be significant at high frequencies, and this will degrade the
de-embedding accuracy. The contributions of the interconnection and the via stack
become important as the frequencies increase. Unfortunately, currently existing
techniques do not account for via stack parasitic contributions exactly if the
intrinsic DUT structures are placed on the inter-level metallization layers.

A novel transmission line’ de-embedding method, which requires two
transmission line structures of length L; and L, and one additional through
structure, is proposed to create a more accurate RF device characterization.
Investigations into methodologies using via stack de-embedding, which have not
been conducted previously, are performed in this work. Two transmission line
structures are created to achieve direct extraction of the left- and right-side of GSG
pads. One additional through structure is designed to solve the bottleneck resulting
from via stack de-embedding and the uncertainty associated with direct

measurement. Based on the experiment and simulation results from this work, it



can be concluded that direct extraction of the left- and right-side GSG pads and the
via stack de-embedding method are the best options. When compared with
conventional de-embedding methods, the advantages of the proposed method
include the following: (1) a smaller silicon area; (2) the consideration for
discontinuity between the pad and interconnect; (3) the consideration for substrate
coupling and contact effects; (4) the employment of via stack de-embedding; and
(5) the solution to the over de-embedding.

Coaxial transmission lines offer significant advantages for the design of
integrated millimeter-wave circuits when compared to those offered by microstrip
or coplanar waveguide transmission lines [50]-[51]. Since coaxial transmission
lines are shielded, lines and.components can be closely spaced and they can even
pass over each other with-minimal crosstalk, allowing.for complex and compact
signal routing. A slow-wave. coplanar waveguide. (CPW) transmission line
structure, where floating shields are both above and below the CPW structure, can
be regarded as a rectangular coaxial transmission line structure. Moreover, the
design and performance of coaxial transmission lines are independent of any
substrate. As demonstrated in the coaxial transmission line study, attenuation loss
and wavelength can also be adjusted by changing the metal density and the
position of the floating shields on the metal layers. An optimization index of the
slow-wave coaxial transmission lines has been developed to enable circuit
designers to determine expediently the most appropriate slot-type floating shields

to meet design specifications. The proposed floating slow-wave coaxial



transmission line has a better quality factor of 15 at 50 GHz and a shorter
wavelength, which results in a reduction in silicon area of more than 66% when

compared to that of conventional CPW transmission lines.



Frequency (Ghz) 1 10 20 30 40 50
Skin depth of Copper (um) 2.07 0.66 0.46 0.38 0.33 0.29
Skin depth of Aluminum (um) 2.57 0.81 0.58 0.47 0.41 0.36
Skin depth of Silicon (um) 5030.00 |1590.63 |1124.74 ([918.35 |795.31 |711.35

Table 1-1.

The skin depth for different metal materials

240 3600
180 | m 1 2700
- K
£ v
2 Aoy
2 120 | M { 1800
[}) N »
o A‘.i ‘e, O -
£ Al @/ e »
” <
% 060 | A“@'- ey, 1 900
' — “'A-r-!f'll M Y |
Rt fl!l!!T
0.00 ‘ ‘ ‘ ‘ ‘ 1 0
0 10 20 30 40 50
Freaencv (Ghz)
--&--Copper --H--Aluminum -- & --Silicon
Fig. 1-1. The skin depth for copper, aluminum, and silicon for frequencies up to 50 GHz.
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2 High-Performance Slow-Wave Transmission
Lines with Optimized Slot-Type Floating
Shields

2.1 The analysis of transmission lines

2.1.1 Measured and simulated calibration

A simulation of transmission line performance up to 50 GHz was carried out
using a commercial electromagnetic EM simulator, Ansoft HFSS, in order to fit the
simulated data to the measured data by slightly adjusting the process parameters,
such as the substrate conductivity, the metal conductivity and the relative dielectric
constant. The process parameters were then calibrated using the measured data.
After determining the appropriate process parameters to fit the real silicon process,
the EM simulator can provide sumulation tesults very close to the observed
measurements. Consequently, we can conduct further characteristic analysis based
on the simulation results. The silicon layout was designed based on the optimized
simulation results. The CPW transmission line structures both with and without the
floating metal strip shields were chosen to be used as calibration sets. The CPW
transmission line without a floating shield is a signal line width of 2 um and a
space of 4.5 um between the signal and the ground lines. However, the CPW with
a floating shield has the same width and space, but contains a 1 um metal strip

shield width and a 0.5 um metal strip shield space between each strip. Figs. 2-1(a),



(b), (c), and (d) show the transmission line performance results, such as the
attenuation loss, the quality factor, the relative permittivity, and the wavelength, as
functions of frequency, and a good agreement between the measured and the
simulated performance results was demonstrated. Consequently, the optimization

of slot-type floating shields is further conducted using the HFSS simulation results.

2.1.2 Coplanar Waveguide (CPW)

An electromagnetic (EM) simulation of transmission lines for frequencies up
to 50 GHz was carried out using a commercial EM simulator, Ansoft HFSS, in
order to design an optimized  transmission line. -\EM field distribution and
non-linear behavior can then be conducted through full field analysis, which
cannot be measured from the’ silicon experiment. In the EM simulation,
transmission line performancewversus the dimensions of the CPW transmission line
structures and MS line structures are investigated, respectively. This saves the
silicon cost and research time for transmission line development.

The performance of a transmission line can be characterized by the
characteristic impedance, the attenuation loss, the effective relative permittivity,
the wavelength, and the quality factor, and the detail explanation is included in the
following. A 2x2 transmission (ABCD) matrix is a powerful network matrix that
can be used for each two-port network. An ABCD matrix for the cascaded
connection of two or more two-port networks can be easily found by multiplying

the ABCD matrices of the individual two-ports. A two-port transmission line



device under test (DUT) structure can be decoupled into a cascade of three
two-port networks, including two GSG pads and an intrinsic transmission line.
After subtracting the parasitics of the pads from the transmission line DUT
structure, the intrinsic transmission line characteristics can be obtained through
parameter extraction. The ABCD matrix of a lossy transmission line of length | can

be represented as:

{ A B} _[ cioshyl Z, sinh yl] -

C D —sinyl  coshyl
Zc

The characteristic impedance (Z.) and the propagation constant (y) can be

obtained through the manipulation of ABCD:

Zc = \/g (Q) and y= %cosh’1 A(m™) (3)

The line parameters, such as resistance (R), inductance (L), conductance (G), and
capacitance (C) are used to characterize a transmission line directly from material
used to fabricate a transmission line and the various transmission line dimension.
These line parameters are often used in the equivalent circuit for further analysis,
and the slow-wave phenomenon will be discussed later. The relevant transmission

line performances used in this thesis are the attenuation loss per unit length (), the
phase constant per unit length(f), the effective relative permittivity (g,), the

wavelength (1), and the quality factor (Q), which can be expressed as:

a =real(y) (Neper/m),pB=imag(y) (rad/m), gr=9-10‘6~(£)2, /1:%[ (m), and
w



o b @)

where o 1is the angular frequency, and y is the propagation constant [52].
Firstly, the attenuation loss « represents the loss as the wave propagates, which
indicates the amplitude of the wave is decreased as « increases. Secondly, the

phase constant B denotes that for each wavelength distance traveled, a wave

undergoes a phase change of 27 radians. Another important characterizing
parameter of the transmission line is the effective relative permittivity, which is the
particular physical characteristic of the transmission line, indicating a given
medium in which a wave propagates. The wavelength provides the key index of
the slow-wave phenomenon; and is-inversely proportional to the phase constant.
Finally, the quality factor is regarded as a ratio of the maximum energy stored in
the system to the total energy lost by the system in'a given time period. In other
words, a system that has a large quality factor.is a significantly preferred because
of the relatively small energy loss.

