CHAPTER 5
PASSIVE ELEMENTS ON SOI
TECHNOLOGIES

5.1 Introduction

Passive elements are one of the major limiting factors to realize high perfor-
mances and low power system-on-chip microwave circuits. It is then necessary
to understand the mechanism affecting the performances of passive elements,
and to optimize their structure in order to increase the circuit performances.
In the following section, a brief analysis of transmission line topology is
presented. Then, we show a complete analysis of square spiral inductors made
on SOI technology. A model of integrated inductor is given, and some design

rules of integrated inductors are provided.

5.2 Properties of transmission lines

5.2.1 Introduction

Transmission lines are widely used in MMIC’s as interconnects and matching
networks. As explained in Chapter 2, they are also key elements in the required
calibration procedure used to measure integrated components. There are var-
ious lines topologies that can be used in modern microelectronic. In the next
paragraphs, a brief comparison of transmission line topologies is presented.
The classical coplanar waveguide (CPW) is described. Its performance, in terms
of attenuation coefficient, is compared for various under-laying substrates. Sec-
ond, the performance of thin film microstrip (TFMS) and strip line, made on a
state of the art technology using six metal layers is presented. The advantages,

and drawbacks of both topologies are compared, and discussed.
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Figure 5.1: Top view (a) and cross section (b) of CPW
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Figure 5.2: Attenuation coefficient of CPW lines (W = 68um, S = 38um)

5.2.2 Coplanar waveguide (CPW)

Coplanar waveguides are made of a central conductor, surrounded by two ground
planes. It is usually laying between two mediums, the mechanical substrate, and
air. Figure 5.1 shows a cross section and a top view of the CPW structure used
in SOI technology. The characteristic impedance of CPW can be fixed on a wide
range by changing the width of the central conductor (W), or the spacing between
the central conductor and the ground planes. Coplanar waveguides have been
used for several years in SOI technologies. Since RF measurements were made

on that technology, CPWs were used for calibration purpose. Nowadays, as the
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5.2 PROPERTIES OF TRANSMISSION LINES

transistor operating frequency is increasing, transmission lines are now used
for circuit design, such traveling wave amplifiers [1]. It is then necessary to have
low loss CPWs.

The losses in CPWs are of two kinds:
- Conductor losses, due to the resistivity of the metal
- Substrate losses, due to the coupling between the line and the substrate

Figure 5.2 shows the attenuation coefficient of CPW lines made on standard
SOI wafer, high resistivity SOI wafer, and SOS wafer. The width and the spacing
of the CPW were 68um and 18um for each wafer. These dimensions allow us
to obtain characteristic impedances close to 50Q above 20 GHz. The CPW was
fabricated using a 0.5um thick aluminum layer, isolated from the substrate by
an oxide layer (= 3..4um).

By comparing, the attenuation coefficient () of the two lines made on SOI,
the importance of the substrate losses is highlighted. The substrate losses dom-
inate in the case of standard resistivity substrate.

The difference between the HR SOI and SOS is small, and is probably function

of the conductor resistance.

5.2.3 Thin film microstrip line (TFMS)

TFMS are made of a conductor, laying above a ground plane. Figure 5.3 shows
the cross section of the line. TFMS lines were realized on high resistivity and
standard resistivity SOI wafers. Six metal layer were available on that process.
The ground planes were composed of the two first metal layers, connected to-
gether by using vias. The conductor was made on the sixth metal layer using
a 0.5um thick aluminum. A 3.6um thick Silicon dioxide layer separates the
ground plane and the conductor. The dimensions of the lines have been deter-
mined by simulation to ensure characteristic impedance of 50Q. The width of
the conductor, is equal to 7um.

The lines are embedded between CPW to TEMS transitions. Their effects

are cancelled by a TRL calibration. The attenuation coefficients of TFMS are
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Figure 5.3: Top view (a) and cross section (b) of TFMS
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Figure 5.4: Attenuation coefficient of TFMS lines (W = 7um, h =~ 3.6um)

compared in Figure 5.4. No significant differences are observed between the
two lines. In fact, the ground plane avoids coupling between the signal and the
substrate. Thus, the properties of TFMS lines are independent of the substrate

used, and the conductor losses are dominant.

5.2.4 Strip line

Strip lines are made of a conductor, embedded in a rectangular waveguide. Fig-

ure 5.5 shows the cross section of the line.

Strip lines were made on the same technology than the TFMS presented ear-
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Figure 5.6: Attenuation coefficient of a strip lines (W = 3um)

lier. To ensure a characteristic impedance close to 50, the width of the con-
ductor has been fixed to 3um. The strip line is embedded in CPW to Strip line
transitions. Their effects are cancelled by the TRL calibration. Figure 5.6 shows
the measured coefficient of a strip line. The huge conductor losses of these
lines avoid their uses in circuits. Thus, we will not discuss further about that

kind of lines.

5.2.5 Discussion

By comparing the results presented in Figure 5.2 and 5.4, CPWs made on HR

SOI or SOS exhibits better performances than TFMS for impedances close to
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50Q. In both structure, the losses are dominated by the conductor losses. But
TFMS lines are independent of the substrate used. Then good performances can
be reached when TFMS are made on cheap, standard resistivity SOI substrate.
TFMS can then be an interesting topology if the losses can be lowered to the

same level than CPW made on HR SOI or SOS.

To reduce the attenuation coefficient of TFMS lines, the width and the thick-
ness of the conductor must be increased, but the capacitance between the con-
ductor and the ground plane must be kept constant ensuring the same char-
acteristic impedance. To achieve this goal, the thickness of the dielectric layer

must be increased, or low-k dielectric must be used instead of silicon dioxide.

These solutions are in agreement with the tendencies of semiconductor in-
dustries. Indeed, more and more metal levels are used, allowing a thicker isola-
tor layer between the conductor, made with the top metal layer, and the ground
plane. Furthermore, low-k dielectric will be used as insulator between the dif-

ferent metal layers to reduce the capacitive coupling between metal lines.

