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On-chip Inductor Model Development and Applications in

RF CMOS Circuit Simulation and Design

Student:Teng-Yang Tan Advisor:Dr. Jyh-Chyurn Guo

Department of Electronic Engineering and Institute of Electronics

National Chiao Tung University

Abstract

In recent decade, the fast progress'of deep-submicron CMOS technology is
driving the realization of system-on<a-chip (SoC). RF CMOS has become an viable
solution for communication SoC due to _the.intrinsic advantages of high integration,
low cost, high speed, and low power, etc. However, for the development of RF CMOS
products, lack of accurate and scalable RF device models has been a major
roadblock. The challenges of RF CMOS device model development come from the
complicated electromagnetic coupling and energy loss effects originated from the
semi-conducting substrate of bulk Si. On-chip inductor model is among the most
challenging topics in the area and stimulates our motivation of this work.

In this work, a new equivalent circuit model named as T-model has been
developed for single-end spiral inductor to accurately simulate broadband
characteristics. The spiral coil and substrate RLC networks built in this model play a
key role responsible for conductor loss and substrate loss effects in the wideband

regime. The mentioned phenomena cannot be accurately simulated by the existing



inductor models such asm-model. The simple T-model has been successfully
extended to 2-T model for symmetric and differential inductors, which become very
popular in key RF circuits such as mixer, VCO, and LNA, etc. The model accuracy has
been proven by good match with measured S-parameters, Re(Zin(®)), and Q(w») over
broadband of frequencies up to 20 GHz. Besides the broadband feature, scalability is
justified by the good agreement with a linear function of coil numbers for all model
parameters. A parameter extraction flow has been established through equivalent
circuit analysis to enable automatic parameter extraction and optimization. This
scalable inductor model can facilitate optimization design of on-chip inductor and the
accuracy proven up to 20 GHz can improve RF circuit simulation accuracy demanded

by broadband design.
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Chapter 1

Introduction

1.1 Research Motivation

Wireless communication has been one of major driving force for accelerated
semiconductor technology progress in the current electronic industry. High frequency
IC product developed for the demand of mobile communication, wireless data/voice
transmission is an even more important application for global semiconductor
manufacturers. Moreover, it fueled larger demand for low cost, high competitive,
portable products for current market.

Monolithic inductors have been commonly used in radio frequency integrated
circuits (RFICs) for wireless communication systems such as wireless local area
networks, personal handsets, and global position-systems. The inductor is a critical
device for RF circuits such as voltage-controlled oscillators (VCO), Impedance
matching networks and RF amplifiers. Its characteristics generally crucially affect the
overall circuit performance. However, to meet the increasingly stringent requirements
driven by advancement of wireless communication systems, the characteristic of
conventional monolithic inductive components is too poor to be used. In order to
conform market requirement and achieve system-on-a chip (SoC), the CMOS,
BiCMOS, and SiGe technologies are inevitable and passive components must be
integrated. Even though SiGe or BICMOS technologies may offer better performance,
lower power, and lower noise, the much higher process complexity and fabrication

cost limit their applications in consumer and communication products, which are very



cost sensitive. Therefore, we focus our research on CMOS due to its higher

integration and lower cost.

Besides, the circuit designers generally have critical concern about the accuracy of
simulation models for active and passive components. As a result, an accurate RF
device model suitable for various manufacturing technologies is strongly demanded.
The mentioned requirement triggers our motivation of this work to build an accurate
and scalable model for on-chip spiral inductors in RF circuit applications. Besides the
accuracy and scalability, a reliable de-embedding method and an efficient model
parameter extraction flow are the primary goals of this work. The accurate extraction
of intrinsic device characteristics is prerequisite to accurate modeling while the
challenges become tougher for miniaturized devices. An efficient model parameter
extraction flow can be automated through commercial extraction tool to expedite the

model extraction and optimization.

1.2 Thesis Organization

The theme of this thesis is the development of an accurate and scalable on-chip
inductor model applicable for RF circuit simulation and design over broadband up to
20 GHz and beyond. In Chapter 2, | will discuss the existing issues for current inductor
models, e.g. i-model. Also, | will introduce briefly the application of pi-model which
is used to build in passive model.

In Chapter 3 and Chapter 4, | will focus on the development of a broadband and
scalable model for on-chip Inductor. Both single-end and symmetric inductors have
been covered in this work. A new symmetric inductor of fully symmetric layout as well

as taper metal line have been fabricated and a new de-embedding method has been



derived to realize accurate extraction of the intrinsic device parameters. A parameter
extraction flow has been established through equivalent circuit analysis to enable
automatic parameter extraction and optimization. The equivalent circuit, physics
phenomenon that is observation from 3D EM simulation, and analysis of extracted
parameters will all be explained in these chapters. According to above concepts, we
will design new model to present different inductor at the high frequency
characteristics. We also improve asymmetrystructures for spiral and conventional
symmetry inductor between the S11 and Sz,. But it can decrease the quality factor (Q)
and self-resonant frequency (fsr). So we will design taper inductor to increase quality
factor. For the above reason, how to improve the characteristics of passive devices
and achieve low cost and high competition simultaneously is worth trying.

In Chapter5, the lump-element:equivalent circuit verified and analyzed by ADS
circuit simulator is to simulate circuit'level for.different inductor modification.

Chapter7 is discussed the future work-and Appendixes related to analytical formula
for lump-element equivalent circuit. Qur analysis and inference will be verified through
ADS simulation result for equivalent circuit. And we gives the conclusions to this work

and its development in the future.



Chapter 2
Review on Existing Inductor Models

— Remaining Issues

2.1 Requirements for inductor models for RF circuit

simulation

The rapid growth of the wireless communication market has fueled a large
demand for low cost, high competitive, portable products. Traditionally, radio systems
are implemented on the board level' incorporating a lot of discrete components.
Recently, compared with discrete and hybrid designs, the monolithic approach offers
improved reliability , lower cost and smaller size, broadband performance, and design
flexibility. In conventional design,“bonding wires having a relatively high Q were used
to replace on-chip inductors. However, the bonding wires generally suffer worse
variations in inductance value because that they cannot be as tightly controlled as the
on-chip inductors implemented by integrated circuit process. Recent advancement in
silicon based RF CMOS technology can provide RF passive components such as
inductors with fair performance suitable for analog and RF IC design up to several
giga-hertz, then it can be integrated on a chip to match market demands. Therefore,
an accurate on-chip RF passive device model applicable for circuit simulation and
design becomes indispensable and the mentioned requirement triggers our motivation
of this work.

Extensive research work has been done to investigate inductors of various layouts

and topologies such as spiral inductor, conventional symmetric inductor, and fully



symmetric inductors of single-end and differential configuration. All the mentioned
inductors have been fabricated on semi-conducting Si substrate for measurement,
characterization as well as model parameter extraction for circuit simulation model
development. In this chapter, we will introduce existing inductor models targeted for Si
based RF circuit simulation. Comparison will be done for various models in terms of
accuracy and bandwidth of validity, scalability and geometry of validity as well as

model parameter extraction methodologies, etc.

2.2 Analysis and comparison of existing models

Monolithic inductors have drawn incréasing interest for applications in radio
frequency integrated circuit (RE 1Cs), such as low noise amplifier (LNA), voltage
controlled oscillator (VCO), Mixer , input-and output'match network. It is believed that
SoC approach can provide benefit of [ower cost, higher integration, and better system
performance. However, some inherent limitations originated from the low resistivity
substrate of bulk Si should be overcomed through effort in process technology and
layout or new configurations in circuit operation, e.g. differenentially driven instead of
single end operation. To facilitate the RF circuit simulation accuracy and prediction
capability, the physical limitation coming from substrate loss, conductor loss, and the
mutual interaction should be carefully considered and implemented in the circuit level
models. The physical mechanisms, which are well recognized for on Si chip inductors
include eddy currents on spiral metal coils and semiconducting substrate due to
instantaneous electromagnetic field coupling, crossover capacitance between the
spiral coils and under-pass, coupling capacitance between monolithic inductor and

substrate, substrate capacitance and substrate ohmic loss, etc. In the following, the



discussion on mentioned model features will be provided.

2.2.1 Accuracy and bandwidth of validity

The lack of accurate model for on-chip inductors presents one of the most
challenging problems for silicon-based RF IC design. In conventional IC technologies,
inductors are not considered as standard components like transistors, resistors, or
capacitors, whose equivalent circuit models are usually included in the Spice model
for circuit simulation. However, this situation is rapidly changing as the demand for RF
IC’s continues to grow. Various approaches for modeling inductors on silicon have
been reported in past decade. Most, of these models are based on numerical
techniques, curve fitting or empirical formulae. and therefore are relatively inaccurate
for higher frequencies. For maonolithic inductor design and optimization, a compact
physical model is required. The  difficulty:-of physical modeling stems from the
complexity of high frequency phenomena: such as the eddy currents in the coil
conductor and semiconducting substrate as well as the substrate loss in the silicon.
The key to accurate physical modeling is firstly to identify all the parasitic and loss
effects and then to implement a physics based model for simulating the identified
parasitic and loss effects. Since an inductor is intended for storing magnetic energy,
the inevitable resistance and capacitance in a real inductor are counter-productive
and thus are considered parasitic effects. The parasitic resistances dissipate energy
through ohmic loss while the parasitic capacitances store electric energy. A traditional

equivalent circuit model of an inductor generally called r-model is shown in Fig. 2.1
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Figure 2.1 (a) Top (die photo);Middle, 3-D view (b)the lumped physical model of a

spiral inductor on silicon



The inductance and resistance of the spiral and underpass is represented by the
series inductance, Ls, and the series resistance, Rs, respectively. The overlap
between the spiral and the underpass allows direct capacitive coupling between the
two terminals of the inductor. The feed-through path is modeled by the parallel
capacitance, C,. The oxide capacitance between the spiral and the silicon substrate is
modeled by Cox. The silicon substrate capacitance and resistance are modeled by Csg;
and Rg. There are several sources of loss in a monolithic inductor. One relatively
obvious loss comes from the series winding resistance. This is because the
interconnect metal used in most CMOS processes. The DC resistance of the inductor
is easily calculated as the product of this sheet resistance and the number of squares
in the metal strip. However, at high frequencies the resistance of the strip increases
due to skin effect, proximity effect and current crowding. The substrate loss will
increase with frequency due {o the dissipative currents that flow in the silicon
substrate. In fact, there are two different physical mechanisms that cause the

induction of these currents and oppaosition flux.

Although physical considerations are included in such a structure, the original t-model

lacks the following import feature:

1. Strong frequency dependence of series inductance and résistance as a result of
the current crowding in the crowding

2. Frequency-independent circuit structure that is compatible with transient analysis
and broadband design

3. It is difficulty to match high frequency behaviors, especially for thick metal case

where metal-line-coupling capacitance is not negligible and substrate loss.

According to above theory and original t-model, we modify r-model for on-chip spiral



inductors over again to fit measurement data. Moreover, we add two new element R,
and Lsyp to improve above third item, as shown figure 2.2. A parallel R; is to simulate
current crowding in coil’'s RLC network and series Lsubq, are placed under the Cox12
to be represent eddy effect in the substrate RLC network. In order to verify the
accuracy of the modify n-model, spiral inductors with various geometrical
configurations were fabricated using 0.13 um eight-metal CMOS technology. To

assess the model validity, we compare difference with model and measurement.

Rp
AL
= e a
Ls Rs
YY" AAN,
Cox1 —— — Cox2
Lsub1 Lsub2
—— Csub Rsub —— Csub

Figure 2.2 Modify n-model for on-chip spiral inductors.