From the circuit design point of view, transmission line performance, such as
the attenuation loss and the quality factor, are calculated. The simulated
characteristics for both the attenuation loss and the quality factor versus the signal
line width, the spacing between the signal line and the ground lines, and the signal
line thickness, respectively, are shown in Fig. 2-2. As can be observed in Fig.
2-2(a), initially, the attenuation loss and the quality factor performance obviously
improves as the width of the signal line increases, which is a result of reduced

ohmic loss. Once the optimized width value, which 1s 7 um, as shown in Fig. 2-2(a)
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is reached, the energy loss to the substrate increases and even degrades the quality
factor performance. Similarly, Fig. 2-2(b) reveals that, initially, the attenuation loss
and the quality factor performance obviously improve as the thickness of the signal
line increases, which is a result of reduced ohmic loss. Once the optimized
thickness value is reached, which is 1 um, the attenuation loss and the quality
factor performance shows less improvement, which is a result of saturated ohmic
loss. It is worthwhile noting from Fig. 2-2(c) that the loss increases when the
spacing between the signal and the ground lines is in both a narrower and a wider
range. If the space is narrower, the signal line with a surrounding dielectric
material of a few micrometers.suffers from a high conductor loss due to high field
intensities. If the space is wider thanthe dielectric thickness from the CPW to the
substrate, the coupling loss-to the substrateis bigger, which can be explained from
the electric field analysis. The electric field intensity coupled to the substrate is
stronger as the space is wider, which can be observed from the electric field
intensity in the substrate, as shown in Fig. 2-3. The CPW transmission line shown
in Fig. 2-3(a) a signal line width of 30 um and a space of 5 um between the signal
and the ground lines, suffers from a higher substrate loss than that shown in Fig.
2-3(b) a signal line width of 30 um and a space of 2 um space between the signal
and the ground lines. To achieve the proposed characteristic impedance, relatively
wide signal lines, and their accompanying larger spaces, suffer from a high

attenuation loss and a low quality factor.
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2.1.3 Microstrip (MS) Line

The simulated characteristics for both the attenuation loss and the quality
factor versus the ground plane width, the ground plane thickness, and the height
between the signal line and the ground plane, respectively, are shown in Fig. 2-4.
Fig. 2-4(a) reveals that the width of the ground plane, which acts as a substrate
shield, is typically much wider than that of the signal line, and a width more than
three times greater is suggested in order to minimize the attenuation loss. As
expected, the loss increases rapidly once the ground plane thickness becomes less
than the skin depth for copper metal; which 1s.0.3 um at 50 GHz, as illustrated in
Fig. 2-4(b). The thickness of‘the metal layers will be reduced in advanced CMOS
processes as a result of rscaling trends. An effectively thicker metal can be
manufactured by combining two or more metal layers connected by via hole arrays.
Fig. 2-4(c) demonstrates that'if the height between the signal line and the ground
plane is smaller, the MS line suffers from high conductor loss as a result of high
field intensities.

In summary, it is suggested that a top metal layer is used as the signal line, while a
combination of the first and second metal layer connected by via arrays is used as
the ground plane, allowing an increased height between the signal line and the

ground plane.

2.1.4 Transmission line Structures with floating shields

Each distinct conventional transmission line suffers from its own unique type
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of loss as a result of structural limitations. Since there are no shields between the
CPW and the highly conductive substrate, the dominant loss is the energy coupled
to the substrate. In contrast, substrate-induced losses are not critical to the MS lines
as a result of the ground plane that exists under the signal line. As the scaling of
backend processes continues to trend downward, the height between the signal line
and the ground plane becomes significantly reduced, which results in the need for a
narrower signal line to achieve the desired characteristic impedance. Therefore,
ohmic losses in MS lines are increased significantly. Following investigations, a
CPW transmission line using periodical floating shields combining the advantages
of both CPW transmission lings and MS lines 1s proposed, as shown in Fig. 2-5,
where the SL is the strip length and the SS is the strip spacing. The concept of
floating shields is adopted-in order to shield the silicon substrate and achieve a
compact transmission line structure. Passive devices with substrate shields that can
be isolated from other circuit sub-blocks are required for the high-frequency circuit
design.

To observe and estimate the substrate loss of a transmission line, the EM
simulator is first adopted to evaluate electric field distribution in the substrate. The
energy loss to the substrate from CPW transmission lines and slow-wave

transmission lines is estimated by integrating the electric energy

density%g(E-E*)within the substrate volume as %g L (E-E")dV, and the result is

summarized in Table 2-1, where & is the absolute permittivity, and E is the

electric field intensity. As expected, the energy loss to the substrate is increased as
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the width of the signal line or the space between the signal line and the ground
lines increases. Moreover, the substrate loss of a CPW without floating shields is
higher than that of a CPW with floating shields. In summary, a CPW with substrate
shields illustrates that the presence of the shield can minimize the energy being
coupled to the substrate, thereby reducing the attenuation loss. As can easily be
observed from the Table 2-1, the substrate loss is higher if the SS is wider in

floating shield design.

2.2 The Optimization of Slot-Type Floating Shields

A schematic view of a slow-wave CPW transmission line structure with
slot-type floating shields is‘shown-in-Fig. 2-6(a), where the SL is strip length and
the SS is strip spacing. The advantage of using slot-type floating shields is that
slow-wave transmission lines have a lower electric field leakage to the substrate
and a lower conductor eddy-current loss, especially at high frequencies. Fig. 2-6(b)
shows the electric field distributions from a 3D EM simulation of slot-type floating
shields. The electric field starts from the signal line, couples to the floating shields,
and finally terminates on the coplanar ground conductors. Therefore, the effective
dielectric thickness of devices with floating shields is larger than that of devices
with grounded shields. Thus both capacitance and electric field intensity of devices
with floating shields are smaller than those of devices with grounded shields,
which leads to lower conductor eddy-current loss. Generally, lower attenuation

loss and higher effective relative permittivity are required to achieve a high
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performance transmission line and a compact size is desired. Consequently, the
incorporation of floating shields into transmission lines as an alternative approach
for better performance at high frequencies can be considered.