TEMS lines have been simulated using the IE3D software [2] for various sub-
strate dimensions, in order to confirm these assumptions. The characteristic
impedance of the line has been kept close to 50Q by changing the conductor
width. Figures 5.7-5.8 show the attenuation coefficient and the characteristic
impedance for the simulated TFMS lines. The thickness of the oxide layers was
equal to 3.5 and 5.5um respectively. To ensure a characteristic impedance close
to 50Q), the width of the strip was set to 7um for the line made on the thinner

substrate and 11um for the line made on the thicker.

A substrate thickness of 5.5um allows us to obtain TFMS lines with nearly
the same attenuation coefficient than CPW made on High resistivity silicon sub-
strate. Such substrate thickness could be used shortly, when 8- or 9-metal level

will be available in microelectronics.

Thus, the evolution of microelectronics allows us to consider TFMS lines as
the most interesting topology for transmission line in the near future. It would
allow us to design low loss transmission lines, in a homogenous medium, on

cheap, standard resistivity silicon substrate.
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Figure 5.7: Attenuation coefficient (top) and characteristic impedance (bottom)
of simulated TFMS (W = 7um, h = 3.5um)
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5.3 Modeling of integrated inductors

5.3.1 Topology under scope

A lot of different topologies for integrated inductors exist in the literature.
These topologies can be divided into two general groups of inductors: the me-
ander inductors using only one metal layer and the spiral inductors using more
than one layer. Only the spiral inductor will be discussed in this chapter. The
spiral inductor consists of several aluminum strips connected together, draw-
ing a spiral above a substrate. In SOI technology, the substrate is composed
by a thick silicon layer (= 500...700um), and a relatively thin layer of S;0,
(= .4...3um) used to isolate the metal strips of the inductor from the silicon
substrate. The outer end of the spiral is directly connected to a port, whereas
the inner end of the spiral is connected to a port by using another metal level.
This connection is referred to as the underpass. The whole structure is sur-
rounded by a ground plane and connected to CPW pads. Figure 5.9 shows a
top view and a cross section of the spiral inductor topology. This topology is
commonly named square spiral when compared to octagonal or circular spirals.

The characteristic geometrical parameters are the following

N : The number of turns.
W : The strip width.
Wy : The underpass width.
S : The spacing between lines.
Ev : The vertical dimension of the hole in the middle of the spiral.
Eh : The horizontal dimension of the hole in the middle of the spiral.
t : The thickness of the silicon layer.
tox : The thickness of the oxide layer.

tuox : The thickness of the oxide between the strip and the underpass
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Figure 5.9: Top view and cross-section of the analyzed inductors.
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5.3.2 Definitions

In order to compare simulations and measurements obtained in this work with
some of the literature, some concepts, as the quality factor or the inductance
of an inductor, must be defined. These concepts are commonly used in the
literature, but, sometimes, based on different definitions. This results into some
incoherences when results from different authors are compared.

Furthermore, a simple equivalent circuit of an integrated inductor will be in-
troduced. This circuit can be directly deduced from measurements without any
kind of fitting and is used to define the inductance and the resonant frequency
of the inductor. Different definitions of the quality factors will be presented,

one of them will be used further in this work.

5.3.2.1 Equivalent circuit

The equivalent circuit of the inductor is shown in Figure 5.10. The elements
of this simple 1T equivalent circuit are straightforwardly obtained from the Y-

parameters of a measured inductor as follows:

5 1
L, = ) (5.1)
w
1
RS = % — 5.2
(le) (5.2)
R, = - L (5.3)

R (Y11 + Y12)

Cp = J (Y11w+ Yi2) (5.4)
1
Ry, = ——— .
P2 R (Yo +Y21) (5-5)

I (Y +Y,
Cpp = ( 22(0 21) (5.6)

Obviously, this is not a “physical" equivalent circuit, in the sense that all
these components are variable versus frequency as shown in Figure 5.11. As it
can be expected, the difference between C,, and C,, and between R,, and R,
being very small, these components will be referenced as C, and R, for both

ports in the following sections. With this representation of the inductor, the
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Figure 5.10: Simple 1t equivalent circuit of an integrated inductor.

effect of the substrate is separated from the effect of the strips [3]. Indeed, the
R, and C, elements are directly related to the substrate characteristic. This is
not the case of L; and R; in a first order analysis.

As itis shownin Figure 5.11a, L is nearly constant at low frequencies. Then,
the inductance value will be defined as the value of L, at low frequency, where
it is constant. The resonant frequency is defined as the frequency at which L;

crosses the x-axis and becomes negative.

5.3.2.2 Quality factor

High performance on-chip inductors are needed for satisfying advanced de-
mands in wireless communication circuits meaning a high quality factor and
a high self-resonant frequency. There are various definitions of quality fac-
tor used in the literature, all of them giving different values for the maximum
quality-factor, and making difficult the comparison between the models and
measurements of the various authors. In the following paragraphs, five differ-
ent definitions of quality factor, commonly used in the literature, are described.
To explain the expression of the Q-factor, a physical equivalent circuit of the
integrated inductor is introduced (Figure 5.12). The elements of this equiva-
lent circuit are frequency independent. Some of them are related to the energy

stored inside of the inductor.

Common definition This definition is the most widely used. It is based on the

evaluation of the input impedance of an inductor having one port connected to
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5.3 MODELING OF INTEGRATED INDUCTORS

the ground. The physical equivalent circuit proposed by YUE in [4] is used.
Figure 5.12 shows the equivalent circuit when the inductor is used as a 2-
ports, when one port is connected to the ground and the energy equivalent
model of the latter.
The theoretical definition of the quality factor of an inductive element is
given by

TrPeak Magnetic Energy — Peak Electric Energy
Energy loss in one oscillation cycle

Q=2 (5.7)

The energy equivalent model of the inductor (Figure 5.12c¢) is used to deter-

mine the values of the energy stored and lost in the inductor.