Figure 2.3 and 2.4 show the measured and modeled S-parameters, mag(S,1) and
phase(S21) for a varying coil number of turns. As can be seen from these figures, the
S-parameters of model match the measured data worst, especially a lager turn (N=3.5,

4.5, 5.5) at the high frequency. Figure 2.5 (a) ~ (d) reveal the exact match of Mag(S++)



for smaller coils (N= 2.5, 3.5) over full frequency range up to 20GHz, but the other
figure 2.6 shows enormous error of phase(S+4). Due to above match condition, modify
n-model may be not suit to simulate measured S-parameters for spiral inductors.
Besides, we also make comparison with performance parameters for spiral inductor,
i.e., L(o), Re(Zin(®)), and Q(w). From figure 2.7 ~ 2.9 illustrates, we find that the modify
n-model provides very good match with the measurement for L(w), Re(Zin(®)), and
Q(w) before self-resonance frequency. According to above comparison, modify
n-model may be not simulate all parameters of spiral inductors and maybe can
simulate certain specific parameters, especially L(®), Re(Zin(®)), and Q(w). Hence, in
the following chapter, we will change equivalent circuit structure over again. We use
3D EM simulation by Ansoft HFSS to simulate on-chip inductor and discover truly

conforms to the physics significance parameter to establish new equivalent circuit.
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spiral inductors. Coil numbers (a) N=2.5, (b) N=3.5, (c) N=4.5, (d) N=5.5
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spiral inductors. Coil numbers (a) N=2.5, (b) N=2.5, (c) N=3.5, (d) N=4.5

2.2.2 Scalability and geometries of validity

There are various geometries available for a monolithic inductor to be implemented,

e.g. rectangular, hexagonal, octagonal, and circular as shown in figure 2.10.

(b)

(c) (d)

Figure 2.10 Spiral inductor geometries.

Electromagnetic (EM) simulation can help to verify the layout geometry effect on

inductors and the results suggest that circular spiral can provide the best performance
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in terms of higher quality factor and smaller chip area. The mechanism responsible
for the improved performance realized by circular spiral comes from the reduced
current crowding effect. The circular inductor as shown in figure 2.2 (d) can place the
largest amount of conductor in the smallest possible area, reducing the series
resistance and parasitic capacitance of the spiral inductors. However, one major
drawback of the circular structure is its layout complexity. It is because that its metal
line consists of many cells rotated with different angles. In general, specific coding is
required to generate this structure by layout tools.

In fact, a good model is developed to accurately simulate the broadband
characteristics of on-Si-chip for different geometries of the inductive passive
components, up to 20GHz. Besides the broadband feature, scalability is justified by
good match with a liner function of geometries of the inductive passive components
for all model parameters employed in the RLC network. The satisfactory scalability

manifest themselves physical parameters rather than curve fitting.

2.2.3 Model parameter extraction flow and automation

Which a new model or a conventional model has been developed to accurately
simulate the broadband characteristics, its all the unknown R, L,C parameters haven’t
been determined initial value. So we must establish a parameter extraction flow
through equivalent circuit analysis to determine initial guess value and to enable
automatic parameter extraction and optimization. All the unknown R,L,C parameters
are extracted from analytical equations derived from different equivalent circuit
analysis. We can use Z-matrix and /or Y-matrix to extract all parameters. Above

extraction and optimization principle, we use some principle to define a set of
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analytical equation from measurement and to generate all unknown parameters at the
equivalent circuits. Due to the necessary approximation, the extracted R,L,C
parameters in the first run of low are generally not the exactly correct solution but just
serve as the initial guess or further optimization through best fitting to the measured

S-parameters, L(»), Re(w), and Q(w).
2.3 Model enhancement strategies

The lack of an accurate and scalable model for on-chip inductors becomes one of
the most challenging problems for Si-based RF IC design. The existing models suffer
two major drawbacks in terms of accuracy for limited bandwidth and poor scalability.

Many reference publications reported improvement on the commonly adopted
n-model by modification on the equivalent circuit schematics. However, limited band
width to few gigahertz remains an issuejformost of the modified n-models. A two
n-model was proposed to improve the ‘accuracy of R(o) and L(w) beyond
self-resonance frequency. Unfortunately, this two' n-model suffers a singular point
above resonance. Besides, the complicated circuit topology with double element
number will lead to difficulty in parameter extraction and greater time consumption in
circuit simulation. Recent work using modified T-model demonstrated promising
improvement in broadband accuracy and suggested the advantage of T-model over
n-model. However, the scalability of model’s major concern was not presented. To
solve the mentioned issues, a new T-model was proposed and developed in this work.
This T-model is proposed to realize two primary features, i.e., broadband accuracy
and scalability. The T-model is composed of two RLC networks to account for spiral
coils, lossy substrate, and their mutual interaction. Four physical elements, Rs Ls Rp
and C, are incorporated to describe the spiral coils above Si substrate and other

elements. All the physical elements are constants independent of frequencies and can
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be expressed by a close form circuit analysis on the proposed T-model. Parameter
extraction and optimization can be conducted with an initial guess extracted by
approximation valid for specified frequency range.

All the model parameters manifest themselves with predictable scalability w.r.t. coil
numbers and physical nature. A parameter extraction flow has been established to
enable automatic parameter extraction and optimization that is easy to be adopted by
existing circuit simulators like Agilent ADS or parameter extractor such as Agilent
IC-Cap. The model accuracy over broadband is validated by good agreement with the
measured S-parameters, L(W), Re(Zin(W)), and Q(W) up to 20GHz that this scalable
inductor model can effectively improve RF circuit simulation accuracy in broad

bandwidth and facilitate the design optimization using on-chip inductors.

2.4 Fundamental of quality factor for an inductor

For an ideal inductor free from"energy loss due to parasitic resistance and

substrate coupling effect, the magnetic energy stored can be given by (2.1),

1. .
E =§|—'f 2.1)

Where i,_ is the instantaneous current through the inductor.

From (2.1), the peak magnetic energy stored in an inductor in sinusoidal steady

state is given by,

2

M

E
20°L

(2.2)

peak inductor

1
zauhf:

Where “L‘ and ‘VL‘ correspond to the peak current through and the peak voltage

across the inductor.
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The quality factor (Q) of an inductor is a measure of the performance of the

elements defined for a sinusoidal excitation and given by,

energy stored » energy stored
energy loss per cycle average power loss

Q=2r (2.3)

The above definition is quite general which causes some confusion. However, in
the case of an inductor, energy stored refers to the net peak magnetic energy.

To illustrate the determination of Q, consider an ideal inductor in series with a
resistor in Figure 2.11. This models an inductor with resistance in the winding.

Vs
+ Ls Rs -
O Y YV AAA, 0

-

Is

Figure 2.11 Inductor with-a series resistance

Since the current in both elements is equal, we use the equation for the peak

magnetic energy in terms of current given in (2.2) to write,

peak magnetic energy stored
energy loss per cycle

Q=27

1, 2
27 2“3‘ - =a)LS

1\ LR R
2 (2.4)
where
27
— =
T

Where 1 is the period of the sinusoidal excitation
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Note that the quality factor of an inductor with a lossy winding increases with
frequency. Also note that as the resistance in the inductor decreases, the quality of the
inductor increases and in the limit Q becomes infinite since there is no loss. Using the
above procedure, the quality factor of another pure lossy inductor can be determined.

We repeat the detail in the following.

Vv
T
_|_ P
[, —
Ip

Figure 2.12 Inductor with.a parallel resistance.

Since the voltage in both elements is equal, we use the equation for the peak
magnetic energy in terms of voltage given in (2.2) to write,
5 peak magnetic energy stored

energy loss per cycle

2

Vo
2
20°L,

Q=

=27 >
‘Vp‘f (2.5)
2a)2RIO

Where 71 is the period of the sinusoidal excitation
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The definition of quality factor is general in the sense that it does not specify what
stores or dissipates the energy. The subtle distinction between an inductor and an LC
tank Q lies in the intended form of energy storage. For example, only the magnetic
energy stored is of interest and any electric energy stored because of some inevitable
parasitic capacitance in a real inductor is counterproductive. Therefore, the Q of an

inductor is proportional to the net magnetic energy stored and is given by,

Q o peak magnetic energy stored
nducter energy loss per cycle
o peak magnetic energy stored-peak electric energy (2.6)
energy loss per cycle

An inductor is said to be self-resonantswhen the peak magnetic and electric
energies are equal. Therefore, Q of an inductor vanishes to zero at the self-resonant
frequency. At frequencies above. the self:resonant, no net magnetic energy is

available from an inductor to any external circuit. In contrast, for an LC tank, the Q is

defined at the resonant frequency @, , and the energy stored term in the wxpression

for Q given by (2.3) is the sum of the average magnetic and electric energy. Since at

resonance the average magnetic and electric energies are equal, so we have,

average magnetic energy + average electric energy|
energy loss per cycle

Qinductor = 27[

‘w:wo

. . (2.7)
o peak magnetic energy | o peak electric energy |

energy loss per cycle ‘a):a) energy loss per cycle‘w:w

The average magnetic or electric energy at resonance for sinusoidal excitation is
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1 2 1 2
ZL“L‘ ZZC’VC‘ which are half the peak magnetic energy given by (2.2) Lets

look at the parallel RLC circuit of figure 2.5 to clarify its inductor and tank Q.

Figure 2.13 Parallel RLC circuit.

The quality factor of the inductor is calculated as follows,

_9 peak magnetic energy - peak electric energy

Qinductor = energy loss per cycle
‘Vp‘z ——C \/ 7—a)C
) 20° L, ‘ ‘ C‘)L
=27
‘Vp‘ T 5 oo

where the resonant frequency @

R

P
Here ol accounts for the magnetic energy stored and ohmic loss of the parallel
p

resistance in figure 2.4. The second term in equation 2.8 is the self-resonance factor

describing the reduction in Q due to the increase in the peak electric energy with
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frequency and the vanishing of Q at the self-resonant frequency. In the parallel RLC
circuit, V. = V¢ = Vpwhich is depicted in the figure 2.5. Note that in each quarter cycle,

when energy is being stored in the inductor, it is being released from the capacitor and

vice versa. As o increases, the magnitude of ||_ decreases while the magnitude of

Ic increases until they become equal at the resonant-frequency o, so that an equal

amount of energy is being transferred back and forth between the inductor and

capacitor. At this frequency, Qinductor given by equation 2.8 is zero. As ® increases

above wg, the magnitude of |L becomes increasingly more negative. That is, as the

previous mention, no net magnetic energy is available from an inductor to any

external circuit at frequency above @y iiThe inductor is capacitive in nature, and

Qinductor given by (2.8) is negative. Now using (2.7)to calculate the tank Q we have

peak magnetic energy\

Qtank = 27[
energy loss per cyle \wzw
2
Vel
20°L R
=2r———— =—= =g,R C, (2.9)
‘Vp‘ L,
T il
2R, |1 NG

Note that the tank Q isn’t zero unlike the inductor Q which is zero at resonance.
Also, note that the same result can be derived using the ratio of the

resonant-frequency to -3 dB bandwidth as follows,
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Q ank — oy
t BW—3dB f=f,
f R,
- __r (2.10)
1 N o,R,C,
27Z'RpCp 1 Ci

(2.9) and (2.10) are the same as we expect.

Both Q definitions discussed above are important, and their applications are
determined by the intended function in a circuit. While evaluating the quality of on-chip
inductors as a single element, the definition of inductor quality given by (2.6) is more
appropriate. However, if the inductor is being used in a tank, the definition given by
(2.7) is more appropriate.

Figure 2.6 shows a real inductor.can be replaced by a parallel RLC circuit of

n-model.
| LCP
* ! 1
Ls Rs —
= _JW

Cox1 —— — Cox2

Rsub< —T— —_
» Csub Rl Csub

Zin L .

=1/Yin - = =

Figure 2.14 Alternative method for determining the Q in real inductors.

In contrast with (2.8), it can be easily determined that the real inductor quality
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factor of a parallel RLC circuit is given by the negative of the ratio of the imaginary part
to the real part of the input admittance, namely the ratio of the imaginary part to the
real part of the input impedance. The above statements are summarized in (2.11) and
are appropriate for determining the Q of inductors from simulation or measurement

results.