If the length of the periodical structure is short compared to the wavelength,
each segment of the signal line can be modeled by an inductance and capacitance
lumped-element equivalent circuit, as shown in Fig. 2-7(a), where inductance (L)
and capacitance (C) are the series inductance and the shunt capacitance per unit

length, respectively. The density, R, of the slot-type floating shields is defined as:

SL

R= 5
SL+SS (3)

Segment I, on top of the .open.slot, can be modeled by a series inductance
L(1-R)(Az) and a shunt capacitance C(1-R)(Az). While Segment II, on top of the
shield metal line, can be modeled by a series inductance L(RAz) and an increased
shunt capacitance (nC)(RAz) where n represents the increased ratio in the
capacitance as a result of coupling to the slot-type shields, and Az denotes the
differential unit length. When two segments are cascaded together, the combined
equivalent circuit can be condensed as shown in Fig. 2-7(b). It should be noted that
the equivalent circuit shown in Fig. 2-7(b) is valid only when n is >> 1.
Consequently, the phase velocity Vp with the slow-wave effect can be expressed
as:

C, 1

Vp = _
s s

(6)

The slow-wave phenomenon can be explained by equation (6), which shows the
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phase velocity is decelerated by a factor of +/nR .

An optimization of the slot-type floating shields was performed in order to
reduce the attenuation loss and also increase the slow-wave features. Both
wavelength and attenuation loss can be adjusted by changing both the SL and the
SS of the slot-type floating shields while retaining the same area. Optimization
analysis of the SL and SS was conducted by evaluating the EM simulation results
for structures with a variety of SL and SS dimensions while retaining the same area.
An semi-empirical equation is derived to relate the effective relative permittivity
g, toRand SL,

g, =52-(R™ -SL"")+0.582 (7)

The correlation coefficient of the semi-empirical-equation in (7) is around
0.91, as shown in Fig. 2-8,which is valuable for predicting the optimized relative
permittivity. The calculated values approximate well to the simulation results at 50
GHz, as illustrated in Fig. 2-9(a), which exemplifies the slow-wave equation (6)
that predicts that a higher density of slot-type floating shields results in a higher
effective relative permittivity. Furthermore, Fig. 2-9(a) indicates that a higher
effective relative permittivity is obtained when the SL is smaller. The parameter
SL has been explicitly introduced into equation (7). When the attenuation loss
performance is taken into consideration, it becomes even more obvious that a
minimized SL is the best choice for slot-type floating shield design, as illustrated
in Fig. 2-9(a). Though the high-density shields minimize the exposure of the signal

line to the substrate, field leakage to the substrate can be reduced. However, the

26



consequence of using high-density shields is that the conductor eddy-current loss is
high, and this in turn increases the attenuation loss. In contrast, the opposite is true
when the density of the slot-type floating shields is low. There is a trade-off
between the slow-wave effect and the attenuation loss in slow-wave CPW
transmission lines; namely, that while the wavelength is reduced to facilitate the
implementation of smaller devices, greater attenuation loss may be induced by the
eddy-current loss on the slot-type floating shields. The optimization index of the

slot-type floating shields is defined as ¢, + " in mm/dB, and Fig. 2-9(b) shows that

the optimized performance is achieved when the density R is equal to 0.2 where
the SL=1.2 um and the SS=4.8 um. If the specification requirement for the
attenuation loss is first determined, then the density of the slot-type floating shields
can be calculated. Consequently, the effective relative permittivity can be

predicated from the minimum SL ‘and the density of the slot-type floating shields.

2.3 Experiment Results

Five types of transmission lines were fabricated by using CMOS technology,
as listed in Tables 2-2 and 2-3, including (1) a CPW transmission line without
shields (CPW), (2) five slow-wave CPW transmission lines with slot-type floating
shields (FSCPW1, FSCPW2, FSCPW3, FSCPW4, and FSCPWS5), (3) a slow-wave
CPW transmission line with slot-type grounded shields (GSCPW1), (4) an MS
transmission line with plane grounded shields (MS), and (5) four slow-wave MS

transmission lines with slot-type grounded shields (SMS1, SMS2, SMS3, and
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SMS4). A slow-wave CPW transmission line with slot-type floating shields was
designed with slot-type floating shields located periodically beneath the CPW
structure, and the slot-type floating shields are oriented transversely to the CPW
structure. For all transmission lines listed in Table 2-1, the signal line is formed on
the tenth (M10) metal layer and the slot-type shields are created on either the ninth
(M9) or eighth (M8) metal layer. The CPW part of the structure has a
signal/ground line width of 30 um/10 um, with a 30 um space between the signal
and the ground lines. In the slot-type floating shields, the SL is at the minimum
length allowed by the design rules to achieve a high performance with a minimized
eddy-current loss. The minimum length on M8 15 0.07 um and on M9 is 0.4 um for
45 nm CMOS technology: The slot-type floating shields are designed with the
following dimension splits:«(1) the SL on M8 1s 0.07 um and the accompanying SS
1s 0.07 um, and (2) the SL.on M9 and M8 1s 0.4 um and the accompanying SS
varies between 0.4 um, 1.6 um, and 3.2 um. For the grounded slow-wave CPW
transmission line, it is designed with a similar structure to the slow-wave CPW
transmission line with floating shields as described above, but with the slot-type
shields connected to the ground. This grounded slow-wave CPW is included for
the comparison purpose. A CPW with the same signal/ground line structure but
without shields is also included for comparison. The slow-wave MS transmission
lines with slot-type grounded shields have a similar structure to the conventional
MS lines, but the slot design is used on the ground plane. Similarly, an MS line

with the same signal structure but plane shields is also included for comparison.
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The backend metal scheme is a dual-damascene copper process with dielectric
Si0, material that has an effective relative dielectric constant of around 5.4 used as
insulator layers. All test structures have the same length of 400 um and width of
120 um to ensure a fair comparison between the different designs. The
S-parameters of the transmission line test structures were measured up to 50 GHz
using an Agilent 8510C network analyzer.

Fig. 2-10(a) shows that the attenuation loss of a CPW with slot-type floating
shields is lower than the CPW without shields. It also shows that at frequencies
above 50 GHz, slot-type floating shields on M8 is needed as it has the least amount
of eddy-current loss on the.floating shields:- Among the CPW designs with
slot-type floating shields, in-the 30-50 GHz frequency range, the attenuation loss of
an SL of 0.4 um and an SS of 0.4 um on M8 is less than that on M9, because the
dielectric thickness between the signal line on M10 and the floating shields on M8
1s 3.2 um, which is thicker than the dielectric thickness between the signal line on
M10 and the floating shields on M9 (0.74 um). By now, it can be concluded that
the smaller the SL, the wider the SS, and the greater the thickness between the
signal line and the floating shields, the lower the attenuation loss will be induced.