V5 C
Epppak = —020 (5.8)
V§Ls
= 5.9
Em pEAk 2(WLy)? 1 R2) (5.9)
2 V§ 1 1 R
SRS LENL VI PR A S 5.10
Bross = 5 [Rp i (st)2+R§] (5-10)

where Co=Cp+Cs

Er peak, Em pEAK, and E;pss are the peak electric energy, the peak magnetic en-
ergy, and the energy losses respectively.
By combining these three equations, and after some basic manipulations,

the quality factor can be rewritten as

= X xX|1- — w°L;C 5.11
=R, R, ¥ (WL, /R)Z + 1IR, ( r, W) 61D
where ‘”R—is accounts for the magnetic energy stored, the second term represents

the losses in the silicon substrate, and the third term is called the self-resonance

factor, which describes the reduction of Q when the frequency is close to the

wLg

resonant frequency. At low frequency, the first term ( R

) is dominant.

Equation (5.11) can be written in terms of Y-parameters as follows (Figure

??0)

_ 3 (Yn)
Q= R (Y11) (5-12)
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Figure 5.12: Simple equivalent circuit of an inductor (a), with one port connected
to the ground (b) and its equivalent energy model (c).

First order definition. This definition is only valid at low frequencies, when
the capacitive coupling to the substrate is negligible. The quality factor is then

defined as:
B I(1/Y12)

R(1/Y12) o1

Q=

Used by MAHMOUD in [5], this definition corresponds more or less to the first
term of the previous one. It takes into account the conductor losses, which are

dominant when the frequency is well below the resonance [4][6].

S-based definition. Several authors have developed theoretical expressions of
the quality factor using S-parameters [7]. Most of them simply use the trans-
position of the definitions based on Y-parameters to S-parameters. In [8], the
Q-factor is defined as a function of the §;; parameter. The load seen from the

port 1 is deduced from Sy;:

1+511
1-5nu

Zin = Zy X (5.14)
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Figure 5.13: Equivalent circuit of an inductor used in the S-based definition of
the Q-factor

The author assumes that the reference impedance (Z,) is equal to 50Q.

The Q-factor is then defined as:

_ S;(Zin)
B ‘R(Zin)

Q (5.15)

This definition looks similar to the common definition, but instead of connecting

the port 2 to the ground, it is connected to the reference impedance (Z,).

The equivalent circuit of the inductor equivalent circuit device used to eval-
uate the quality factor is given in Figure 5.13. At low frequency, when the effect
of the substrate is insignificant, the value of the Q factor is nearly equal to
wLs/(Rs +R(Z,)). This value can be more than one order of magnitude lower

than the value obtained using the classical definition.

Phase definition. Recently, some authors introduced an original definition of
the quality factor of an inductor [9][10]. This definition is based on the fact
that integrated inductors are usually used in a LC tank. According to YUE [11],
who highlights that the best definition of the quality factor must depend on
the application, these authors propose to extend the Q-factor definition of a LC

tank to an inductor.
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Figure 5.14: Magnitude of the input impedance of a LC tank used in the quality
factor definition

The quality factor of a LC tank is defined by

energy stored per cycle
energy dissipated per cycle

Q =21 (5.16)

The quality factor can be deduced from the frequency response of the tank.
Figure 5.14 shows the impedance magnitude of a LC tank. Based on that mea-

surement, the quality factor is obtained by using the following relation

Wo
Aws3ap

Q= (5.17)

The quality factor can also be expressed by using the rate of change of phase
when the device is resonating [12]

_ wo d$

Q_ 2 dw‘wo (5'18)

Equation (5.18) will be used to evaluate the inductor quality factor.
Anideal capacitor is inserted in parallel with the inductor for each wy to can-
cel the imaginary part of the total input admittance. Then, the new admittance

becomes

Y’(a)) = ij+Y11
c - _30ulwo)) (5.19)
Wy

The admittance Y’ resonates at the frequency of interest wg. By examining
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Figure 5.15: Equivalent circuit of an inductor used in the differential mode

the rate of change of phase, the Q factor can be deduced by using the following

equation
dgo 2Q, zY'(wog+dow)— 2Y (wo— ow)

‘ — - (5.20)
dw wo Wo 26w

Differential definition. The quality factor of an inductor can be evaluated
when the inductor is excited in a differential mode [13]. This is the case in
most of the oscillators topologies [14][15]. The inductor equivalent circuit
used to evaluate the quality factor is slightly modified (Figure 5.15). The in-

put impedance in differential mode is given by

Yii+ Yoo

Yin ==Y + > (5.21)
And the quality factor definition is defined by
N} (Yin)
= — 5.22
Q R (Yin) ( )

Summary Various kinds of definitions of quality factors exist in the litera-
ture. Some of them have been presented in the previous paragraphs. For a

given topology and substrate, these definitions give different values of the max-
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Figure 5.16: Comparison of the quality factors obtain by various definition for
an inductor of 4.5 turns, a strip width of 10um and a spacing of 1um.

imum quality factor, and the frequency where it occurs. Figure 5.16 shows a
comparison of all quality factors defined in this section.

The comparison of publicized values must be done carefully as the difference
between results obtained from different definitions can be really significant. In
this work, the common definition has been chosen. It is the most used one, and

it is not linked to any special application.

5.3.3 Modeling of square spiral inductors
5.3.3.1 Introduction

Computer Aided Design (CAD) for spiral inductors can be divided into two main
categories: (1) the full-wave electromagnetic simulators (EMS) and (2) simple 77-
models for which the lumped element values are determined by semi-empirical
equations or by fitting process on measured data. Hence, EMS are mainly used
to generate pre-computed multi-dimensional databases, used for interpolations
by the interactive CAD tool [16]. Their scalability is thus strongly limited. Many
EMS’s are also unable to take into account the frequency dependence of the