Quanic = - m}=— N (2.11)
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Chapter 3
Broadband and Scalable On-chip Inductor Model

3.1 Broadband accuracy for on-chip inductors

In silicon-based radio-frequency (RF) integrated circuits (ICs), on chip spiral
inductor are widely used due to their low cost and ease of process integration. As a
necessary tool for circuit design, equivalent circuit models of spiral inductors, using
lumped RLC elements, efficiently represent their electrical performance for circuit
simulation with other design components., Compared with the generic 3D
electromagnetic field solver (e.q., HESS) or other 2.5D electromagnetic field solver
(e.q., ADS Momentum), a lumped equivalent-circuit model dramatically reduces
computation time and supports rapid ‘performance optimization. On the other hand,
model inaccuracy, which stems from the complexity of on-chip inductor structures and
high-frequency phenomena, presents one of the most challenging problems for RF IC
designers.

Current equivalent-circuit approaches simply represent the inductor as a lumped
circuit and n-model is one of examples. n-model includes series metal resistance and
inductance, feedthrough capacitance, dielectric isolation, and substrate effects. A
physical model is proposed to capture the high-frequency behavior as shown in Fig.
3.1. Herein, the spiral inductor was built on Si substrate where the high-frequency
behavior is complicated due to semi-conducting substrate nature. The conventional
n-model reveals limitation in broadband accuracy due to some neglected effects such

as eddy current on substrate. In order to overcome this disadvantage, 3D EM
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simulation was done using HFSS to investigate the lossy substrate effect. Following
the HFSS simulation results, a new T-model has been developed to accurately

simulate the broadband characteristics of on-Si-chip spiral inductors, up to 20 GHz.

S
I/’
I/,
2 P
r-/_ e -’76, -------
T G 8
L7 substrate

Figure 3.1 Conventional =-model

3.1.1 Simulation tool and simulation method

Some electromagnetic (EM) field simulators are used, like sonnet, microwave
office, HFSS and ADS Momentum to predict the component characteristics such as
S-parametera, quality factor, and self-resonant frequency. However, we found that the
simulation time of HFSS for 3D is slower than the others. Because it can estimate the
magnetic substrate eddy current effect, we can obtain more accurate S-parameter.
ADS Momentum EM simulation is a planar full-wave EM solver that can calculate the
fields in the substrate and the dielectric and spend less time, but this simulation tools
for 2.5D is less accurate than HFSS. Thus, the capacitance between the spiral

windings and the eddy current in the windings are not modeled. The advantage of
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these EM simulators is that they can report their simulation results in S-parameters.
These results can then be numerically fitted to the circuit model. But in general, it is
desirable to simulate circuits with these components by directly using the
S-parameters extracted from the EM simulator or measured from the instruments.
This is because a number of the component values in this circuit model vary with
frequency due to the skin effect, substrate loss and so on.

For the mentioned reason, the fast and adequately accurate simulation program is
strongly demanded. In order to predict the frequencies corresponding to Qmax and
self-resonance (fsr), the amount of the parasitic capacitance should be predicted
accurately. Due to the requirement, we select HFSS for EM simulation and analysis in

this work.

Effective

& \

Effective Oxide
\ Al gonelusigr B
Silicon ms*de

Substrate

Figure 3.2 layer stackup simulation by HFSS
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Spiral inductors were fabricated by 0.13um back end technology with eight layers
of Cu and low-k inter-metal dielectric (k=3.0). The top metal of 3um Cu was used to
implement the spiral coils of width fixed at 15um and inter-coil space at 2um. The
inner radius is 60um and outer radius is determined by different coil numbers N=2.5,
3.5, 4.5, 5.5 for this topic. The physical inductance achieved at sufficiently low
frequency are around 1.96~8.66nH corresponding to coil numbers N=2.5~5.5.
S-parameters were measured by using Agilent network analyzer up to 20 GHz and
de-embedding was carefully done to extract the truly intrinsic characteristics for model
parameter extraction and scalable model build up. In Figure 3.2, it is clear that HFSS
simulation environment is a solid structure. In HFSS simulation window, it can’t
simulate 0.13um back end technology with eight layers of Cu and low-k inter-metal

dielectric (k=3.0), so we must make some modifications for simulation setup.

Metal2 Metal2
Er(n),d(n)

Er(eff),d(total)

er2,d2
er1,d1
Metal1 Metal1

Figure 3.3 effective oxide dielectric constant equivalents from M1 to M2

From Figure 3.3, we give an example for dielectric constant equivalent from Metal-1 to
Metal-2. In 0.13um back end technology, the inter-metal dielectrics is a complex layer

structure of various dielectric constants. In order to simplify these layers, we make two
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series capacitances be equal to one capacitance. We use above theory to extend

complex type and show the formula as follows

Dot :Zdi (3.1)
i=1

-1

n di
& et = Deg X(Z—} (3.2)

i=1 &y

Where g, is relative permittivity and d; is thickness

In the layout of the inductor, to prevent flux radiation to cause flux degradation in the
center area, we generally plot ground ring to protect flux radiation. As shown in Fig 3.4,
in order to simulate ground ring by :HESS, we_ could setup ground ring material for
PEC to decrease the loss. Adopting the described simulation method, we will discuss

T-model build-up for single-end spiral’ inductor in the next section.

Ground ring will
contribute
inductance and
loss. So ground
ring material use
PEC to decrease
loss from ground
ring.

Ground ring

Lump port Ground ring material is PEC

Figure 3.4 Ground ring setup by HFSS
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3.1.2 Conductor and substrate loss effect — model and

theory
— =
S YA ord
NN

Figure 3.5 Layout of convention single-end.spiral inductor

There are several sources of1oss ‘in a single-end inductor. The DC resistance of
single-end inductor is easily calculated as the product of this sheet resistance and the
number of squares in the strip. However, at higher frequencies the resistance of the
strip increases due to the skin effect and current crowding. Moreover, substrate losses
increase with frequency due to the dissipative currents that flow in the silicon
substrate. According to Maxwell equation, there are tow different mechanisms that
cause the induction of these loss effects. One is the capacitive coupling between the
strip and the substrate induces display current, namely electric substrate losses. The
other is the magnetic is the magnetic coupling caused by the time varying magnetic
field linked to the strip induces e tr the strip and in the inner turns of

trom 3.3) and (3.4) of Maxwell equation,

the strip, namely magnetic substra e losses

we can show above theory.
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VxE=—— (3.3)

jijE.ds”:—%U BedS

o (3.4)
gS Eedgi=_2®
c ot

Figure 3.5 show the electric and magnetic substrate losses of single-end spiral

inductor. The magnetic field @ extends around the windings and into the
substrate. Faraday’s Law states that this time-varying magnetic field will induce an
electric field in the substrate. This field will force an image current to flow in the
substrate in opposite direction of the current in the winding directly above it. The
magnetic field will not only penetrate into'the substrate but also into the other windings
of the coil. The effect causes the inner turns of:thestrip to contribute much more loss
to the inductor while having -a minimal impact on the actual inductance. This
phenomenon is sometimes referred.to'as current crowding.

For on-chip single-end spiral inductors, the line segments can be treated as
microstrip transmission lines. In this case, the high frequency current recedes to the

bottom surface of the wire, which is above the ground plane. Please see figure 3.6.

Figure 3.6 cross section for single-end spiral inductor coils

31



The attenuation of the current density (J in A/M?) as a function of distance (y)

away from the bottom surface can be represented by the function

Y
J=J,xe° (35)

The skin depth (5 ) shows below equation 3.6

2

5= |——
P (3.6)

The current (| in A) is obtained by integrating J over the wire cross-sectional area.

Since J only varies in the y direction, | can be calculated as

i:LJOd§
y

:Id Jixe o xwedy
0 (3.7)
d

= Jws(l-¢e 9)
Where d is the physical thickness of the wire: The last term in equation 3.6 can be

defined as an effective thickness
d

dg =5(—e ?) (3.8)

The dc series resistance, Rdc, can be expressed as

Roc =Ry — (3.9)

The series resistance, Rs, can be expressed as

R, = |

S

K (3.10)
owS(l—e %)

We can use Taylor's expansion, so we can obtain Rs ZRDC at the low

frequencies. At the higher frequencies, we will include skin effect depended on
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frequency in the (3.10).
Regarding to substrate effect, we use 3D simulation tools, for example, HFSS to
simulate current flow direction on the substrate surface to verify above theory. The

simulated current flow expressed by vectors is shown in figure 3.7

0rem

Background : X-Y plane

Figure 3.7 simulate eddy current on the substrate surface by HFSS

Figure 3.7 indicates that the eddy current on the Si substrate flows in the opposite
direction w.r.t that of spiral coils. According to Faraday’s Law states that this
time-varying magnetic field will induce an electric field in the substrate and generate a
current on the substrate surface. But in the interior substrate also is generated, we
also obtain result from 3D simulation tools by HFSS. From figure 3.8, we find current
generated in the interior substrate. This effect also causes Q degeneration of the
single-end spiral inductors. In order to decrease magnetic field coupling to substrate,

we usually use pattern ground shield at the lower metal and increase Q value.
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According to above metho’éﬂ—%muu. esent a new T-model developed to

] 5L
accurately simulate the broadband characteristics of single-end spiral inductors. In
figure 3.9, we integrate all physic parameters and obtain a compact model. Please

see figure 3.9, and we will use equivalent circuit to analysis in the next section.
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Figure 3.9 Simplified illustration of T-model

3.1.3 Varying substrate resistivity effect —- model and theory

On-chip passive components are imperative for silicon-based RF IC’s. The
detrimental effects of the semi-conducting substrate:parasitics on metal-insulator-
metal capacitors, bond pad single.spiral inductors: However, the basic understanding
of the physics behind these effects is still not well known. In the current process
technology, heavily doped substrates, also known as “epi” substrates, are routinely
employd in CMOS and BICMOS processes while lightly doped (1-30 Q—cm) substrate
are commonly used in bipolar and some CMOS technologies. Typical epi substrate
consist of a lightly doped (1-30 Q-cm) epitaxial layer grown on a degenerately
doped (10-20 mQ—-cm) bulk substrate. The substrate effects on the performance of
single-end spiral inductors are critical to silicon RF IC’s. Based on ADS Momentum
simulation results and physical modeling, we present an extensive study on the
substrate parasitic. So we will create a broadband and scalable model developed to
accurately simulate on-chip inductors of various dimensions and substrate resistivities.

The 3D eddy current is identified as key element essential to accurately simulate
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broadband characteristics. EM simulation using ADS Momentum is conducted to
predict the on-chip inductor performance corresponding to wide range of substrate
resistivity (psi =0.05~1KQ ). Three operation models such as TEM, slow wave, and
eddy current are presented. The model parameters manifest themselves
physics-base through relevant correlation with ps; over three operation modes. The
onset of slow-wave mode can be consistently explained by a key element introduced
in improve T-model, which accounts for the conductor loss due to eddy current arising
from magnetic field coupling through substrate return path. It can facilitate
optimization design of on-chip inductors through physics-based model parameters
relevant to varying substrate resistivities. We find one reference to explain physic
behind, but it is based on measurement result and presented. We use above result to
research varying substrate resistivityes. From this reference, the single-end spiral
inductors on epi, lightly doped, and quartz substrates are presented. The quartz
sample serves as a control for no substrate eddy current can be induced in dielectric.

In Table

Sample Ly R4  Substrate Description

Epi5nH 5.3 nH 3.0Q 4.1 pm ox. on epi on p+ Si
EpilOnH 105nH  7.08 4.1 pm ox. on epi on p+ Si
Ld8nH 8.1 nH 508 5.6 um ox. on 19 Q-cm Si
Gp8nH 7.9nH 5082 5.2 pm ox. on ground plane
Qz8nH 7.9 nH 50Q 2.1 pm ox. on quartz

Table Summary of spiral inductors from reference paper

From reference paper, inductor Gp8nH is fabricated with a 0.32-Q/sq aluminum
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solid ground plane (SGP) underneath the inductor to deliberately create eddy current.