Fig. 2-10(b) compares the effective relative permittivity constants of different
CPW designs, both with and without floating shields. In slow-wave CPW
transmission lines with slot-type floating shields, a reduction in wavelength results

in a corresponding increase in both the phase constant and the effective relative

permittivity, pursuant to the relationship g = 27” and & =52-(R*-SL™*'")+0.582.
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The effective relative permittivity increases to 51 at 50 GHz, for the CPW with
shields on M9 where SL = 0.4 um and SS = 0.4 um. This is an improvement by a
factor of more than 9 compared to a conventional CPW transmission line. As
expected, the wider the SS and the greater the dielectric thickness between the
signal line and the floating shields, the lower the effective relative permittivity will
be obtained. Conventional passive devices in RF circuit design do not gain as
much benefit from CMOS scaling as active devices. Passive devices play the role
of a bottleneck in area reduction and performance improvement. Since the SL and
the SS can be adjusted along technology scaling, a scaled slow-wave CPW can
continue to offer lower attenuationloss and higher effective relative permittivity, a
significant advantage for future technology: scaling, which is a great breakthrough

for RF circuit design.

B

An optimized design requires‘a good quality factor, Q = where B is the
a

phase constant and « is the attenuation loss. Therefore, the quality factor should
be used to judge an overall trade-off between attenuation loss and effective relative
permittivity. Guidelines for designing a transmission line with a high quality factor
are illustrated in Fig. 2-10(c). The crossover of the quality factor is around
frequencies of 30 GHz, so the appropriate choice for designs operating at
frequencies below 30 GHz is to create floating shields on M9 with an SL of 0.4 um
and an SS of 0.4 um. At frequencies in the range of 30 to 50 GHz, floating shields
on M9 with an SL of 0.4 um and a variety of SS values is preferred. As a result, a

quality factor of 18 can be achieved at 40 GHz, which is more than 6 times that of
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a conventional CPW transmission line, whose value is around 2.8. At significantly
higher frequencies above 50 GHz, floating shields on MS8 are strongly
recommended. The wider the SS, the lower the attenuation loss will be obtained,
but the corresponding effective relative permittivity will also be lower. As
discussed above and as demonstrated in the experiments, the designers must weigh
among SL and SS dimensions, as well as metal layer positions, to design a proper
slow-wave CPW with slot-type floating shields with a good quality factor to
achieve a functional circuit at the operating frequency.

Fig. 2-10(d) shows that the characteristic impedance can be tuned by
changing the SL, the SS, and the metal layer position of the slot-type floating
shields. A low characteristic impedance can be.achieved by increasing slot-type
floating shield density or higher metal layer position.. Characteristic impedance
tuning by changing the metal density and metal layer position in the slot-type
floating shields is also a new design approach.

Furthermore, the wavelength of a transmission line indicates if the
transmission line design is compact in size. The wavelengths of transmission lines
with a variety of slot-type floating shield design are compared in Fig. 2-10(e),
which indicates that the best choice is FSCPW1 with floating shields on M9, SL =
0.4 um and SS = 0.4 um. The wavelength of FSCPW1 is reduced to 0.85 mm, i.e.,
is by a factor of more than 3 as compared to a conventional CPW transmission line,
whose wavelength is 2.63 mm. The reduction in chip area and wavelength for

FSCPW1, FSCPW2, FSCPW3, FSCPW4, FSCPWS5, and GSCPW1 in terms of
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percentage and wavelength are illustrated in Fig. 2-11. A saving in silicon area of
more than 67% can be achieved for FSCPWI1, which demonstrates that this
approach could have extremely high potential for MMIC applications.

A slow-wave CPW transmission line with slot-type grounded shields is shown
in Fig. 2-12(a). The slot-type shields are connected to ground by two parallel
conductors added at the two ends of the slot-type shields. When the shields are
grounded, the electric field starts from the signal line and terminates directly on the
grounded shields, as illustrated in Fig. 2-12(b). In Fig. 2-13(a), the measured
capacitance of the devices with grounded shields is higher than that of the devices
with floating shields, which implies that the effective dielectric thickness of the
devices with grounded shields is smaller than that of the devices with floating
shields. Consequently, the-electric field intensity ‘of the devices with grounded
shields is larger than that of the devices with floating shields, resulting in the
eddy-current loss induced by increased voltage variation at extreme high frequency.
As the signal frequencies increase, the number of voltage variations between the
positive and the negative potential in unit time increases, resulting in an increase in
eddy-current loss on the grounded shields and the eddy-current loss on the
conductors is proportional to the square of the frequency. Since the presence of the
grounded shields increases the slow-wave feature as compared to floating shields,
the wavelength of the grounded slow-wave transmission line is shorter than that of
the floating slow-wave transmission line, as illustrated in Fig. 2-13(b). Although

the increase in the slow-wave feature facilitates the fabrication of relatively smaller
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devices, higher electric field intensity will enhance the eddy-current loss on the
grounded shields.

The optimization index of the slot-type floating shields is defined as ¢, + o' in

mm/dB, and Fig. 2-14 shows that the optimized performance is achieved when the
density R is equal to 0.2 where the SL=0.4 um and the SS=1.6 um. If the
specification requirement for the attenuation loss is first determined, then the
density of the slot-type floating shields can be calculated. Consequently, the
effective relative permittivity can be predicated from the semi-empirical equation
in (7) related to minimum SL and the density of the slot-type floating shields. Then,
the transmission line length can be calculated, which is useful information for
circuit designers.

A slow-wave MS transmission line with slot-type grounded shields is shown
in Fig. 2-15. The slot-type ‘technique 1s designed on the plane ground and two
parallel conductors are added to the two-ends of the slot-type shields. The flexible
characteristic impedance range can be obtained by adjusting the distance between
the two substantially identical parallel conductors. The characteristic value varies
with the different inductance return paths. The measured results show that a 218%
improvement in characteristic impedance at 50 GHz (from 34.91Q to 76.37Q) is
achieved through an adjustment of the strip width to 66 um, as illustrated in Fig.
2-16(a). Flexible characteristic impedance can be easily obtained by adjusting the
strip shield width or SS. If the strip shield width between the parallel conductors is

increased, a larger inductance return loop will be created, resulting in higher
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characteristic impedance. In contrast, the opposite is true when the strip shield
width is decreased. Also, a smaller capacitance can be obtained if the SS is
increased, resulting in higher characteristic impedance. Similarly, the opposite is
true if the SS is decreased. Accordingly, the desired characteristic impedance can
be obtained by adjusting either the position of the two parallel conductors or the SS
value. Another significant improvement is a 42.5% saving in silicon area with the
wavelength reduced from 2.03 mm to 1.16 mm) at 50 GHz when the strip width is
increased to 66 um, as indicated in Fig. 2-16(b). Thus, the wavelength can be

reduced to facilitate implementation in smaller devices.