bulk semiconductor substrate resistivity [17]. To overcome those drawbacks,
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MMIC designers prefer to build a lumped element 7T-equivalent circuit for the
spiral inductor as shown in Table (5.1). The values of the elements are mostly
obtained by fitting S-parameters of the 1r-circuit to measured data [23][24][25].
As an advantage, the computation time is very reduced, since fitting is reported
to be much faster than other numerical methods [26]. Users also argue that the
1r-model is easily inserted into commercial circuit-oriented simulators, and that
some of the lumped elements have a physical interpretation [20]. Some of these
lumped elements are described by analytical or semi-empirical formulas [19],
while the others are determined by fitting using an EMS [27] or a CAD software
[23][28]. MOHAN et al. present in [18] a very extensive work on simulations and
measurements for extracting expressions of planar spiral inductances. They
have derived several new simple and accurate expressions for the DC induc-
tance of square, hexagonal, octagonal and circular inductors. The accuracy of
these semi-empirical expressions has been evaluated by comparison with 3-D
field solver predictions and by comparison with several measurements. The ex-
pressions predict inductance values for several geometry with an error of about
5% or less. These expressions are monomial equations containing geometrical
variables (inner and outer dimensions of the spiral, strips width, and spacing
between strips) and coefficients which are layout- and technology-dependent.
These coefficients are obtained by various regressions or data-fitting techniques.
Unfortunately, since these coefficients are optimized for a given technology,
the impact of innovative solutions such as the use of pattern grounded shields,
heavily doped epi substrate or high permeability magnetic layers, on the in-
ductance cannot be easily established. A re-optimization of each coefficient is
needed for each technology used. Moreover, Mohan et al. did not extract semi-
empirical expressions for the other elements of the equivalent circuit (Cs, Cox,
Cs; and R;;). Ronkainen et al. in [19] present semi-empirical expressions for
the inductance L and resistance R (Table 5.1). The values of the other equiv-
alent circuit elements (capacitances between strips and substrate parameters)
are obtained by fitting techniques applied on a set of measured data. The dis-
advantage of this model is still the use of an optimization procedure to obtain

the values of some model parameters. CROLS et al. define semi-empirical ex-
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Author Equivalent Circuit Comments
Cs . ..
¥ Simple and accurate empiri-
" cal expressions for the DC in-
———MW—N—— )
Mohan R, L. ductance. of squar.e, h.exago
Cox, == == Cox, nal and circular spiral induc-
et al. [18] . :
tors. No expression is de-
Rgi, Gsi; Ry Cs, | fined for the other equiva-
lent lumped elements.
Cinl
| B R and L are obtained f
W=
Ronkainen L i ar.l ‘jir.e obtaine .rom
G Rubi2 G semi-empirical expressions,
etal. [19] T% T% the other elements by fitti
csumi Rest R 1 Coun e other elements by fitting.
. All of the lumped elements
c R are obtained from analytical
Yue et al. “ |, T | expressions, except the in-
[20] Re: c. | L, | ductance L; which is calcu-
S St .
o T lated using the Greenhouse
algorithm [21].
Ry, L
cn VI ch All the elements are ob-
Crols 12 ” tained from semi-empirical
et al. [22] 2R IR expressions. The model va-

lidity is limited up to 3 GHz.

Table 5.1: Inductor models described in the literature.
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pressions for the inductance and the resistance of the spiral inductor and also
some for the substrate equivalent parameters [22]. Unfortunately, these expres-
sions are technology-dependent and moreover only valid up to 3 GHz. In [20],
LAU et al. present a physical model for spiral inductors on silicon. The series
inductance L; is computed using the Greenhouse algorithm [21], and analytical
expressions depending on geometrical dimensions and material nature are de-
fined for the other equivalent lumped elements. This model is scalable with the
inductor geometry, allowing the designers to predict and optimize the quality
factor. This model seems to be a very interesting candidate for the simulation
of spiral inductors. However, as it will be shown later, it is not very accurate for

modeling the substrate parameters.

All of these models suffer from various limitations: they are not valid above
the resonant frequency (then not suitable for accurate simulations of non-linear
circuits), they are generally scalable versus some parameters, not all of them,
and they are only accurate for the technology, the type of substrate, the range of

dimensions of the measured inductors and the measurements frequency range.

In order to overcome some of these limitations, an efficient design method
has been developed by HUYNEN for MMIC’s inductors [29]. It has the particular-
ity to be directly related to the geometry of the spiral inductor and the electrical
parameters of the substrate and, as a consequence, can be used with the same
accuracy for various technologies and topologies. This model was developed
for inductances with low line width to line spacing ratio (W/S). This preliminary
model is extended and optimized in this section for large inductors with high

quality factor.

This section is divided into five parts. First, the analysis of 3-coupled mi-
crostrip lines will be presented. Second the results obtained are extended for
a structure composed by n-coupled microstrip lines. Then, based on this last
method, the new model is presented and is compared with measurements and
results obtained with other models. At the end, the advantages and the draw-

backs of the model are summarized in a conclusion.

163



CHAPTER 5. PASSIVE ELEMENTS ON SOI TECHNOLOGIES

\k—T_

A A

Metal
\ Si

Figure 5.17: Cross section of three coupled microstrip lines. The Substrate is

composed by a huge silicon layer (= 750um), and a thin insulator layer (2..3um
of 5102)

Figure 5.18: Equivalent circuit of an infinetezimal length (dz) of 3 coupled mi-
crostrip lines
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5.3.3.2 Modeling 3-coupled lines on multilayered silicon substrate

In order to limit the complexity of the model and the computation time, the
evaluation of the full coupling matrix of 3 lines, is done for three microstrip
lines with a 10 um width and separated by one micron. The lines are laying on
a classical SOI substrate. The bottom of the wafer is made of a metallic ground
plane. Figure 5.17 shows an schematic view of the structure.

Since the structure is symmetrical, the transmission line parameters (TLP)
of the two outer microstrip lines will be the same as well as their coupling
coefficient with the central line.

The general equivalent circuit of this line is shown in Figure 5.18. Based on
this equivalent circuit, the differential equations describing the evolution of the

voltage and the current along the lines can be written as follows

~

% e avla(tz,t) _ Cma(w (z,t)a;vz(z,t)) — Cpo (V3 (z,t)a;vg(z,t))
% - G avgétz,w _ Cma(vz<z,tg;vl<z,t)> _ Cma(VZ(Z'”a;V“Z’”)
% - 8V3a(tz,t) _ Cma(v3(z,t)a;Vz(z,t)) — Cpo a(V3(z,t)a;V1(z,t))
1 (5.23)
R e