The SGP sheet resistance is adjusted to be similar to that of the p* bulk comparing

the inductors on epi substrate to the ones on quartz and SGP, the significance of the

substrate eddy current in the p* bulk can be evaluated. For comparison purposes,

the inductors are designed to have similar low-frequency L/R ratio (L r/Rgc) of
approximately 1.6nH/Q. Inductance, parasitic resistances and capacitances, and Q
are extracted from measured two-port S parameters using the techniques. We list
reference paper data in Figure 3.9 and 3.10. We find Ld8nH and Qz8nH have the
same series inductance and resistance indicating that the substrate eddy current is

insignificant for the lightly doped substrate as expected.

12 N T T T T TT]
10 F =
£ C .
€ F . O EpilOnH 7
3 " ¥ Qz8nH 1
g - Q LdgnH -
B 5 A EpisnH .
8 4F E
) - :
v - 3
2 ]
0 & i | — ) P 4 L1 .I 1 [ [] L L1 11
0.1 1 10

Frequency (GHz)

Figure 3.9 Measured inductor series inductance.

37



100

LILELLALE

Series Resistance (£2)
=

1 I_I_I_IIIIII 1 1 111 1 11

0.1 1 10
Frequency (GHz)

Figure 3.10 Measured inductor seriesiresistance.

Gp8nH exhibits much lower inductance and higher resistance owing to the eddy
current in the SGP. For the inductors on epi substrates, EpiSnH and Epi10nH manifest
the same kind of frequency behavior for the inductance and resistance as those on

lightly doped and quartz substrate, proving that eddy current in the epi substrate is

negligible up to several giga-hertz. Although the p* bulk are distributed over a much

larger volume and hence they are effectively much farther away from the inductor. As
a result, no significant eddy current can be induced. In this reference, it provides

about different measurement Q of the substrate in Figure 3.11.
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Figure 3.11 Measured inductor Q

As a result, no significant eddy current can ba induced. Qz8nH has the highest Q
because it has the lowest substrate” loss and the smallest parasitic capacitance.
Gp8nH has the worst Q due to the eddy current which leads to decrease in inductance
and increase in resistance. The maximum Q for inductors on lightly doped and epi
substrates are similar; however, the epi causes have a lower self-resonant frequency
because of a larger substrate capacitance. While eddy current of the substrate is
insignificant, ohmic loss in the resistive epi layer caused by electric field penetration is
presented. In this reference paper, the loss can be eliminated by using a patterned

ground shield (PGS) as depicted in Figure 3.12.
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Figure 3.12 Cut-away view of the:electromagnetic fields associated with single-end
spiral inductor on (a) lightly doped._substrate; (b) epi substrate, and (c) epi substrate
with PGS. PGS terminates the electric field but allows the magnetic field to penetrate

through.

Substrate effects pertaining to on-chip passive components are investigated
experimentally. The results demonstrate that energy dissipation, which degrades Q,
occurs predominately in epitaxial layer for epi substrates and in the bulk for lightly
doped substrates. For inductive components, substrate eddy currents are shown to be
negligible even in high resistivy substrate up to several giga-hertz. We will use
above concepts, and simulate varying substrate resistivies to verify this section. In
order to verify them, we extract all parameters to compare different substrate
resistivies causing result. In the next, we will list different discusses to verify it. We will
create a broadband and scalable model developed to accurately simulate on-chip

inductors of various dimensions and substrate resistivityes. We show the broadband
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accuracy proven over frequencies up to 20 GHz, beyond resonance. In figure 3.13, it

is presented my equivalent circuit model.

7 _mLsub]

’ 7’
s P Rloss!
f'__'7‘___'__'_'__'
” Rloss

7 Si-substrate Rsub

Figure 3.13 Simplified illustration of improve T-model

3. 2 Scalability for single’'='end spiral inductors

The rapid growth of the wireless communication market has fueled the demand
for low-cost radio systems on a chip. Traditionally, ratio systems are implemented a
large number of discrete components. In RF circuit design, the designers need
accuracy model to simulate different RF circuit for example RFMOS or passive
components. In order to satisfy above necessary, the process foundry provides model
and layout. But the designers usually need smaller inductances to generate
broadband circuit and to achieve circuit performance. Besides, we will create scalable
inductor model facilitating optimization design of on-chip spiral inductor and accuracy

proven up to 20GHz can improve RF circuit simulation accuracy demanded by
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broadband design.

3.2.1 Layout parameter and geometry effect

The rapid growth of the wireless communication market has fueled the demand
for low-cost radio systems on a chip. Traditionally, ratio systems are implemented a
large number of discrete components. In RF circuit design, the designers need
accuracy model to simulate different RF circuit for example RFMOS or passive
components. In order to satisfy above necessary, the process foundry provides model
and layout. But the designers usually need smaller inductances to generate
broadband circuit and to achieve circuit performance. Besides, we will create scalable
inductor model facilitating optimization’designh:of on-chip spiral inductor and accuracy
proven up to 20GHz can improve REF: circuit simulation accuracy demanded by

broadband design.

3.2.2 Conductor and dielectric material properties and RF

measurement

Spiral inductors of square coils were fabricated by 0.13um back end technology
with eight layers of Cu and low-k inter-metal-dielectric (IMD) (k=3.0). The top metal of
3um Cu was used to implement the single-end spiral coils of width fixed at 15 um and
inter coil space at 2 um. The inner radius is 60 um and outer radius is determined by
different coil numbers, N=2.5, 3.5, 4.5, 5.5 for single-end spiral inductors. The
inductances are extracted from measurement data. The physical inductance (Lpc)

achieved at sufficiently low frequency are around 1.96 ~8.66nH corresponding to coil
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numbers N=2.5 ~ 5.5. S parameters were measured by using Agilent network
analyzer up to 20 GHz and de-embedding was carefully done to extract the truly
intrinsic characteristics for model parameter extraction and scalable model build up.
Moreover, in this section, we introduce RF measurement equipment for our
research. In figure 3.4, it showed below illustrates our setup of RF measurement
system for on-wafer RF measurement. ICCAP is the control center. ICCAP is used to
send the commands to instruments (Agilent E8364B PNA, and HP4142B) and probing
station is to perform the measurement for a specific DUT and to gather the measured
data for extraction at different extraction flow. In inductor measurements, we only
need S-parameters to extract and analysis. So HP4142B parameter analyzer isn’t

used for inductor measurements.

Agilent E8364B PNA,
HP4142B Parameter Analyzer

Cascade Probing Station

Figure 3.14 RF measurement equipment
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3.2.3 Varying substrate resistivity

In varying substrate resistivity research, we use inductor devices, for example,
single-end spiral inductors, N=2.5, 3.5, 4.5, 5.5. These were fabricated by 0.13 back
end technology with eight layers of Cu and low k IMD (k=3.0). The top metal is also
3um Cu used to implement the spiral coils of width fixed at 15 um and inter-coil space
at 2um. The inner radius is 60um. we will use above inductor devices to study varying
substrate resistivity effect at Q, fsg and fnax etc.... We major use simulation tools, for
example, ADS Momentum. ADS Momentum simulation with extensive calibration is
conducted to predict the broadband characteristics under varying substrate resistivity.
We will discuss in the next section. Before discussing these section, we must built an

equivalent circuit model to analysis above structures.

3. 3 T-model development and verification

After above section discussion and theory, a new T-model has been developed to
accurately simulate the broadband characteristics of on-Si-chip spiral inductors, up to
20 GHz. The spidral coil and substrate RLC networks built in the model play a key role
responsible for conductor loss and substrate loss in the wideband regime, which
cannot math with the measured S-parameters, L(»), Re(ow) and Q(w) proves the

proposed T-model. In the next sections, we major analysis T-model structure.
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3.3.1 Equivalent circuit analysis

| LCP
O l I O
Ls Rs
AN ANN,
Cox1 Cox2

Rloss Lsub

Rsub

(a)




(c)
Figure 3.15 T-model for on-chip spiral inductors. (a) Equivalent circuit schematics.
(b) Intermediate stage of schematic block diagrams for circuit analysis. (c) Final stage

of schematic block diagrams for circuit analysis

In figure 3.15(a), it illustrates the circuit.schematics of the proposed T-model for
on-chip inductors in which two RLC networks of four physical elements for each part
are linked through C.x to account for-the coupling between the spiral inductors and
lossy substrate underneath. The physical property is defined for each element in the
equivalent circuit. Rs and Lg represent the spiral metal coil’s series resistance and
inductance respectively. Rp is a new parameter created in T-model to account for
spiral coil’'s conductor loss originated from lossy substrate return path. C, indicateds
the inter-coil and under-pass capacitance and Cox accounts for the spiral coil to
substrate coupling capacitance. Rgy, and Cgyp represent the lossy substrate resistance
and capacitance. Lsy, and Riss are two more new elements created in T-model to
describe the eddy current induced substrate loss. Ls,, accounts for the reactive power
loss crossing the substrate and Rioss responsible for the resistive loss or joule heat
dissipation. Figure 3.15(b) indicates the schematic block diagrams derived by circuit

analysis theory to extract the physical circuit elements as proposed. Z, represents the
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RLC network for spiral inductor and Z4 is another one represents lossy substrate.

Z,=1, :1/(jwcox) acts as the coupling path between Z; and Z,. The circuit

scheme is further transformed to figure 3.15(c) to correlate with Y-parameters from

2-port measurement.

3.3.2 Model parameter extraction flow

In this section, we begin to analysis equivalent circuit and extraction flow. All the
unknown R, L, C parameters are extracted from analytical equations derived from
equivalent circuit analysis as shown in Figure 3.15. The analytical equations are
composed of Z-and/or Y-parameters listed: in 'the first block of extraction flow
illustrated in figure 3.16, which “can be easily transformed from the measured
S-parameter after appropriate de-embedding. Under the condition that the number of
unknown elements is larger than the number of equations (for most of complicated
problems like this condition), the approximation valid under very low or very high
frequency is generally made to remove some unknown elements and extract the
remaining cones as the first step, and then to extract the others at the second step.
Due to the necessary approximation, the extracted R,L,C parameters in the first rum
of flow (figure 3.16) are generally not the exactly correct solutions but just serve as the
initial gues for further optimization through best fitting to the measured S-parameters,
L(w), Re(Zin(w)), and Q(w).

As a result, all the physical elements composing the model can be extracted
through the flow shown in figure 3.17. At the first step, Rs and Ls representing the

physical inductor under very low frequency can be extracted. The ideal quality factor
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free from conductor and substrate losses, denoted as Qs is given by QS = a)Ls / Rs :

After that, R, and C,, can be extracted by close forms as a function of (Rs, Ls, Qs) and

measured —Y21(=1/Zl). C, represents the inter-coil and underpass coupling

capacitance, which is one of major elements to determine the frequency response,
particularly the correct self-resonance frequency (fsr) and the phase near resonance.
Ry is a new element introduced in our research to model the spiral conductor loss and
Q degradation before resonance (f<fsr). Eddy current in the coil metal arising from the
magnetic field generated through substrate return path under high frequency is
proposed as the origin responsible for the additional spiral conductor loss represented
by Rp. Cox is one more major element besides C, to determine self-resonance
frequency (fsg) and can be derived by:the equation of Z-parameters shown in the flow
chart. Then, Lgy, and Rgyp can be extracied easily from Z, under very low frequency
provided that Rix,ss and 1/wCsub are relatively high impedances compared to wlLsup
and Rgsp and can be approximated as an open path. To the end, Csub and Rloss can
be extracted by the formulas shown in the last stage of flow chart based on all the
known parameters and measured Z4. Ry, is generally used to account for substrate
resistance and the associated energy loss. Ly is another new element introduced in
T-model to simulate the eddy current generated on the Si substrate, which is expected
in opposite direction against the current flow in the spiral coils according to the LenzZ’
law. In figure 3.9, we describe characterization clearly. Lg,, is required to accurately
model frequency response of L and Re(Zi,) near resonance but its effect on peak Q is
negligible. On the other hand, Rs,, has quite obvious effect on Q degradation over
wide band. Lsy, Rsup @and R, are required simultaneously to describe the substrate
loss precisely in terms of L(w), Re(Zin(w)), Q(w) and phase angle at different

frequencies. Cqp has been generally used in conventional p-model and it is justified
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as necessary for T-model to account for the degradation of fsg and Q. Riess is the last
one in total 3 new elements (Rp, Lsub, and Riess) introduced in T-model. Rioss plays its
role apparent near or beyond resonance. Lack of Rloss will leave Lsub alone and lead

to abnormal double hump in S-parameters, L(®), Re(Zin(w)) and Q(w) beyond

resonance.