2.4 Conclusion

High performance slow-wave transmission lines with optimized slot-type
floating shields have been analyzed. It has been shown that the wavelength,
attenuation loss, and characteristic impedance can be adjusted by the SL, the SS,
and the metal layer position of the slot-type floating shields while retaining the
same area. A semi-empirical equation that can predict a rough value for the
effective relative permittivity has been presented. An optimization index of the
floating slow-wave CPW transmission lines has been developed to enable circuit
designers to expediently determine the most appropriate slot-type floating shields
to meet design specifications. The designers must weigh among SL and SS
dimensions, as well as metal layer positions, to design a proper slow-wave CPW

with slot-type floating shields with a good quality factor to achieve a functional
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circuit at the operating frequency. The proposed floating slow-wave CPW
transmission line has a higher effective relative permittivity value of up to 51 at 50
GHz, and a better quality factor of 17 at 33 GHz as compared to conventional
CPW transmission lines. Moreover, a wavelength as short as 0.85 mm at 50 GHz

has been obtained, which results in a saving in silicon area of more than 67%.
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[Transmission Line Typd Width| Space | Strip Length (SL) | Strip Space (SS) |Substrate Loss (joul)
CPW 10um | 30um 4.35E-13
CPW 20um [ 30um No strip shields 5.61E-13
CPW 30um | 20um 5.54E-13
CPW 30um [ 30um 6.33E-13
Slow-wave CPW 30um [ 30um 1.2um 0.3um 6.28E-14
Slow-wave CPW 30um | 30um 1.2um 0.6um 6.74E-14
Slow-wave CPW 30um [ 30um 1.2um 9.6um 1.16E-13

Table 2-1. The energy loss to the substrate
Name | Transmission Line Type [Metal Shield Layer| Strip Width (SL) | Strip Space (SS)|Shield Type
CPW CPW No strip shields
FSCPWI1| Floating slow-wave CPW M9 0.4 um 0.4 um floating
FSCPW2| Floating slow-wave CPW M9 0.4um 1.6 um floating
FSCPW3| Floating slow-wave CPW M9 0.4.um 3.2 um floating
FSCPW4| Floating slow-wave CPW M8 0.4 um 0.4 um floating
FSCPW5| Floating slow-wave CPW M8 0.07. um 0.07 um floating
GSCPW1| Grounded slow-wave CPW M8 0.07 um 0.07 um grounded
Table 2-2.  CPW-type transmission line structures
Name |Transmission Line Type| Metal Signal Layer | Metal Shield Layer| Strip Shield Width
MS MS line M9 M8 48um
SMS1 Slow-wave MS line M9 M8 12um
SMS2 Slow-wave MS line M9 M8 24um
SMS3 Slow-wave MS line M9 M8 48um
SMS4 Slow-wave MS line M9 M8 66um
Table 2-3:  MS-type transmission line structures
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Fig. 2-1. The comparison of the measured and the simulated transmission line performance. (a)
Attenuation loss versus frequency. (b) Quality factor versus frequency. (c) Effective relative
permittivity versus frequency. (d) Wavelength versus frequency.
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Fig. 2-2. The simulated CPW performance. (a) Attenuation loss and quality factor versus the
width of the signal line. (b) Attenuation loss and quality factor versus the thickness of the signal
line. (c) Attenuation loss and quality factor versus the space between the signal and the ground
lines.
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Fig. 2-3. The electric field intensity of the CPW transmission line for different spacings
between the signal line and the ground line. (a) A signal line width of 30 um with a space of 5 um
between the signal and the ground lines. (b) A signal line width of 30 um with a space of 2 um
space between the signal and the ground lines.
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Slot-Type Floating Strip Shields

Fig. 2-5. The top view of a slow-wave

shields.
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Fig. 2-6. A slow-wave CPW transmission line structure with slot-type floating shields. (a) A
schematic view. (b) Electric field distribution from 3D EM simulation.

I(Zz L1-R)Az ! LRAz I(z+Az) LAZ

SR )V I 1 R R °‘mr—|_—°
V(z) J‘ J‘ V(z+Az)

C(1-R)AzT1 (NC)RAZ (NC)RAZ
o T: T o T o

C
< > > < >
1-R)Az RAz g
( ) : AZ

Segment [ Segment II
(a) (b)

Fig. 2-7. The equivalent circuits for a slow-wave CPW transmission line. (a) The inductance
and capacitance lumped-element equivalent circuit. (b) The cascaded equivalent circuit.
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Fig. 2-9. The simulated slow-wave CPW transmission line performance versus parameter R
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attenuation loss. (b) Optimization index value of &, * o'
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Fig. 2-10. A comparison of the measured transmission line performance for different floating
shields. (a) Attenuation loss versus frequency. (b) Effective relative permittivity versus frequency.
(c) Quality factor versus frequency. (d) Characteristic impedance versus frequency. (e)
Wavelength versus frequency.
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Fig. 2-12. A slow-wave CPW transmission line structure with slot-type grounded shields. (a) A
schematic view. (b) Electric field distribution from 3D-EM simulation.
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Fig. 2-13. A comparison of the measured transmission line performance for floating shields and
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3 A Novel Transmission Line De-Embedding
Technique for RF Device Characterization

3.1 The proposed de-embedding technique

A novel transmission line de-embedding technique is presented in this thesis.
With this technique the left- and right-side ground-signal-ground (GSG) probe
pads can be extracted directly using two transmission line test structures of length
L and 2L. An additional through structure is designed using via stack
de-embedding, which is unique < amongst current de-embedding methods. The
advantages of the proposed method include the following: (1) a smaller silicon area;
(2) the consideration for discontinuity between the pad and interconnect; (3) the
consideration for substrate coupling and contact-effects; (4) the employment of via
stack de-embedding; and (5) the solution to the-over de-embedding. The proposed
novel methodology is a great breakthrough in the area of ultra-high frequency

de-embedding and should enable more accurate RF models to be developed.

3.1.1 Left- and right- GSG pad extraction

Figs. 3-1(a) and (b) illustrate the proposed de-embedding test structures. Two
transmission lines of length L, and L, are designed in a GSG configuration. The
discontinuity between the pad and interconnect is combined with that of the left-
and right-side GSG pads. The transmission line structure is de-coupled into a series

cascade of three two-port networks, including the left- and right-side GSG pads,
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together with the intrinsic transmission line. If the length is properly designed as L;

= 2*L,, the multiplication sum of ABCD matrix [P..]and [P,.,], can be

extracted using the following:

[TI-|1 1= [PLEFT 1M I ][PRIGHT] = [PLEFT 1M I 1M I ][PRIGHT] (8)
[Tl—l2 ]=[Peer IIM I, 1[Pgignr] (9)
Ar By
[PLEFT ][PRIGHT] = [Tl—|2 ][TI-|1 ]71 [TI—|2 1= |:CLR DLR:| (10)
where

[P ] and [Py, ] are the ABCD matrices for the left- and right-side GSG pads.
[TL,1and [TL_ ]are the ABCD, matrices for the transmission line structures of
lengths L; and L,.

[M,1 and [M,] are the ABCD 'matrices for the intrinsic transmission line
structures of lengths L; and ‘L.