We can rewrite these equations in the spectral domain assuming that V;(z,t) =

Vi(z) x e/®t and I;(z, t) = [;(z) x el®t

~

LG — (Vi (2) - jwCm(Vi(2) = Va(2)) = jwCma (Vi (2) - V3(2))
% = —JjwCVa(z) = jwCp(Va(z) = V1(2)) — jwCp(Va(z) = V3(2))
dhiz) = —jwCiV3(2) - jwCn(Vs(2) = Va(2)) = jwCma(V3(2) = Vi(2))
W2~ Iy (2) = jwLmla(2) = joLmal3(2)
W22 = Lyl (2) ~ jwlnla(2) — jwLnls(2)
Wi2)  _ _jLyIy(2) — jwLny(2) — jwLmaly(2)

(5.24)

the derivation of the last three equations versus z gives the following equation
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system
% = C12V1(2) + C12Va(z) + C13V3(2)
% = (21V1(2) + C22Vo(2) + C21V3(2) (5.25)
% = C13V1(2) + C12Va(2) + C11V3(2)

where the symmetry has been considered. The coefficients C,,; are given by

Ci1 = w*(~LiCp —L1Cpo + LynCyy + Liy2Crnz — L1Cy)

Cip = w?(L1Cp + Ly2Cpy — LiyCo + 2Ly Cry)

C13 = W (~Lp2Cmz + L1Crmz + LinCpy — Lyp2C1 — L2 C1 — Li2Cry)

Con = w?(LyCpy — LynCpy — Ly C1)

Cop = W?(2LyCy — 2LoCyy — L2Co) (5.26)

By assuming propagation along the z-axis (Vi(z) = V; x e 782 I;(z) = I; x e 75?),
solving Equation (5.25) reduces to the evaluation of eigen values and eigen vec-

tors [30] for voltage or for current

Ciap G G Vi Vi
Coq Cop Cop Vo | = =B W (5.27)
Ciz Ci2 Cin V3 V3
Cip G2 Cis I I
G Cop Cop L |= -B| L (5.28)
Gz G Cia I3 I3

The three eigen vectors of equation (5.27) or (5.28), as well as their eigen values
are evaluated by using the variational principle proposed by HUYNEN in [29]
(Appendix (D)). The coefficient C; 1, Ci12, C13, C21 and C» are then extracted.
The next step is the calculation of TLP by using Equations (5.26). This is how-
ever a system of 5 equations with 8 unknowns. Three other equations have to
be added to find out all the parameters.The three equations are obtained by ex-

pressing the power associated with each propagation mode as function of the
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| Capacitance | Direct extraction | Silvaco |

Ci 110 29.5
Co 44.6 3
Cm 59.5 170
Cm2 -8 6

Table 5.2: Simulated and extracted capacitances in pf/m of 3 coupled lines
with W = 10um, S = 1um, toyx = 4um, tg; = 500um.

distributed elements of the lines. The power is defined by

3 2
Ze il
P = Z% (5.29)
j=1
Ze, = Iii’j (5.30)

where i and j correspond to the propagation mode and to the microstrip.

The three last equations are given by

C3 L
L1+Lmz+< 21 2)+2mez,1
P1 = W Zﬁl
€5, L
7 L1+Lmz+< 2‘5 Z)+2LmC2,2 (5.31)
P2 = W B2
— Li—Lm2
L P; = w B3

The value of the power associated with each propagation modes is computed
by the variation principle.

The TLP’s are finally extracted by using Equations (5.26) and (5.31). However,
the extraction of all the lineic parameters are not straightforward, because they
appear as products in Equation (5.26) and the possibility to recover them de-
pends on their respective order of magnitude, which is directly related to the
coupled lines geometry. To ensure a better extraction of the lineic parameters,
it is suitable to perform some preliminary evaluation of the line parameters, and
especially capacitances. Their values, given in Table (5.2), have been obtain by
using a commercial 2-D simulator ATLAS from Silvaco [31] and extracted from
our multi-line analysis, without precaution.

Due to the large distance h between the lines and the ground plane, only C;

has to be taken into account. Actually, C; is significantly higher than C, due to

167



CHAPTER 5. PASSIVE ELEMENTS ON SOI TECHNOLOGIES

| Capacitance | 3-Lines | 2-Lines | Inductance | 3-Lines | 2-Lines |

G 29.5 35 L, 1.16 1.2
G 3 L 1.4

Cm 170 150 Ly 1.04 .98
Cm2 6 Lo 0.76 .74

Table 5.3: Simulated inductances in uH/m and capacitances in pf/m of 2
coupled lines with W = 10um, S = lum and S = 12um, tyx = 4um, tsi =
500um and 3 coupled lines having the same dimension. The capacitances have
been simulated using the Atlas simulator from Silvaco

the important fringing capacitance associated to outer strips. The high aspect
ratio of the coupled lines (W /S=10) induces a high value for C,,, which is the
dominant element, and a negligible value for the coupling capacitance between
non-adjacent elements (Cy,2). These conclusions are also valid for 4-coupled
lines: only capacitances between the external lines and the ground plane and the
capacitances between adjacent strips have to be considered. As a consequence,
C, and C,,» are too small to be accurately extracted from (5.26) as shown in the
column called "Direct extraction" in Table 5.2. The other coupling parameters
(L1, Lo, Ly, Lz, C1 and C,,) are then extracted from equations (5.26) and (5.31)
by using the results of the multiline simulated with the variational principle.
The extracted values of the TLPs are given in Table 5.2. In practice C, and Cy,;»
will be fixed to zero. It is clear from the measurements that all the inductive
couplings are in the same order of magnitude, even for the non-adjacent lines,
and then none can be neglected. This has been checked by applying a sensitivity

analysis to the model and has also been proved by Shepherd in [32].

This preliminary step is necessary in order to avoid trying to extract ca-
pacitances which are so small that the calculated S-parameters are completely

insensitive to their value.

We compare the extracted values of inductances and capacitances with the
values extracted from the computation of two coupled lines in Table (5.3). The
values of the inductances are nearly the same and also the values of the capac-
itances C; and C,,. If the capacitance C, and C,,» are neglected, all the used

TLP’s can be deduced from the calculation of 2-coupled lines.
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5.3.3.3 Modeling of the admittance matrix of n-coupled lines

This section presents the method used in our model to determine the admit-

tance matrix associated with a group of n-coupled lines.

In accordance with the previous section, the capacitive coupling between
non-adjacent lines is neglected, as well as the lineic capacitance of the lines,
which are surrounded by others. The inductive coupling is considered between

all the lines.