rT_model extraction flow chart )
Z le 221
Z -7,
i § / Z,+27,)
7 1
Z, = il o (O
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Figure 3.17 T-model parameter formulas and extraction flow chart.
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3.3.3 Conductor loss and substrate loss effect

Regarding the conductor loss, that is the skin and current crowding effects, and

substrate loss effect, which are considered playing an important role on Q, a

frequency dependent Rs is generally proposed to fit the frequency response of Q over

wide band. Through our research, the frequency dependent R, i.e., Rs(®w) formulated

by the ideal model given by equation 3.9 is adopted and implemented to T-model in

which R, was removed to manifest Rs(») effect alone. The simulated Q(®) shown in

figure 3.18 reveals obvious deviation from measured one over frequencies beyond

that of peak Q and suggests that Rs(®w) alone cannot simulate the frequency response

accurately even in narrow band around the peak Q.
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Figure 3.18 Q(w) calculated by equivalent circuit removing Rp from original T-model

and adding Rs(w) to simulate skin effect for spiral inductors with various coil numbers

(a) N=2.5 (b) N=3.5 (c) N=4.5 (d) N=5.5
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Besides, the frequency dependent elements are generally difficult to be
implemented in time-domain simulators such as SPICE. To verify the origin

responsible for the deviation, Rs(w) calculated by ideal model equation 3.9 is

compared with the measured Rs = Re (—1/Y21). The result shown in figure 3.19

indicates that the ideal model can accurately fit Rs at very low frequencies (f<2GHz),
but overestimates Rs at frequencies beyond 2GHz for all inductors of different coill
numbers. The roll-off of Rg(®) revealed at higher frequency is proposed to steam from
lateral substrate coupling effect. So it is to note that the dramatic increase of Rs(w)
predicted by skin-effect model at higher frequency is actually an over-estimation
compared to the measured one but cannot help to accurately reproduce Q
degradation at frequencies near or beyond the peak Q. In T-model, Rp has been
introduced as a new element to account«for ‘the spiral conductor loss and Q
degradation over wide band. Tojustify the role played by Rp, simulation was done by
removing Rp from the original T-model to verify the.impact on L(®), Re(Zin(®)) and Q(w)
as shown in figure 3.20, 3.21, 3.22 respectively. We see that R, in this model has
obvious on L(w) and Re(Zin(®)) at high frequency near resonance and significant
impact on Q over wide band. The physical property and origin as defined previously
for Ry, i.e., eddy current in the coil metal arising from the magnetic field generated
through substrate return path is believed an appropriate mechanism to account for the

broadband characteristics in terms of L(®), Re(Zi,(®)) and Q(®w) as demonstrated.
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Figure 3.19 Frequency dependent Rs exiracted from measurement through definition

of Rs = Re (_1/Y21) and the comparisoniwith Rs(w) calculated by ideal model of

equation 3.9 for spiral inductors with various coil numbers, N=2.5, 3.5, 4.5, 5.5
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Figure 3.20 L(w) calculated by equivalent circuit simulation with R, removed from

original T-model for spiral inductors with various coil numbers (a) N=2.5 (b) N=3.5 (c)

N=4.5 (d) N5.5
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Figure 3.21 Re(Zix(»)) calculated by equivalent circuit simulation with R, removed
from original T-model for spiral inductors with various coil numbers (a) N=2.5 (b)

N=3.5 (c) N=4.5 (d) N5.5
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3.3.4 Broadband accuracy

The proposed T-model has been extensively verified by comparison with
measurement in terms of S-parameter (S11, S22), L(®), Re(Zin(®)), and Q(») over broad
bandwidth up to 20 GHz. The scalability is validated by various geometries with split of
coil numbers, N=2.5, 3.5, 4.5, and 5.5, and width, W=3, 9, 15, 30um for N=1.5.
Broadband accuracy is justified by good match with measurement in terms of the
mentioned key performance parameters. Figure 3.23 (a)-(d) and figure 3.24 (a)-(d)

indicate the comparison for magnitude of Sy (Mag (S21)) between the T-model and
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measurement.
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Figure 3.23 Comparison of Sz¢ (magnitude) between T-model simulation and

measurement for spiral inductors: Coil numbers (a) N=1.5, (b) N=2.5, (c) N=3.5, (d)
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Figure 3.24 Comparison of Sy¢ (magnitude) between T-model simulation and

measurement for spiral inductors. Width for N=1.5 (a) W=3um, (b) W=9um, (c)
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W=15um, (d) W=30um

Excellent match is achieved for all coil numbers before resonance and agreement
of curvature in maintained beyond resonance, which happened at fsg << 20GHz for
larger coil numbers (N=4.5 and 5.5). We will explain above condition in the next
section. Figure 3.25 (a)-(d) and figure 3.26(a)-(d) show the good agreement in terms

of phase (S,1) in which precise match of resonance frequency (fsr) is demonstrated

for all coil numbers and width for N=1.5.

Figure 3.25 Comparison of Sjq

measurement for spiral inductors. Coil numbers (a) N=1.5, (b) N=2.5, (c) N=3.5, (d)

N=4.5
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Figure 3.26 Comparison of Sy (phase) between T-model simulation and
measurement for spiral inductors. Widthefor N=1.5 (a) W=3um, (b) W=9um, (c)

W=15um, (d) W=30um

Figure 3.27 and 3.28 reveals the exact match of Mag(S+) for smaller coils (N=2.5, 3.5)
and various width for N=1.5 over full frequency range up to 20GHz, which is well
beyond resonance for larger coils (N=4.5, 5.5) with fsgr =6.9, 5.1 GHz, i.e., far below
20GHz, it happened to be a common issue suffered by EM simulation. Fortunately,
this deviation didn’t make effect on the accuracy of L(®), Re(Zin(»)), and Q(w) beyond
resonance. Moreover, figure 3.29 and 3.30 confirms the model accuracy in terms of
phase (S11) over broadband beyond resonance for each coil number and width for
N=1.5

More extensive verification has been done by comparison of four key performance

parameters for spiral inductors, i.e., L(®), Re(Zih(®)), Q(w), and fsg. L(w) is the

imaginary part of input impedance Z,(»), i.e., ol (o) = |m (Zin (@)) while Re(Zin(®))
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represents the real part of Z,(o).

Figure 3.27 Comparison of S4 (magnitude) between T-model simulation and

measurement for spiral inductors..Coil numbers (@) N=1.5, (b) N=2.5, (c) N=3.5, (d)

N=4.5
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Figure 3.28 Comparison of S (magnitude) between T-model simulation and
measurement for spiral inductors. Width for N=1.5 (a) W=3um, (b) W=9um, (c)

W=15um, (d) W=30um
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Figure 3.29 Comparison of Sy (phase) between T-model simulation and
measurement for spiral inductors. Coil numbers (a) N=1.5, (b) N=2.5, (c) N=3.5, (d)

N=4.5
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Figure 3.30 Comparison of Sy (phase) between T-model simulation and
measurement for spiral inductors. Widthefor N=1.5 (a) W=3um, (b) W=9um, (c)

W=15um, (d) W=30um

In this chapter, Q(w) is the quality factor defined by |m(zin(0)))/ Re (Zin(a))).
All three parameters are frequency dependent that is critically related to the spiral
conductor loss and Si substrate loss. In fact, accurate simulation to predict L(),
Re(Zin(w)) and Q(w) is the major goal of inductor models for physical element design.
In our research, the proposed T-model can provide very good match with the
measurement for the three parameters. Figure 3.31 and 3.32 illustrates the excellent
fit to the measured L(w) by T-model for all spiral inductors operating up 20GHz. The
transition from inductive to capacitive model evoked by increasing frequency beyond
fsr is accurately reproduced by the model. Regarding R«(Zin(®)), good match between
the T-model and measurement are shown in figure 3.33 and 3.34. The T-model can

exactly capture the full band behavior of Re(Zin(®)) even beyond resonance such as
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the dramatic increase prior to resonance, peak at resonance, and then sharp drop
after the peak. Moreover, Q() is also good match. Q(w) is for the primary concern for
inductor design and the first key parameter governing RFIC performance such as
power, gain, and noise figure, etc. Figure 3.35 and 3.36 reveals the excellent match
with the measured Q(w) over the broad bandwidth of 20GHz. Self-resonance
frequency fsr is a key parameter accompanying with Q(w) to quantify the useful
bandwidth. In T-model, fsg can be accurately predicted by both full equivalent circuit

simulation and analytical model of closed form given by equation 3.10

_ 1 1 Coxl + Cox2 + Csub
® = 27\|L ‘C(C.+C_+C.)+C.(Co.+C.) (3.10)
7T S S ox1l 0x2 sub ox1 sub 0x2
8.0n ———— 71—+ 7—7——7780n
——T_model_2.5 ——T_model_3.5
6.0nr M mea 25 M mea_35 16-0n
4.0n} 4{4.0n
. 2.0n 120n __
3:’ 0.0 0.0 =
- . II..... . -
-2.0n} 4-2.0n
-4.0n| 4F 4-4.0n
(@) (b)
-6.0n ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' . .6.0n
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
20.0n T freqlu enlcy,lf T ——— f.reql."em.:y’f. ———120.0n
—— T_model_4.5 —— T_model_5.5
15.0n| B mea_45 1T B mea_55 115.0n
10.0n} 4{10.0n
; 5.0n L 15.0n i
= {00 4
- 0.0}
4-5.0n
-5.0n} J
(et (d){-10.0n
-10.0n0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

frequency, f frequency, f

Figure 3.31 Comparison of L(w) between T-model simulation and measurement for

spiral inductors. Coil numbers (a) N=1.5, (b) N=2.5, (c) N=3.5, (d) N=4.5
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Figure 3.33 Comparison of Re(Zin(®)) between T-model simulation and measurement

for spiral inductors. Coil numbers (a) N=1.5, (b) N=2.5, (c) N=3.5, (d) N=4.5
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Figure 3.34 Comparison of Re(Zin(®)) between T-model simulation and measurement
for spiral inductors. Width for N=1.5 (a) W=3um, (b) W=9um, (c) W=15um, (d)

W=30um
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spiral inductors. Width for N=1.5 (a) W=3um, (b) W=9um, (c) W=15um, (d) W=30um

According to equation 3.10, the analytical model is readily derived under
appropriate approximation. The details of model equation derivation can be referred to
the Appendix. The major approximation made by removing Ls,» and Riess (i.€. neglect
eddy current effect.) was justified by impedance analysis and equivalent circuit
simulation. Figure 3.37 presents Q(w) calculated by reduced T-model without L, and

Rioss and the comparison with original T-model with Lsyp and Riess.
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Figure 3.37 Comparison of Q(®») and self-resonance frequency fsgr corresponding to
Q=0 among T-model, reduced T-model (Lsup = Rioss =0) and measurement for spiral

inductors with various coil numbers.
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N fsr, fsr,ADS equ. ckt fsr, Analytical fsr, T-model
Measured sim model simulation
Lsup=0 Lsub=0
25 16.4 16.43 16.474 17.15
3.5 10.2 10.214 10.362 10.92
4.5 6.9 6.944 7.18 7.64
5.5 5.1 5.071 5.326 5.73

Comparison of self-resonance (fsg) among measurement, simulation by original

T-model and reduced T-model, and calculation by analytical model

but the intercept point corresponding t07Q=0: In next table, we will lists the exact
values of fsg for comparison among measurement, simulation by original T-model and
reduced T-model, and calculation by analytical model of equation 3.10.According to
above table, the good agreement to each other in terms of deviation below 0.2 GHz
justifies the approximation for reduced T-model and derived analytical model for fsg
The accuracy of fsg calculated by the equivalent circuit simulation and analytical

model is further validated by good match with the measured result shown in figure

3.38 (a)

Table
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The major difference is revealed in higher frequency region beyond the peak Q
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Figure 3.38 (a) Self-resonance frequency fsg of on —chip spiral inductors with various

coil numbers, N=2.5, 3.5, 4.5, 5.5 (a) comparison between measurement, ADS
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simulation, and analytical model. (b) C,, Cox, and Csy, effect on fsr calculated by ADS
simulation and analytical model. Comparison with measured fsg to indicate the fsgr
increase contributed by eliminating the parasitic capacitances, Cp, Cox, and Cgup

respectively.