The left- and right-GSG pad structures are symmetrical and the equivalent

circuit is illustrated in Fig 3-2. By definition [31], [P ]and [P.g,] can be

represented as:

1y, J1+Y, /Y, 1y,
= 11
[PLEFT ][PRIGHT ] |:Y1 1 + Yl /Yz 1l Y1 1 ( )
1 1/Y2 1+Y, /Yz I/Yz_ -1 Ar  Brg
=[TL, ][TL L 1= 12
K HWYJ{ o e my ) {Cm o (12)
i 1+2Y1/Y2 2/Y2 — ALR BLR (13)
2Y,(1+Y,/Y,) 1+2Y,/Y,| |C D

Therefore, [P, ]and [P, ] can be obtained using the following:
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_ 1 BLR/2
(Pleer 1= [CLR JA+ (AR +D)/2) 1+BLCL/2(1+ (AR + DLR)/Z)} (9

1+BRC,/2(1+(Ax +Dz)/2) BLR/2} (15)

[Pgur ] :[ Coo/(1+(Ak +Dg)/2) |

After extracting [P ]and [P, ], the performance of both the transmission lines

of lengths L, and L, can be extracted using the following, allowing for additional

extraction data:
[M; 1= [Peer I ITL 1P 1™ (16)
M}, 1=[Peer 1 [TL, 1[Prigir 17 (17)
The detail matrix manipulation. for equations-(16).and (17) is shown in Figs. 3-3
and 3-4, respectively.

Since [P, [Paeul> (M1 and [M, ]can) be-extracted, more variable
combinations can be further cascaded to create’ more flexible de-embedding

dummy structures, which can also lead to the creation of an additional through

structure.

3.1.2 Via Stack De-embedding

The intrinsic DUT structure can be connected to the probe pads using either
the high-level metallization layer or the low- to high-level metallization layer. Fig.

3-5(a) is a top view of the ABCD matrix [A] of a DUT structure where the
ABCD matrices [Thru,,] and [Thrug, ] are the left- and right-side

interconnections. If the intrinsic DUT structure is placed on the top-level

metallization layer, the RF DUT structure is connected to the probe pad using
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high-level metallization. Top metallization are included along the B-E cut, as
illustrated in Fig. 3-5(b). If the intrinsic DUT structure is placed on the inter-level
metallization layer, Fig. 3-6(a) is a top view of the ABCD matrix [A] of a DUT
structure and the RF DUT structure is connected to the probe pad using low- to
high-level metallization. First metallization, stacked metallization connected
through via holes, and top metallization are included along the B-E cut, as
illustrated in Fig. 3-6(b), using the proposed via stack de-embedding technique. An
estimation based on resistance performance is obtained from EM simulation, and
the resistance of the B-D cut over the B-E cut is around 40%, as illustrated in Fig.
3-7. It was proved that the parasitic contribution of the interconnection and via, etc.,
cannot be ignored, especially in the high-frequency range. The ratio would be
higher if either low-level metallization M1 or a shorter length D-E is involved.
Since the minimum interconnect length ‘between two ports is around 40um,
probe-to-probe coupling with such short “interconnect could be a potential
limitation. For medium or large devices, or small-cascaded devices, the distance
between two ports in Fig. 3-6(a) is above 100 um. Therefore, it is necessary to
design a good “through” test structure in order to obtain stable measurement results.
The top view of one additional through structure is designed as Fig. 3-8(a), and the
cross-sectional view is designed as Fig. 3-8(b) and Fig. 3-9(b), respectively, if the
intrinsic DUT 1is connected to the probe pads using the high-level metallization
layer or the low- to high-level metallization layer. The ABCD matrix of the

additional through structure [THRU] is equal to [TL g I[Thru eer 1IThrU g cnr 1Prichr 1
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where the ABCD matrix [TL,.] is the left-side transmission line of length L, and
is equal to [TL, ][Pyenr]”, as shown in Fig. 3-10(c). The optimized length of L, is
designed based on two criteria: (1) The maximum length cannot be too long
because the parasitics of interest will represent a smaller faction of the measured
structure, and (2) The minimum length cannot be so short as to decrease
probe-to-probe coupling.

[Thru, e 1[Thrugey; ] can be extracted from the following equation and the
corresponding explanation is illustrated in Fig. 3-10:

[Thru LEFT ][ThruRIGHT 1= [TLLEFT ]_1 [THRU ][PRIGHT ]_1 (1 8)

Using equations (14) and «(15),-the matrices [Thru . ]and [Thru,g,] can be
calculated, respectively. The length of [Thru,.,] and" [Thru,., ] cannot be too
long in order to maintain the validity of the de-embedding technique when high
frequencies are involved. After determining [Py 1, [Thru1,[Thruge. 1, and
[Peenr 1, the ABCD matrix [A]of the intrinsic DUT structure can be extracted using
equation (12) through the matrix manipulation of the ABCD matrix [A] of the

DUT structure with the left- and right-side interconnections and the left- and
right-side GSG pad, as shown in Fig. 3-10(a). The proposed de-embedding method
can also be used with asymmetrical DUT structures by designing another through

dummy structure:

[Al = [Pieer 1"'[Thru LEFT "' [A]Thru RIGHT I [Prigur I (19)

3.1.3 De-embedding procedure
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The proposed de-embedding procedure involves the following steps:

1) Measurement of the scattering matrices of the transmission lines of
lengths L; and L,, the one additional through structure, and the DUT
structure, as shown in Figs. 3-1(a), 3-1(b), 3-10(b), and 3-5(a),
respectively.

2) Conversion of the scattered matrices of the transmission lines of lengths
L; and L,, the one additional through structure, and the DUT structure to
their ABCD matrices [TL, ],[TL, 1,[THRU], and [A'], respectively.

3) Calculation of the ABCD matrices of the left- and right-side GSG pads
[Peer] and [Py Isrespectively, using (8)-(15).

4) Calculation of the ABCD matrices of the left- and right-side through
[Thru, e ] and [Thrugg., ], respectively, using (18), and (14)-(15).

5) Calculation of the ABCD matrix[A] of the intrinsic DUT structure using

(19).

3.1.4 Simulation Results

A capacitor device is chosen as the subject of a study to compare with and
without via stack de-embedding methods. The schematic view of the capacitor
structure is designed as Fig. 3-11(a), and the cross-sectional view is illustrated as
Fig. 3-11(b), where the intrinsic capacitor is connected to the probe pads using the

low- to high-level metallization layer. The B-E cut is de-embedded using the via
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stack technique, while the D-E cut is de-embedded without the via stack technique.
As the ideal de-embedded data are known, the comparative results based on the
40% resistance ratio of the B-D cut over B-E cut are shown in Fig. 3-12. It can be
seen that there 1s an obvious improvement in accuracy and capacitance

performance using the via stack de-embedding method.

3.2 Experimental Results

3.2.1 Comparative results of de-embedding techniques

One open, one short, and two microstrip transmission lines of lengths
L;=1000 um and L,=500 um were designed. The S-parameters of the transmission
line DUT structures were measured up to 50 GHz using an Agilent 8510C. The
proposed test structures were fabricated using 65nm RF-CMOS technology. The
results of a comparison of the proposed technique denoted as De-embedding L2L,
the Mangan’s method [49] denoted as De-embedding LS, an open-short
de-embedding technique denoted as De-embedding OS, and an EM simulation are
shown in Fig. 3-13. Less resistance and inductance values remain after the
conventional open-short de-embedding is performed. An extra grounded metal
strip of the short structure results in over de-embedding. The over de-embedding
phenomenon in both the x and y direction in the short dummy structure, as
illustrated in Figs 3-14 and 3-15, cannot be ignored, especially for large RF devices.