In this case, the equations describing the current and the voltage in the spec-

tral domain are given by

Z —jwf v Y
| = jB (5.32)
jwC Z 1 1
where
Vl Il 0O --- 0
V- 1= z=
Vn ITL 0O --- 0
nxn
L Lmlz e Lmlj e Lm”L
Ly, L Loy :
o .
Lmnl Lng T Lmﬂj e L
C+ Cpy, —Cmnyy 0 T 0
_Cm21 Cm21 + Cm23 _Cm23
C= 0 0
_Cmn—ln
0 PR - 0 —Cmy”/k] C + Cmnn—l

The coefficient L, C, Ly, ’ and Gy, ; are obtained from the calculation of 2-

coupled lines, with a spacing equal to the distance between the it" and the j*
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strip line.

The solutions of Equation (5.32) are the 2n-propagation coefficients and the
associated values of the voltage and current waves which are travelling through

the n-lines (Eigen values and eigen vectors of the matrix).

The voltage and the current, at any point along the propagation direction, are
a linear combination of the existing 2n modes. In order to obtain the admittance
matrix of the group of lines, the coefficient of the linear combination must be
calculated with the appropriate boundary conditions [16]. To achieve this goal,
the scattering matrix of n-lines is calculated first. Then the scattering matrix

will be transformed in an admittance matrix.

The power waves associated with each mode can be defined as follows

Vi +Z.1; Vi —Z*I;
Ay = LI Tim S im 5.33
fm R(Zc) " YR(Z) 39

The first index i specifies the access, and the second m specifies the propa-
gation mode . These waves are calculated by using the solutions of Equation
(5.32). Whatever the boundary conditions are, the global power waves are a

linear combination of the a;,, and b;,, waves

a a, -+ a, k1
— (5.34)

an Aorn, -+ don, kon

b, by, --- by, k1
: — : (5.35)

bZn b2n1 e b2n1 an

where ki ...k, are the coefficients determining the proportions of each mode

at each access.

The scattering parameters of the n-coupled lines will now be calculated. The
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definition of the S-parameters being

S" _ bi R Vi+ZCIi R Vi—Z:Ii
1] —

aj v j+i,a;=0 A= "Rz 2T Rz

specific boundary conditions (a; = 1 and V j # i a; = 0) are imposed succes-
sively for each access. Solving for each cases Equation (5.34) yields to the deter-
mination of the k; coefficients. By injecting this result into Equation (5.35) gives
the value of the “b" waves corresponding to the imposed boundary condition.

Thus, the coefficients of the i'" column of the scattering matrix is obtained.

In the present case, this procedure must be done only n-times. Transmission
lines being reciprocal devices, the scattering matrix of the n-coupled lines must

be symmetrical.

At the end, the admittance matrix of the n-coupled lines are calculated from

the scattering matrix by using the relationship presented in Chapter 2.

5.3.3.4 Modeling of the inductor

The model described in this section is a transmission line model. For solving the
multiline analysis, the square spiral is first divided into sections of n-coupled
lines, “n" varying with the position in the spiral (Figure 5.19). Each strip in
the section is supposed to be influenced by all parallel strips, including those
located at the opposite side of the middle hole of the spiral. As a result of
the study of 3-coupled lines (section 5.3.3.2), the inductive coupling between
all the strips and capacitive coupling between adjacent strip must be taken into
account. The lineic capacitance of the lines surrounded by two other are ne-
glected, and set to zero. The coupling effects are evaluated with the variational
principle as explained in the previous section. The effect of the underpass is
taken into account by considering a section of coupled microstrip lines: the
underpass is considered as the ground plane and the length of the microstrip
section corresponds to the width of the underpass. Parasitic resistances cor-
responding to the conductors and the underpass are also added to the model,

using Equation 5.36. This equation describes the resistances of a rectangular
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Figure 5.19: Division of the spiral inductor into sections of coupled microstrip
lines.

conductor versus frequency [20].

_ pl
R = W50 —e i) (5.36)

where 6 = w/i_‘; is the skin depth, p, W, t are the resistivity of the conductor,
the strip width and its thickness respectively.

The Y-matrices of all sections are calculated using the method described
previously. Then, these matrices are connected together to form the inductor
(Figure 5.20). The global solution is obtained using sparse matrix technique [33]

applied to floating admittance matrices [34].

Figure 5.21 shows schematically the simulation procedure from the geomet-
rical and electrical characteristics of a given spiral inductor (inputs) to the induc-
tor S-parameters or lumped RLGC equivalent circuit (ouputs) computed by the
new simulator. These outputs can then be used by a microwave circuit designer

to optimize the RF integrated circuit performance.
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Figure 5.20: Connection of the admittance matrices for all coupled line sections.
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Figure 5.21: Simulation procedure: from the technological inputs and inductor
layout to the high frequency simulated characteristics of the inductor.
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Label n w S Wy En E, Length
(um) | (um) | (um) | (um) | (um) | (um)
35T 3.5] 10 50 50 1266
45TS5 |45 10 50 50 2098
45TEH10 | 4.5 ] 10 10 90 1826
45TEH30 | 4.5 ] 10 30 70 1826
55T 55| 10 50 50 2472
85T 85| 10 50 50 4942
35TCsT |3.5] 10 289 | 289 4612
45TCsT [4.5] 10 5 141 141 3464
Wsior = 50um, t = 500um, tox = 3um, tyox = lum

1| U1 U1 V1| U1 U1| U1

e i B e Rl B

Table 5.4: Geometrical dimensions of analyzed spiral inductors.

5.3.3.5 Validation

The measurement of a battery of inductors implemented on a low resistivity
SOI substrate has validated this model. The geometrical parameters, as defined
in section 5.3.1, are given in Table 5.4. The distance between the inductance
and the ground plane (W) was chosen sufficiently large to prevent exciting
the slot line which is surrounding the inductor. This slotline can introduce a
spurious resonance in the frequency behavior of the component [6]. If this di-
mension (Wso¢) is kept small, the admittance matrix of the slot line must be
added in the structure following sparse matrix technique. Table 5.5 compares
the measured inductance value with the one extracted from our transmission
line model and these presented in the introduction (Table 5.1). The difference
between measurements and simulated results is small. But instead of the other
models, the new model shows, as the measurements, a variation of the induc-
tance when the dimensions of the inner hole are changed (45EH10, 45EH30).