Regarding the parasitic capacitance effect on fsg as mentioned previously, Figure
3.38 (b) indicates the Cp, Cox, and Csy, effect on fsg predicted by ADS simulation using
full equivalent circuit and analytical model given by equation 3.10. The results from
ADS simulation and analytical model show very good consistency. We see that the
elimination of C,, or Csyp can help to increase fsg by around 15~20% corresponding to
N =25, 3.5, 4.5, 5.5 while the elimination of Cox can dramatically boost fsg by more
than 100%, i.e., more than double the existing performance for all coil numbers. The
prediction from our T-model suggests that Cox plays a dominant role in determining
fsr and spiral inductor on package is.a‘potential solution to minimize C,x and achieve

maximum fsr

3.3.5 Scalability

Besides the broadband accuracy as presented, another important feature
realized by this T-model is the good scalability w.rt. geometry for all model
parameters. Figure 3.39 reveals good match with a linear function of coil number for
each model parameter in the spiral coil's RLC network, i.e., Rs, Ls, Rp, Cp and Cox. Al
five elements present monotonically increasing function of coil number in which
coefficient of first order derivative has been extracted for every parameter. In reality,

the inductance L follows a curve more complicated than linear function. As shown in
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figure 3.39 (a), L can be precisely fitted by a parabolic function of N (coil number).
Figure 3.41 indicate the excellent fit by linear function for substrate RLC network
involved model parameters, 1/Rsup, Csuwb, Lsub @nd Riess. The decrease of Rgyp or
increase of 1/Rsub corresponding to larger coil number accounts for the worse
substrate loss caused by increasing spiral coil size. Regarding Csup, Lsub, and Riess, all
three terms follow linearly increasing function of N. The scaling behavior revealed by
the four parameters is physically derivable and sufficiently accurate to calculate
substrate loss effect on L(w), Q(®) and fsr, ect. for inductor of various spiral coil sizes.
Regarding interest in more extensive scope of layout geometries such as coil metal
width or inner radius, a preliminary work has been done to validate the model over
wide range of widths (3, 9, 15, and 30 um). Good fit to all measured parameters as
mentioned can be maintained and model scalability is presented as a parabolic
function instead of a linear function. Please see figure 3.41 and 3.42 A minor
modification to the original T-model by adding.an inductor element (L) in series with
R, to account for proximity effect ean further improve the fitting accuracy. The
promisingly good scalability proven for full set of model parameters as demonstrated
suggests that this T-model is useful in pre-layout simulation and optimization for
physical design. The nature of easy link with standard circuit simulator makes this

T-model useful in circuit element tuning and optimization for RF circuit design.
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3. 4 T-model enhancement and verification

In this section, we will consider Mag (S21), phase (S11), Mag (S11), and phase (S11)
fro lager coil numbers (N=4.5, 5.5) deviation beyond resonance with fsg = 6.9, 5.1GHz.
In this portion, we discuss in accordance with substrate loss, for example, eddy
current effect. The 3D eddy current is identified as the key element essential to
accurately simulate broadband characteristics for a large coil number (N=4.5, 5.5). we

will introduce our concept in this section.
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3.4.1 Enhancement over the simple T-model

In the electromagnetic field, inductors allow the storage of magnetic energy.
Figure 3.44 shows the electric and magnetic substrate loss of spiral inductors. The
magnetic field extends around the windings and into the substrate. In figure 3.34, its
direction is Z-axis. Faraday’s Law states that this time-varying magnetic field will

induce an electric field in the substrate.

¢
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I i g ?-» N : coil number

Y

Figure 3.44 Magnetic field in the single-end spiral inductor

Because time-varying magnetic field induces an electric field in the substrate, the
field will force an image current to flow in the substrate in opposite direction of the
current in the winding directly. While a larger coil nhumber generates time-varying
magnetic field, eddy current effect is induced more serious. We begin to study above
physical phenomenon. In this section, an improved T-model is devised to enhance the
broadband accuracy beyond resonance. The earily resonance suffered by larger
spiral coils generally reveals lower fsg, maybe far below 20GHz. So it brings a

challenge to most of lump element models and even to EM simulators to achieve
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precise matching with measurement beyond resonance. Moreover, in above research
through 3D EM simulation (Ansoft HFSS i.e. please see section 3.1.2) we identify that
substrate eddy current effect is actually a 3D coupling behavior rather than a
simplified planar feature. Figure 3.13 shows above mention. The 3D eddy current
effect plays a major role in frequency response beyond resonance for the on-chip

inductors.

3.4.2 Equivalent circuit analysis and Model parameter

extraction flow

In improve T-model, major three branchesof parallel RL elements are deployed to
emulate the 3D eddy circuit effect. All the equivalent circuit elements are kept
constants independent of frequencies and.can be expressed by a closed form derived
from circuit analysis. Figure 3.45 illustrates the circuit schematics of the improved
T-model for on-chip inductors. The major enhancement over our research is the
deployment of three branches of parallel RL elements using a T-shape configuration

to simulate the 3D eddy current.
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Figure 3.45 Improved T-model (a) equivalent circuit schematics, (b) and (c) schematic
block diagram for circuit analysis

We design improved T-model idea that comes from 3D EM simulation by Ansoft
HFSS. We identify that substrate eddy current effect is actually 3D coupling behavior
rather than a simplified planar feature. From figure 3.45, two branches of parallel RL
in series with Cox1 and Cyxe account for the eddy current component normal to the
substrate plane and the other RL element in series with substrate RC network
represents the eddy current in the plane. Two RLC network s of four physical
elements for each are linked through Cox1 and Cox in series with parallel RL to
account for the EM coupling between the single-end spiral inductors and lossy
substrate underneath. Figure 3.45 (b) indicates the block diagrams derived by circuit
analysis to extract the physical circuit elements.. Z, represents the RLC network for
spiral inductor and Z4 represents the lossy substrate. Z, and Z; consisting of Cox1, Cox2
and parallel RL network for normal component of eddy current effect as the coupling
path between Z; and Z4, We use circuit analysis theory Y-parameter transformed to
Z-parameter from 2-port measurement. Figure 3.46 indicates all the physical elements

composing the model extracted.

77



T-model extraction flow
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Figure 3.46 Improved T-model parameter formulas and extraction flow chart

The details of extraction for the lump circuit elements in two primary RLC

networks. Regarding the extraction of new elements added in this improved T-model.

We extract Cox1 and Coxx from Z; and Zs under very low frequency provided that

oLy, I Ry and oL, I/ R, are negligibly small impedances compared to

1/ a)Coxl and 1/ a)Coxz, respectively. After extracting Cox1 and Coxp, four new

elements (Lsub1, Lsub2, Rioss1, Rioss2) can be extracted easily from Z, and Zs.
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3.4.3 Conductor loss and substrate loss effect

In this section, skin effect caused by eddy current in the coil metal arising from
magnetic field coupling through the substrate return path. In pervious section,
conductor loss and substrate loss have the same physical mechanisms. Due to the
non-zero resistivity of the metal layers there are ohmic losses in the metal traces as
well as eddy current losses. The eddy currents in the metal traces arise from the
magnetic fields generated by the device that penetrate the metal layers. These
magnetic fields induce currents that give rise to a non-uniform current distribution
along the width and thickness of conductors pushing current to the outer skin of the
conductors. These effects are also known as. skin and proximity effects. So in our
research model, we have already included these-effects. In T-model, R, represent
conductor loss due to eddy current arising from=magnetic field coupling through
substrate return path. In improved T-model,: the major enhancement is the
deployment of three branches of paralled RL elements using a T-shape configuration
to emulate the 3D eddy current effect. However, electromagnetically induced

substrate currents flow in the substrate and are a source of loss.

3.4.4 Varying substrate resistivity effect

Regarding substrate resistivity effect on inductors’ frequency response and
performance, EM simulation using ADS Momentum with extensive calibration is
conducted to accurately predict the broadband characteristics under wide range of

substrate resistivities (psi = 0.05 ~ 1KQ —cm). Three operation models such as TEM,
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slow-wave, and eddy current are presented. The improved T-model parameters
manifest themselves physics-base through relevant correlation with pg over three
operation mdoes. In this section, we will use ADS Momentum simulation with
extensive calibration conducted to predict the broadband characteristics under
varying ps;. Figure 3.47 indicate good math between ADS Momentum, measurement,
and T-model in terms of S44, S21, L(®), Re(Zin(®)), and Q(w) fro inductors on standard
substrate of psi= 10QQ —cm. We find one reference to discuss above mention. It divide
to three operation modes, such as TEM, slow wave, and eddy current corresponding

to wide range of ps (0.05 ~ 1KQ —cm).
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Figure 3.47 Comparison between ADS momentum simulation, measurement, and
improved T-model for on-chip inductor (a) S11 (mag, phase) (b) S21 (mag, phase) (c)

L(®), Re(Zin(w)) (d) Q(w)

Figure 3.48 (a)-(d) show Qm, fm, fumax, @nd fsg as function of psi. Qn is the
maximum Q and f, is the frequency responsible for Qm. fimax is the frequency

corresponding to maximum L. Interesting result is identified in region of ps; =0.05 ~ 10
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Q —cm. where fsg drops monotonically with reducing ps; while Q, reveals a hump due
to initial increase and then drop with further reduction of ps; The drop of fsg and
increase of Qn suggest that the spiral coil is getting into resonator mode, i.e.
slow-wave model. As fro high resistivity region of psi > 10 Q —cm, fsg saturates at
maximum while Qn, increases continuously with ps This region is so called TEM model
or inductor model, which favors inductor operation with high Q attributed to
suppressed resonance in substrate of dielectric property. Regarding the very low
resistivity of psj < 0.5 Q —cm, fsg saturates at minimum and Q, drops drastically. The
spiral coil is driven into eddy current model or skin effect mode where psjis so small
that the skin depth is thinner than the substrate thickness and becomes the limiting
factor. In the following, improved T-model parameters are extracted from the
simulated S-parameters under various ps;to verify if the model parameters can reflect

the physical properties responsible for the three modes of operation.
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by ADS Momentum simulation