The transmission line suffers from over de-embedding significantly in the x

58



direction, as proven in Fig. 3-13, which reveals an adequate agreement between the
proposed de-embedding technique and EM simulation.

In general, the assumption for lumped-equivalent-circuit-model-based
techniques is valid only if the lengths of the DUT devices are much smaller than
the distances between portl and port2. However, this is not always true for larger
DUT devices and may result in over de-embedding when intrinsic device
performance is involved. Therefore, the proposed de-embedding technique can
address the problem of over de-embedding. Moreover, it can be considered to be
the best choice when larger DUT devices are involved, such as transmission lines,
inductors, and MOSFETs with larger widths. As the left- and right-side GSG pads
are extracted directly, in addition to-substrate coupling and contact effects provided
by a four-step de-embedding method [36], the proposed method accounts for the

discontinuity between the pad and interconnect.

3.2.2 The applications for the proposed de-embedding method and slow-wave
CPW transmission lines

Intrinsic slow-wave CPW transmission line structures with above and below
slot-type floating shields are placed on the inter-level metallization layers, as
shown in Fig. 3-16. They are the most appropriate RF device for the proposed
de-embedding methods involving the via stack de-embedding technique.

Two types of transmission lines were fabricated, as listed in Table 3-1,

including (1) a coplanar waveguide transmission line without shields (CPW) and (2)
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three slow-wave CPW transmission lines with slot-type floating shields (FSCPW1,
FSCPW2, and FSCPW3), as shown in Fig. 3-17. A slow-wave CPW transmission
line was designed where slot-type floating shields are located periodically both
above and below the CPW structure, and they are oriented transversely to the CPW
structure. For all the transmission lines listed in Table 3-1, the CPW structure 1is
formed on the eighth (M8) metal layer and the lower slot-type shields are created
on either the seventh (M7) or second (M2) metal layer. The CPW part has a
signal/ground line width of 10 um/10 um, with a 20 um space between the signal
and ground lines. The upper floating shields are formed on the ninth (M9) metal
layer with a fixed strip length.(SL) of 2 um and a fixed strip space (SS) of 2 um.
The SL of lower floating shields is-designed to be the minimum length required to
achieve a high performance with minimal eddy-current loss. The lower slot-type
floating shields are designed with the following dimension splits: (1) the SL on M7
1s 0.1 um and the accompanying SS is either 0.1 um or 0.9 um, and (2) the SL on
M2 is 0.1 um and the accompanying SS is 0.1 um.

The experimental results are obtained using the proposed de-embedding
technique. Fig. 3-18(a) shows that the attenuation loss of FSCPW3 is lower than
that of FSCPW1, because the dielectric thickness between the signal line on M8
and the floating shields on M2 is greater than the dielectric thickness between the
signal line on M8 and the floating shields on M7. These results indicate that the
currently prevalent opinion that highest-density shields are the best choice [9] is

not always true. As frequencies increase, lower density coverage FSCPW2 exhibits
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a lower attenuation loss than FSCPWI. In summary, the smaller the SL, and the
greater the thickness between the signal line and the floating shields, the lower the
induced attenuation loss will be obtained.

Fig. 3-18(b) shows that lower characteristic impedance can be achieved by
increasing floating shield density or by raising the position of the metal layer.
Characteristic impedance tuning by changing the metal density and the position of
the metal layer in the slot-type floating shields offers a new design approach.

The wavelength of a transmission line indicates whether or not the
transmission line design is compact. Therefore, the wavelengths of transmission
lines with a variety of slot-type floating shield designs are compared in Fig.
3-18(c). From this, it can be seen that the best choice is FSCPWI1 whose
wavelength is reduced to-1.19 mm; that is, by a factor of more than 3 when
compared to that of a conventional CPW transmission line with a wavelength of
3.58 mm. As a result, a reduction in silicon area of more than 66% can be achieved,
which demonstrates that this approach is potentially highly attractive for MMIC
applications.

B

An optimized design requires a good quality factor, such as Q = e where g
a

is the phase constant and « is the attenuation loss, and it should be used to judge
an overall trade-off between attenuation loss and wavelength. Guidelines for
designing a transmission line with a high quality factor are illustrated in Fig.
3-18(d). It can be seen from this that FSCPW1 is the most appropriate choice for

designs operating at frequencies below 50 GHz. As discussed above and
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demonstrated in the experiments, the lower the attenuation loss, the longer the
wavelength is usually obtained. Therefore, a designer must weigh up the pros and
cons between SL and SS dimensions together with metal layer positions in order to
design a suitable slow-wave CPW to achieve a functional circuit at the desired

operating frequency.

3.2.3 Optimized simulation for slot-type floating shields in transmission lines

The optimization of slot-type floating shields to reduce simultaneously
attenuation loss and wavelength is.performed.. Optimization analyses on SL, SS,
and the position of floating shields are conducted by analyzing the EM simulation
results. The density, R, of the slot-type floating shields is defined as follows:

R SL
SL+SS

Fig. 3-19(a) indicates that a higher effective relative permittivity is achieved
with a smaller SL, higher density R, and smaller dielectric thickness between the
signal line and the floating shields. When the attenuation loss is taken into
consideration, a minimized SL is the best choice for both effective relative
permittivity and attenuation loss performance. The optimization index of the

slot-type floating shields is defined as ¢, - o' in mm/dB, and Fig. 3-19(b) shows that

an optimized performance is achieved when the density R is equal to 0.33 (SL=1
um and SS=2 um) on M7. The optimized floating shields include a minimized SL,

medium density R, and high metal layer position. After the specification
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requirements for the attenuation loss is determined, the density of the slot-type
floating shields can be calculated. Consequently, the effective relative permittivity
can be predicted from the minimized SL and the density of the slot-type floating
shields. Since both SL and the SS can be adjusted in accordance with technology
scaling, a scaled slow-wave CPW can continue to offer lower attenuation loss and

higher effective relative permittivity.