This is in agreement with the measurements.

The real improvement of the model compared to the others is a better mod-
eling of the frequency behavior of all the components, without any fitting or
optimization. A comparison between the measurement of the inductor 55T and
results from simulations on a 40MHz — 40GHz frequency band is shown in Fig-
ure (5.22). Only the models giving analytical expressions of the components of

their equivalent circuit are plotted.
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&r -8% -3% -8% -5% 2% -5% -1% -1%
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Figure 5.22: Measured and simulated equivalent t-model lumped elements Ls

(@), Rs (b), Cp (c), and Rp (d) for a square spiral inductor of 5.5turns (called
55T in Table 5.4)

Contrary to the other presented models, all of the simulated equivalent pa-
rameters (Ls, R, Cp, and R,) are fairly evaluated over the whole frequency band.
As our model uses the physical structure of the substrate, it is not technology
dependent. Indeed, Figures 5.23 and 5.24 show the good agreement between
the measurement and the simulation results of an inductor made on alossy and
on a lossless substrate. Very good agreement is obtained for both inductors.

Furthermore, as the model reproduces fairly the behavior of the substrate,
the quality factor of the inductor is correctly estimated, not only in terms of its

maximal value but also in the whole frequency band (Figure 5.25).

5.3.3.6 Discussion

Due to a more accurate modeling of the substrate, and the transmission line

approach, a wideband model of integrated inductor has been developed. Our
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Figure 5.23: Measured and simulated S-parameters from 40MHz to 40 GHz for
a square spiral inductor of 5.5 turns (called 55T in Table 5.4) built on a low
resistivity silicon substrate.
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Figure 5.24: Measured and simulated S-parameters from 40MHz to 40 GHz for
a square spiral inductor of 5.5 turns (called 55T in Table 5.4) built on a quartz
wafer.
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Figure 5.25: Measured and simulated quality factor from 40MHz to 40GHz for a
square spiral inductor of 5.5 turns (called 55T in Table 5.4) built on quartz and
low resistivity silicon wafers.

model has been validated with several measurements of square spiral integrated
inductors having an inductance value situated between 1.6 and 12 nH. The better
results in the frequency band are obtained for the inductors up to 5.5 turns.
For higher number of turns, the effect of the bends becomes more and more
significant.

Thereby, the accuracy of this model will decrease as the number of turn
increases. Moreover, the non-modeling of the bends can be responsible of
the systematic overestimated values of the inductors. Indeed, GETSINGER has
demonstrated in [35] that a right angle bend produces an equivalent negative
inductance, which reduce the total inductance of an inductor. In order to in-
crease the performances of our model, a correct modeling of the bends should
be introduced.

Also, the accuracy of this model is directly linked to the precision obtained
for the calculation of the transmission line parameters. This calculation implies
the evaluation of several integrals of oscillating functions with an infinite limit of
integration (Appendix D). Depending on all of the geometrical parameters, the
evaluation of these integrals is a challenging numerical problem, which needs
to be checked when a new technology is used.

The time consumption necessary to model an inductor is relatively small
(less than half an hour for the biggest one) compared to those necessary for a

2.5 or 3D electromagnetic solver (some hours for the smallest). This result is
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achieved thanks to a previous calculation of the transmission line parameters
used in the model. This calculation requires nearly 3 days of computing by using
Matlab from MATHWORKS CORP. on an UltraSparc2 workstation, but it must only
be done once for a given strip width. After that preliminary calculation, the time
required to simulate the biggest inductor (85T) between 40MHz and 40GHz was
less than 30 minutes

The model developed has some real interest for the RF designer, because it
models accurately all the equivalent circuit elements of the inductor, whatever
technologyis used. For the simple models, the value of the inductance cannot be
easily linked to the geometrical parameters. As a consequence, an optimization
of the design of an inductor under some constraints, as minimum area with
maximum Q for a given value of inductance, is not easily obtained.

The best method to design an inductor is probably a mixing of empirical for-
mulae, like those proposed by MOHAN or GREENHOUSE [18][21], to determine the
inductor layout, followed by simulation with our model to evaluate accurately

the losses.

5.3.4 Prospective design of square spiral inductor.
5.3.4.1 Introduction

Using the developed model, some guidelines for the design of integrated induc-
tors can be deduced. Some new technological solutions can also be investigated
easily before processing, thanks to the use of the variational principle.

In the following section, some general guidelines for the design of induc-
tors are provided. And some simulations of inductors made one alternative

substrate are shown in order to illustrate the potency of our model.

5.3.4.2 Design rules

The design rules proposed here give some idea of the effect of the geometrical
parameters and how to set these parameters to maximize the Q factor, as de-
fined by Equation (5.12), below the resonant frequency. These rules are deduced

from several simulations made for inductors built on SOI substrate and can be
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extrapolated to other silicon based technologies.

Dimension of the inner hole The influence of the inner hole of the inductor
is directly linked to the mutual inductance between the strips. Indeed, as it is
presented in Table 5.5, the mutual inductance between strips laying on both
sides of the hole reduces the overall inductance of the inductor. Then, the
dimension of the hole should be maximized under certain limit, as the size of
the inductor must remain relatively “small" ensuring a high circuit density on
die.

Before dealing with the dimension of the hole, the shape of the inductance
must be determined. The measurement and the simulation have highlighted
the influence of the negative coupling with the inductance called 45TH10 and
45TH30 in Table 5.5. Figure 5.26 shows the variation of the inductance of sim-
ulated inductors when the dimension of the hole is changed, keeping constant
the perimeter of the inductance. The mutual inductance between strips is func-
tion of the total strips length, and is also function of the distance between the
strips. Considering the four strips of Figure 5.27a, if the vertical dimension is
reduced (Ev), the distance between these strips is reduced and the length of the
horizontal strips will increase (Length = Eh). Then the negative mutual induc-
tance (Mh_) between these strips will also increase (Figure 5.27b). Meanwhile
the opposite phenomenon happens to the vertical strips. The mutual induc-
tance (Mv_) between two strips is reducing quickly when the distance between
the strip increases (Figure (5.28)). Then the optimal design for a square spiral
inductor will be the one minimizing the ratio between the length of the strips
and the distance between the strips. This design will be rectangular with Eh
just larger than Ev (=~ Ev + 2W), simply because of the difference between the
shape of the horizontal and vertical lines.