Figure 3.49 indicate how the resistive elements (Rp , Rsub, Rioss, Rioss1, Rioss2) and
inductive elements (Lsub, Lsubt, Lsub2) Vary with varying psi. Quite interestingly, R, just
follows exactly the same trend as that of Qn vs. psi with @ hump in slow-wave model
while the others show monotonic increase with ps; in slow-wave and TEM modes and
near saturation in eddy current mode. Regarding the capacitive elements (C,, Csup,
Cox1, Cox2) in figure 3.48 (c)-(d), all four capacitances demonstrate monotonic increase
with reduction of ps in slow-wave mode, saturation in TEM mode while different
behaviors in eddy current mode. The larger capacitances associated with lower ps;.
Concerning the RLC model parameter effect in determining Q, and fsg over the wide
range of ps; figure 3.50 reveal a monotonic increase of Q, due to increase of R, while
hump appears for other resistive or inductive elements such as Ry, Rioss and Lsup
corresponding to the region of.slow-wave _mode. -The result supports an important
point that R, a new element introduced in-our T-model is the key parameter to
explicitly guide substrate engineering for on-Si-chip inductor to achieve maximum Qp,.
Figure 3.51 present the capacitances’ (Cp, Csub, Coxi, Cox2) effect on fsg where
monotonic increase of fsg with lowering capacitance is demonstrated for all four

capacitances.
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Figure 3.50 Qm vs. Improved T-model parameters under varying psi(a) Rp (b) Rsub, (C)
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3.4.5 Broadband accuracy
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Figure 3.52 Comparison of improved T-modeland measured S+4, Sy1 (mag, phase) for

inductors. Coil numbers (a) N=2.5 (b) N=3.5 (c) N=4.5 (d) N5.5

The improved T-model has been verified by comparison with measurement in
terms of S-parameters (S+1, S21), L(®), Re(Zin(®)), and Q(w) over up to 20GHz. Figure
3.52 (a) ~ (d) indicate the comparison for magnitude and phase of Si1 and Sy
between the model and measurement. According to figure 3.52, match is achieved for
all coil numbers even beyond resonance, which happened at fsg << 20GHz for larger
coil number (N=3.5, 4.5, 5.5). It is an obvious improvement over the original T-model
and even better match is achieved as compared to EM simulation (figure 3.47). All
three parameters are frequency dependent that is critically related to the spiral

conductor loss and S; substrate loss. Figure 3.53 (a) ~ (d) can accurately fit to the
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measured L(»), and Re(Zin(®)) by the improved T-model for all inductors operating up
to 20 GHz. Besides, the model can exactly capture the full band behavior of Re(Zin(®))
even beyond resonance such as the dramatic increase prior to resonance, peak at
resonance, and the curve drop after the peak. And Q(w) is the most important
parameter governing RF IC performance. Figure 3.53 (d) shows the excellent match

with the measured Q(w) over broadband of 20 GHz.
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Figure 3.53 Comparison of improved T-model and measured L(®), Re(Zn(w)) for

inductors. Coil numbers (a) N=2.5 (b) N=3.5 (c) N=4.5 (d) N=5.5
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3.4.6 Scalability

Another important feature is the good scalability w.r.t dimension for all model
parameters. Figure 3.54 (a) ~ (d) illustrates present good match with a linear function
of coil numbers for each model parameter. These parameters represent the spiral
coil's RLC network. Figure 3.55 (a) ~ (d) illustrates also present good match with a
linear function of coil numbers that have been involved model parameters, Csup, 1/Rsub,
Lsubt, Lsub2, Rioss; Rioss1, Rioss2. These parameters have proven scalability and these

also suggests that T-model can be used for pre-layout simulation and optimization.
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Chapter 4
Symmetric Inductor Model Development and

Verification

4.1 Symmetric inductor design and fabrication - Motivation

Inductor is a critical device for RF circuits such as voltage-controlled oscillators
(VCO), Impedance matching networks and RF amplifiers. Its characteristics generally
crucially affect the overall circuit performance. In recent years, for RFIC design, the
passive devices of symmetric structures such as symmetric/differential inductors and
varactors are increasingly popular, e:g. the requirements for VCO design to reduce
the phase noise. The differential-excitation: (i.e:, voltages and currents of two signals
are 180 degree out of phase but with the'same magnitude) has become an important
operation mode in high-performance mixed-signal and RF circuits. It has the
advantage of better immunity to environmental noise. The inductor with symmetrical
geometry (differential inductor) is designed for this kind of circuit applications, which

are of special concern for matching, common mode rejection, and noise immunity, etc.

4.1.1 New symmetric inductor design strategy

The conventional differential inductor is not really symmetrical in geometry. In
figure 4.1, we have to use the top metal to crossover the second to top metal at the
intersection. The two signals would no longer be 180 degree out of phase after they
flew through the intersection since they have passed different paths and materials.
For certain applications, circuit designer has to use a differential inductor with

center-tap but the center-tap of the conventional differential inductor that we defined is
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not the real center. We cannot even know where the exact center is.

T

center

Figure 4.1 Top view of a conventional differential inductor.

To overcome the mentioned drawbacks su‘fféred by the conventional symmetric
inductors, a new symmetric inductor of improved geometry design was proposed in
this work. Figure 4.2 illustrates the new symmetrical inductor we proposed. Its layout
is fully symmetrical in geometry and electricity and the center tap as defined is no
doubt to be the real center. The objectives of this work are two folds. The first one is to
fabricate a fully symmetrical inductor with exactly identical characteristics at two ports
to be suitable for RF circuit design and optimization. The second one is to develop an
accurate de-embedding method for intrinsic device parameter extraction. For the
mentioned purpose, a two-port inductor of fully symmetric structure as proposed was
fabricated using tsmc 0.13um RF CMOS process to realize Q value equality at two

ports.
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Figure 4.2 Top view of a fully symmetrical inductor

In this work, 0.13 m RF CMOS process was adopted to fabricate fully
symmetrical inductors. Totally, eight layers of metal by Cu are available and the top
metal (M8) thickness is 3 m. The proposed new symmetric inductor as shown in
figure 4.2 can solve the asymmetry problem suffered by conventional symmetric
inductors. However, through EM simulation, we find that the fully symmetrical
inductors will suffer worse quality factor as compared with the conventional ones. It is
because that signal currents associated with port 1 and port 2 flow in opposite
directions, and hence, sufficient separation between two adjacent spiral coils is

required to reduce the negative mutual magnetic coupling between the two inductors.
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Assisted by EM simulation, layout geometry modification and optimization can be
done to reduce the mentioned negative mutual magnetic coupling. As stated
previously, a pair of asymmetric inductors must be spaced far enough apart to limit
unwanted coupling (both magnetic and electric) between the inductor pair. This is one
of the reasons responsible for chip area increase. Corresponding to the coil area
increase, its parasitic capacitance and series resistance also increase. Due to the
mentioned reasons, we can estimate the degradation of key performance parameters
such as fsg and Q (quality factor). In the following section, we will discuss how to do

the layout optimization through EM simulation for fully symmetric inductors.

4.1.2 EM simulation for layout optimization

The fully symmetric spiral jinductorsin«figure 4.2 is designed for differential
excitation (i.e., voltages and currents at port1 and port2 are 180 degree out of phase)
and to ensure identical impendence at.porttand port2. When driven differentially, the
voltages on adjacent conduction stripsiareianti-phase. To overcome the mentioned
performance degradation potentially suffered by new symmetric inductor, taper
structure of varying strip width is adopted for the proposed inductor. First, we discuss
its theory. ADS Momentum simulation with extensive calibration is conducted to
predict the broadband characteristics (Refer to chapter 3). Varying metal strip width
will lead to the trade-off between the maximum Q, i.e. Qmax and the corresponding
frequency, fnax. EM simulation results shown in figure 4.3 indicate that metal strip
width increase from5 mto 15 m leads to Qmax increase from 22 to around 25 while
fmax decrease from 5.4 GHz to 3.7 GHz. The smulation reveals a compromised point
ataround 8 m, i.e. between 7 mand 9 m and suggests that optimization can be

done through the taper structure with narrower metal strip in inner coils and wider one
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in the outer coils.

26 L L) v L) L) L) v L) 5-6
r W=13 W=5 _' 5.4
25 w=15 15.2
: 5.0
24t las
: l46N
>< C - -
GE 231 1440
22 i 414.2 é
' w 14.0 «
21F |\ 13.8
S 136
20 3.4

115 120 125 130 1.35
Lmax(nH)

Figure 4.3 Qmax and fmax VS. Lmax calculated by ADS momentum for taper inductor

optimization design

Following pervious description, further analysis is done on the simulation results
in terms of width effect on inductance corresponding to Qmax, given by Lmax. The
increase of Lmax With decreasing metal strip width suggests that the inductance is
primarily determined by the magnetic flux outside of the metal wires and enclosed by
coils. The simulation results also suggests that the variation in the wire cross-section
dimensions has little contribution to the magnetic flux and subsequently the
inductance. Another important point is that the narrower metal strip, the higher fpax. It
accounts for the smaller area covered by the spiral coils and then the smaller coupling
capacitance. The optimization target for inductor design is to enhance Q and maintain

the self-resonance frequency (fsg) as high as possible. Taper structure with gradual
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variation of metal strip width is proposed to increase the inductance, reduce the
coupling capacitance, and minimize increase of resistance simultaneously. In this way,
the optimization target of high Q and sufficiently large fsg can be achieved. Figure 4.4
depicts the taper and fully symmetric inductor of our design for fabrication and for

verification through EM simulation (ADS momentum).

w= from 5um to
15um step=2(u
S=2(um)

Metal 8

Figure 4.4 Fully taper symmetry inductor layout

4.1.3Layout parameter and geometry analysis

— taper structure

Fully taper symmetric inductor of rectangular coils were fabricated by 0.13um

back end process with eight layers of Cu and low-k inter-metal dielectric (FSG, K=3.8).
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The top metal of 3um Cu was used to implement the spiral coils of varying strip widths
as shown in figure 4.4. The inner radiuses of the rectangular coil at both sides are
60 m along x-axis and 120um along y-axis. The metal strip width of each segment
varies from the narrowest one, 5um at inner coils to the widest one, 15um at outer
coils. The segment number is seven to given coil number of 1.75 and the width
variation step is 2um. The physical inductance values at sufficiently low frequency are
around 0.6 ~ 1.86 nH corresponding to inner radiuses R= 30 ~ 90 um. S-parameter
were measured by using Agilent network vector analyzer up to 20 GHz and new
de-embedding as mentioned has been carefully done to extract the truly intrinsic

characteristics for model parameter extraction and scalable model build up.

4.1.4 Comparison with.conventional symmetric inductors

The conventional symmetric inductors is realized by joining groups of coupled
metal lines from one side of an“axis of symmetry to the other using a number of
cross-over and cross-under connections. This connection method may cause port 1
and port 2 to be not equivalent, especially for S11 and S, This style of winding was
generally applied to monolithic transformers for coupling both primary and secondary
coils but this kind of layout suffers some inconvenience for metal connection from port
3 to other components. The fully symmetric inductor of new layout design was
proposed and fabricated to solve the mentioned weakness. Verification will be done
by checking the equivalence of Sy and Sy, , particularly the phase portion. The
improved symmetry is one of major reasons why we adopted this new structure. (refer
to figure 4.4). One major advantage provided by the new symmetric inductor is the
easy extension from 2-port to 3-port scheme for applications of differentially driven

circuit design. The inductor quality factor (Q) can be significantly enhanced through
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operation mode of differential excitation as compared to the conventional single end
scheme.

For a symmetric inductor designed for differential excitation, the voltage and
current at port -1 and port-2 are 180° out of phase. The symmetric inductor excited
differentially can realize a substantially higher Q. It has been recognized that the
quality factor an inductor is higher when driven differentially than subject to
single-ended excitation. The mechanism responsible for Q enhancement is due to the
reduced substrate loss under balanced excitation. A natural field of applications of
such kind of inductors is the tank circuit of differential VCOs where the center tap is
used for biasing and the capacitances are connected across the symmetric terminals.
Previous work reported that use of differentially driven symmetric inductor can reduce
the total VCO area by 35% compared to a design using two conventional spiral
inductors. an additional benefit is_the improved electrical performance due to the
increased tank impedance caused by higher Q. Accordingly, a larger output voltage

swing and a reduced phased noise can be achieved.

4.2 Symmetric inductor model development

For computer-aided design (CAD) purposes, a lumped-element equivalent or
SPICE-compatible model is needed to predict the large signal performance of an RF
circuit correctly. The lump element sub-circuit in the scalable RF model is developed.
In this section, a new symmetric inductor model has been developed to accurately
simulate the broadband characteristics of on-Si-chip symmetrical inductors, up to
20GHz. Good match with the measured S-parameter, L(®), Re(Zin(®)), and Q(w)
proves the proposed 2T-model. Besides, in order to quantify the improvement in Q

factor of the differentially driven symmetric design, we also built differential model in
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2T-model. The broadband feature and scalability have been justified by good match
with a linear function of inner radius for all model parameters employed in the RLC
network. A parameter extraction flow is established through equivalent circuit analysis
to enable automatic parameter extraction and optimization. In next section, we will

discuss them in detail.