3.3 Conclusion

Conventional de-embedding methods suffer from an over de-embedding
problem to which the proposed method offers a solution. In addition to the
substrate coupling and contact effects provided by existing four-step de-embedding
methods, the proposed method also accounts for the discontinuity between the pad
and interconnect. Current de-embedding techniques do not de-embed via stack
parasitic and the contribution of the proposed method becomes more important as

frequency increases. As  [Pier1,[Paerr ], [M, 1 and [M, Jcan be extracted, more

flexible de-embedding dummy structures can be created. Therefore, an additional
through structure can be designed to perform via stack de-embedding. The
proposed de-embedding method can be extended to other RF devices and, this will
allow for more accurate RF device characterization. Intrinsic slow-wave CPW
transmission line structures are placed on the inter-level metallization layers as
they are the most appropriate RF device for cascade-based de-embedding methods

involving the via stack de-embedding technique. The proposed floating slow-wave
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CPW transmission line where slot-type floating shields are located periodically
both above and below the CPW structure has a better quality factor of 15 at 50
GHz and a shorter wavelength, which results in a reduction of silicon area of more
than 66% when compared to that of conventional CPW transmission lines. In short,
a significant advantage for future technology scaling and RF circuit designing is

made available through the use of more suitable SL and SS dimensions.
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Metal Shield Layer |Strip Length (SL)| Strip Space (SS) | Shield Type

Name Transmission Line Type
CPW CPW No strip shields
FSCPWI1 | Floating slow-wave CPW M9, M7 0.1lum 0.lum floating
FSCPW?2 | Floating slow-wave CPW M9, M7 0.lum 0.9um floating
FSCPW3 | Floating slow-wave CPW M9, M2 0.lum 0.lum floating
Table 3-1. CPW-type transmission line structures
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Fig. 3-11. The connection between the low- and high-level metallization layers. (a) The
schematic view of the a capacitor structure, and (b) The cross-sectional view along the A- E cut.
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Fig. 3-16: A schematic view of a slow-wave CPW transmission line with above and below
slot-type floating shields.
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Fig. 3-17: A schematic view of a slow-wave CPW transmission line with above and below
slot-type floating shields.
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Fig. 3-18: A comparison of the measured transmission line performances for different floating
shields. (a) Attenuation loss versus frequency, (b) Characteristic impedance versus frequency, (c)
Wavelength versus frequency, and (d) Quality factor versus frequency.
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4 Conclusion and Future work

4.1 Conclusion

High performance slow-wave transmission lines with optimized slot-type
floating shields have been analyzed. It has been shown that the wavelength,
attenuation loss, and characteristic impedance can be adjusted by the SL, the SS,
and the metal layer position of the slot-type floating shields while retaining the
same area. A semi-empirical equation that can predict a rough value for the
effective relative permittivity has been presented: An optimization index of the
floating slow-wave CPW transmission lines has been developed to enable circuit
designers to expediently determine the most appropriate slot-type floating shields
to meet design specifications. The' designers: must ‘weigh among SL and SS
dimensions, as well as metal layer positions;to design a proper slow-wave CPW
with slot-type floating shields with a good quality factor to achieve a functional
circuit at the operating frequency. The proposed floating slow-wave CPW
transmission line has a higher effective relative permittivity value of up to 51 at 50
GHz, and a better quality factor of 17 at 33 GHz as compared to conventional
CPW transmission lines. Moreover, a wavelength as short as 0.85 mm at 50 GHz
has been obtained, which results in a saving in silicon area of more than 67%.

Conventional de-embedding methods suffer from an over de-embedding

problem to which the proposed method offers a solution. In addition to the
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substrate coupling and contact effects provided by existing four-step de-embedding
methods, the proposed method also accounts for the discontinuity between the pad
and interconnect. Current de-embedding techniques do not de-embed via stack
parasitic and the contribution of the proposed method becomes more important as

frequency increases. As  [Pier1,[Pyer 1> [M, ] and [M ]can be extracted, more

flexible de-embedding dummy structures can be created. Therefore, an additional
through structure can be designed to perform via stack de-embedding. The
proposed de-embedding method can be extended to other RF devices and this will
allow for more accurate RF device characterization. Intrinsic slow-wave CPW
transmission line structures ate placed on the mter-level metallization layers as
they are the most appropriate RF device for cascade-based de-embedding methods
involving the via stack de-embedding technique. The proposed floating slow-wave
CPW transmission line where periodically slot-type floating shields are located
both above and below the CPW ‘structure has a better quality factor of 15 at 50
GHz and a shorter wavelength which results in a reduction of silicon area of more
than 66% when compared to that of conventional CPW transmission lines. In short,
a significant advantage for future technology scaling and RF circuit designing is

made available through the use of more suitable SL and SS dimensions.

4.2 Future Work

Measurement and simulation can be carried out for the frequency up to 110

GHz. The eddy-current loss plays a major role at high frequencies, and it is worth
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mentioning that the eddy-current loss in conductors is roughly proportional to the
square of the frequency. Therefore, it can be expected that the attenuation loss will
increase obviously, better optimization for the slot-type floating shields is needed
for the frequencies above 50 GHz.

Further investigations into optimized passive performance and accurate
de-embedding techniques are critical to RF circuit design. Transmission lines are
important elements in microwave circuit applications as these devices provide the
interconnection between active and passive devices in microwave circuits, and are
also utilized as impedance matching elements. The CPW structures and MS line
structures suffer from incomplete shields, and a significant portion of the
electromagnetic field is confined to-the dielectric region between the signal and the
ground. However, the loss-will be induced if the shields are not complete or the
shield design is not optimized. The coaxial transmission line includes a signal line
and, a top and a bottom slot-type/shield surrounding the signal line and therefore.
Since the shields are complete, the signal line can be isolated from the external
environment and any unwanted crosstalk will be reduced, as shown in Fig. 4-1.
Therefore, the coaxial transmission line will show a better dummy metal immunity
and a lower attenuation loss compared to incomplete shielded transmission lines.
Usually, the inter metal dielectric thickness is constrained by CMOS technologies,
and the characteristic impedance range is controlled mainly by the limited height
from the signal metal to the shield metal layer. Therefore, coaxial transmission

lines with the tunable characteristic impedance and the slow-wave feature are
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designed. A strip metal shield creates the slow-wave feature, while an adjustment
of the position of the two parallel conductors allows the characteristic impedance
range to be tuned. In addition, the formation of the coaxial transmission lines is
highly compatible with existing CMOS processes. However, further investigations
into optimized coaxial transmission structures with slot-type floating shields and
slot-type grounded shields are needed before they can be considered for practical
applications. Optimization can be achieved by the strip length, the strip space, and
the metal layer position of the top and bottom slot-type shields while retaining the
same area. Moreover, more investigations and developments on novel transmission
line structures are required to meet the circuit design.applications.

The proposed de-embedding technique 'is developed to overcome the
shortcomings of the current Ilumped-equivalent-circuit-based de-embedding
methods. Since the assumption in the additional through structure design limits the
applications to all kinds of RF DUT layout style, further investigation on
de-embedding techniques is needed to obtain accurate intrinsic device performance
for frequencies up to 110 GHz or higher. If the left-side transmission line of length

L [TL, 1, and the right-side transmission line of length L [TL ], as showin in

Fig. 4-2(c), is calculated without any assumption restrictions, it would be helpful to
obtain more accurate RF device characterization. The reduction in the parasitic
contribution to the surrounding parasitics on intrinsic devices in on-wafer RF DUT
structures becomes increasingly important because the intrinsic capacitance,

resistance, or inductance may be reduced with the continuous downscaling of the
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intrinsic device dimensions. Since the parasitics exist in terms of capacitance,
resistance, or inductance, the design of the minimum parasitics for de-embedding
dummy structures is necessary in order to improve de-embedding accuracy, and
this is the general design guideline for proper dummy structures. After designing
the proper dummy structures, small device de-embedding techniques can be further

conducted.
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