4.2.1 Model parameter extraction flow

In this section, we extend the parameter extraction flow from previously T-model
for spiral inductors to 2T model for symmetric inductors. All the unknown R, L, C
parameters will be extracted from thetanalytical equations derived through equivalent
circuit analysis as shown in figure 4.37; The analytical equations are composed of
Z-parameters and Y-parameters listed in‘the first block of extraction flow illustrated in
figure 4.38, which can be easily transformed from the measured S-parameters after
appropriate de-embedding developed for this fully symmetric inductor. Under the
condition that the number of unknown elements is larger than the number of equations,
approximation valid under very low or very high frequency is generally made to
remove some unknown elements and extract the remaining ones as the first step.
Then we can extract the others at the second step and go for optimization. According
to the necessary approximation, the extracted R,L,C parameters in the first procedure
of flow (figure 4.38) are generally not exactly the correct solutions but all unknown
parameters must be given the initial guess for further optimization through best fitting

to the measured S-parameters, L(o), Re(Zin(®)), and Q(w).
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(c)
Figure 4.5 2T model for fully taper symmetric inductor (a) equivalent circuit

schematics (b) intermediate stage (c) final stage of block diagram for circuit analysis

2T-model extraction flow chart
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Figure 4.6. 2T-model parameter derivation formulas and extraction flow chart.

As a result, all the physical elements composing the model can be extracted
through the flow shown in figure 4.38. Attributed to the symmetric nature, all the

elements appearing at both sides are assumed equal to simplify the problem, i.e.
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Ls=Ls1=Ls2, Rs=Rs1=Rs2, Lsk=Lsk1=Lsk2, Rsk=Rsk1=Rsk2 @nd Cox=Cox1=Cox2=Coxs. At the
first step, skin effect incorporated elements Ry and Lsk are neglected, then Rs and Lg
representing the physical inductor under very low frequency can be extracted. After
extraction of Lsand Rg, the measured Y-parameters (Y21) and extracted (Ls, Rs) are
adopted to extract Ls and Rs. The ideal quality factor free from conductor and
substrate losses, denoted as Qs is given by Qs= Ls/Rs. After that, R, and Cox can be
extracted by close forms as a function of (Ls, Rs, Qs) and measured Y gi5=1/Zgis
(equivalent impedance of differential mode) R, is a new element introduced in our
2T-model and it represents conductor loss and Q degradation before resonance
(m<msr). Coxis one major element to determine self-resonance frequency (osr) and
can be derived by the equation shown in the flow chart. Then, Cgyp ,Rsup and Rioss can
be extracted easily from Zg, under very low frequency and the assumption of Rg,p=
Rioss for initial guess. To the end, Lsup is extracted under very high frequency for initial
guess and then (Rsub, Rioss, Lsubs-Csup)-are-iterated to obtain the optimized parameters.
In table I, the initial guess and optimized value of each parameter corresponding to
different radiuses are listed. Herein, the substrate parameters such as Rgyp, Lsun, and
Rioss reveal obviously bigger error in the initial guess. The error generally came from
the assumption and approximation to simplify the equations for extraction. However,

few iterations were required to reach optimization.
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R=30 Initial guess Optimize Error (%)
Ls (nH) 0.302 0.249 -21.285%
Rs (Q) 0.458 0.507 9.665%
Lsk (nH) 0.1 0.127 21.260%
Rsk () 0.34 0.22 -54.545%
Cox( fF) 15.11 15.04 -0.465%
Csub (fF) 14.94 12.682 -17.805%
Rsub (€2) 78.865 394.625 80.015%
Rp (Q) 757 773.59 2.145%
Lsub (NH) 0.028 0.101 72.277%
Rioss () 78.865 76.664 -2.871%
R=60 Initial guess Optimize Error (%)
Ls (nH) 0.568 0.569 0.176%
Rs (Q) 0.52 0.62 16.129%
Lsk (nH) 0.127 0.111 -14.414%
Rsk (Q) 0.413 0.324 -27.469%
Cox(fF) 31.09 34.7 10.403%
Csub (fF) 30.8 35.458 13.137%
Rsub (€2) 41.875 188.635 77.801%
Rp (Q) 828 829.973 0.238%
Lsub (NH) 0.0898 0.151 40.530%
Rioss () 41.875 60.8 31.127%
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R=90 Initial guess Optimize Error (%)
Ls (nH) 0.975 0.912 -6.908%
Rs (Q) 0.7 0.797 12.171%
Lsk (nH) 0.08 0.083 3.614%
Rsk (Q) 0.51 0.437 -16.705%
Cox( fF) 43.86 53.326 17.751%
Csub (fF) 45.3 52.55 13.796%
Rsub (€2) 24.445 125.98 80.596%
Rp (Q) 913 902.212 -1.196%
Lsub (NH) 0.12 0.206 41.748%
Rioss () 24.445 33.665 27.387%

4.2.2 Broadband accuracy
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Table | Comparison with initial'guess and optimize and error percentage

The 2T-model has been verified by comparison with measurement in terms of
S-parameters (S11, S21), Zaut1, Zautz, L(®), Re(Zin(®)), and Q(w) over frequency up to 20
GHz. For differential excitation, the 2T-model has also been verified by comparison
with measurement in terms of Sy4(w), L4(®), Re(Zg(®)),and Qq(w). Figure 4.39 (a) ~ (d)
indicate S41 and Sy1 in terms of magnitude and phase from measurement and
simulation by 2T model. Good agreement is achieved between measurement and
2T-model simulation for all S-paramters. Figure 4.40 presents good match in respect
of L(w) and Re(Zin(w)). It is even better match achieved as compared to 3D EM
simulation by Ansoft HFSS (figure 4.23 ~ 4.29). Fig.4.40 (a) illustrates excellent fit to

the measured L(w) by 2T model for all symmetric inductors of various R operating up




to 20 GHz. The transition from inductive to capacitive mode evoked by increasing
frequency beyond fsr is accurately reproduced by 2T model. Regarding Re(Zin(®)),
pretty good match between 2T model and measurement is shown in Fig.4.40 (b). 2T
model can exactly capture the full band behavior of Re(Z(w)) even beyond
resonance such as dramatic increase prior to resonance, peak at resonance, and
then sharp drop after the peak. Moreover, the 2T-mdoel has a new feature created to
simulate single-end and differential modes’ performance by a unified model
parameters. In this way, it can reduce circuit simulation time. Figure 4.41 (a) ~ (d)
exhibits good fit to measurement in terms of Sy, Ly, and Re(Zy) corresponding to
differential excitation mode. Comparison between the single-end excitation in figure
4.40 and differential mode in figure 4.41 reveals obviously higher fsg for differential
mode with delayed impedance sign change from.inductive to capacitive mode. Figure
4.42(a)~(d) indicate the symmetric_inductor coil impedance, Zgu1 and Zqgu2 extracted
from measurement after justified new de-embedding and calculated by 2T model
using the optimized parameters. Good match-is-achieved between measurement and
2T model for both Zy,1 and Zguz in terms of real and imaginary parts for R=30 and
60 m over full range of frequency up to 20GHz. As for the largest inductor with
R=90 m, good fit is maintained for Re(Z4ut1) and Re(Zgut2) over 20GHz bandwidth but
visibly larger deviation is identified for Im(Zqu1) and Im(Zqu) at higher frequency,
above 15GHz. Quality factors corresponding to single-end and differential modes
defined as Q(o) and Qqg(w) are two of most important parameters for symmetric
inductors in circuit applications. Figure 4.43 shows good match with the measured
Q(w) and Qq4(w) by 2T model over broadband of 20 GHz. The good fit to the peak Q
and capture of full band behavior for various R suggests the advantage of our
2T-model compared to the existing n-model or 2n-model. Self-resonance frequencies

fsr are key parameters accompanying with Q(®w) and Qq(®) to quantify the useful
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bandwidth. In 2T-model, fsg can be accurately predicted by full equivalent circuit
simulation. The extension verification proves the broadband accuracy of our 2T model
and validate its applications for RF circuit simulation and design in which symmetric

inductors will be adopted with single-end or differential configurations.
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4.2.3 Model Scalability

Besides the broadband accuracy, another important feature realized by this 2T
model is the good scalability w.r.t. geometry for all model parameters. Figure 4.44 and
figure 4.45 present good match with a linear function of inner radius (R) for each
model parameter in the symmetric spiral coils’ RLC network. Figure 4.46 reveal good
fit with a linear function of R for substrate network involved model parameters, Cqyp,
1/Rsub, Lsub, @nd Riess. The promisingly good scalability proven for full set model
parameters suggests that this 2T model is useful in simulation for inductor layout

optimization and design. The nature of easy link with standard circuit simulator makes
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this 2T model useful in circuit element tuning and optimization for RF circuit design. It
has emphasized the need for a powerful symmetry inductor to satisfy current circuit
design trends. The development of an accurate and scalable equivalent circuit
model for the symmetrical inductors named as 2T model has been demonstrated. The
accuracy and continuity of both symmetrical inductance and quality factor for this
scalable inductor model is closely examined and satisfyingly good agreement
between the simulated and measured device characteristics has been realized. This
2T model can facilitate RF circuit design such as VCO, LNA, and mixer of differential
circuit topology in which symmetric inductor become the key passive element to be

adopted.
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Chapter 5

Future work

Simple T-model and 2T model of broadband accuracy for spiral inductors and
fully symmetric inductors on a silicon substrate have been presented. The proposed
model containing a combination of RLC networks has been developed to accurately
simulate on-chip inductors operating up to 20 GHz. Verification with measurement
data from various structures has validated the proposed models. Our models show
excellent agreement with measured data over the entire frequency range of interest.
All model parameters are validated with good scalability with varying inductor
geometries.

Moreover, substrate effect-pertaining to- on-chip is an important issue of major
concern. Through EM simulation by-Ansoft HFSS, they demonstrate that energy
dissipation, which degrades Q, occurs.predominately in the bulk silicon substrates of
semiconducting property. Regarding the substrate effect, all model parameters
manifest themselves the physical property associated with varying substrate
resistivities. As a result, physics-based model parameters enable the developed
models applicable for three operation modes (eddy current, slow wave, and TEM
modes) under varying substrate resistivities.

In our research work, we design a new inductor structure, which can effectively
reduce substrate parasitic effect through differentially driven operation. We name this
new structure a fully taper symmetric inductor. A new de-embedding method has been
developed accordingly to fit the new inductor structure of fully symmetric feature. We
find that a symmetric inductor which is excited differentially can realize a substantial

improvement in both Q factor and component bandwidth. Differentially excited
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inductors can effectively reduce substrate parasitics that was demonstrated through
both simulation and measurement. This leads to higher Q factor than for a signle-end
excitation when fabricated in silicon technology. This improvement in Q factor can
translate directly into lower phase noise and greater output signal swing for the
oscillator, especially for the higher frequencies applications. In addition, the proposed
and fabricated new symmetric inductor can ensure port-1 equal to port-2. Then, it will
help to improve the RF circuit performance considerably such as power consumption.
A comprehensive extraction flow has been established through equivalent circuit
analysis to enable automatic model parameter extraction and optimization. Moreover,
our model can be easily implemented in SPICE-compatible simulator to improve
accuracy in circuit simulation.

The future work emerging through this study.can be summarized as follows. The
first part is the implementation .of T-model and 2T-model in Spice compatible circuit
simulators to verify model accuracyiin‘the design of RF circuits such as VCO, LNA,
and mixer, etc. The second one is the further investigation of substrate resistivity
effect subject to different inductor geometries such as metal strip width and space, coil
radius, coil number, and coil shape, etc. Moreover, simple spiral of single coil set and
symmetric inductor of two spiral coil sets will be covered. The third part is the
extension of 2-port de-embedding method for spiral and symmetric inductors to 3-port
de-embedding method for differential inductors or transformers. The last one is the
extension of 2T model from application in fully symmetric inductor to that appropriate
for stack symmetric inductors of elevated broadband and quality factor (higher fsg and

Q).
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