After determining the optimal shape of the inductor, the dimensions of the
inner hole must be specified in order to maximize the Q-factor in the frequency
band of interest.

In order to maximize the Q-factor for a given inductance value, the positive

mutual inductance must be maximized with a sufficient number of turns, the

182



5.3 MODELING OF INTEGRATED INDUCTORS
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Figure 5.26: Variation of the inductance value of an integrated inductors with 4.5
turns and a spacing of 1um (-square) and 10um (-circle) for various dimension
of the inner hole.
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t—r—70n

Mh_ Ev

Figure 5.27: Shape influence of the inner hole of the inductance.

negative mutual inductance must be lowered by imposing a sufficiently large
the inner hole, and the inductor resistance must be small. Then the total length
of the inductor must be kept as small as possible. Also, the total area of the
inductor must be reasonable in order to achieve a high circuits density on the
die. LONG et al. give in [26] a minimal value for the inner hole of the inductor.
This value must be greater than five line widths. This last assumption must be
respected, because the negative coupling between the strips increases rapidly

if the inner hole reduces too much, as shown in Figure 5.28.

The value of five line widths is probably not the optimal value, but itis a good
estimation of the limit below which the performances of an inductor decrease.

Some simulations have been done for different inductance values. After defining

183



CHAPTER 5. PASSIVE ELEMENTS ON SOI TECHNOLOGIES

Mutual inductance [pH/um]
~
o

u}

1 1 1 1 1 1 1 1 4]
0 50 100 150 200 250 300 350 400 450
Spacing [um]

Figure 5.28: Mutual inductance of two microstrip lines with a width of 10um
, simulated at 10GHz with the variational principle, as function of the spacing
between the strips.

an inductance, the number of turns is changed and the dimension of the inner
hole is modified in order to keep the same inductance value. Then the Q-factor
is evaluated at 1GHz. Figure 5.29 shows the results of these simulation for 3
inductances of 1.25, 1.7, 2.3nH having a strip width of 5, 10, 15um respectively.
The optimal value for the dimension of the hole ranges between five and height

line widths for all the simulated components.

Strips width The dimension of the strips influences also the different prop-
erties of the inductor. First, the width of the strips is directly related to the
Q-factor by the ohmic losses. Second, the capacitance between the strips and
the underpass is a linear function of the strip width. Then enlarging the strip
will produce a reduction of the resonant frequency, and a reduction of the serial
resistance at low frequency. At higher frequencies, as the skin depth is reduc-
ing, the improvement of the use of a wide strip becomes unimportant [36][37].
The better solution for reducing the ohmic losses is to use several metal lay-
ers connected together by vias to form the spiral [27], thicker metallization, or
metal with a lower resistivity. Also the inductance can be drawn with varying
the width of the strip to take into account the current distribution inside the
strip. This last method, proposed by LOPEZ-VILLEGAS [36], increases the com-

plexity of the layout, and makes difficult the optimization of the structure. For
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Figure 5.29: Q-factor of inductors of 1.25nH (—), 1.7nH (--),and 2.3nH (—--)
for various dimensions of the inner hole.

the technology used, the better range for the conductors width is between 10

and 20um.

Spacing In order to maximize the quality factor, the positive mutual induc-
tance between all the strip must be increased to its maximal value. The maxi-
mum is obtain when the distance between the strips is minimal, as shown pre-

viously (Figure (5.28)) [26].

Increasing the spacing increases the total length of the inductance. Then
the lineic inductance of the spiral will increase, but the mutual inductance will
be reduced. In such a case, it is not straightforward to determine the layout
which maximizes the Q-factor. Numerous simulations have shown that the op-
timal design, in terms of Q-factor, is obtained when the spacing is set to the
minimum available. Figure (5.30) presents some of the simulated results. For a
given inductance value, the narrow spaced (s = 1um) design requests a shorter
inductance than the other (s = 10um). Consequently, as the ohmic losses will

be lower for the first inductance, its Q-factor will be higher.
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Figure 5.30: Inductance of inductors width a strip’s width of 10u and spacing
of 1 and 10um for various number of turns.

5.3.4.3 Prospecting new technologies

New technological solutions have been proposed to increase the performances
of integrated inductors. Some authors describe the use of ground shield or
heavily doped layer under the inductance to cancel the effect of the semicon-
ductor substrate. Also some etching techniques are used to remove the silicon
substrate under the inductor. All these solutions try to increase the quality
factor of the inductor by lowering the losses. Another solution will be to in-
crease the inductance value by introducing a layer of magnetic material in the

substrate.

All this configuration can be studied with the developed model.

Ground shield and heavily doped layer These structures proposed by YUE in
[11], are shown in Figure (5.31a,b). Their property is to present a ground plane
below the inductance. The fields don’t go through this ground plane, then the
behavior of the inductor is not affected by the substrate. In that case, current
loops appear in the ground plane and produce a negative mirror inductance
which makes the classical formulae unusable. Introducing the structure into
our model (Figure (5.31c¢)), the behavior of the simulated inductance is similar
to the inductance measured by YUE. The difference between the two curves can

be explained by the fact that the cross-section of the structure is not known in
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Figure 5.31: Cross section of alternative structure of integrated inductor using
a polysilicon ground plane(a), or a heavily doped layer (b). And cross section
used for simulation (c)

details (Figure 5.32).

Using magnetic layer Using high permeability materials can increase the in-
ductance value of the inductor. Some simulation have been done, as a prospec-
tive study, about the influence of a magnetic layer situated under the spiral.
Figure 5.33 shows the simulated results for a square spiral inductor composed
of 3.5 turns with W=10 um, S=10 um and E,=E;=50 pym. This planar inductor
is considered on a high resistivity silicon substrate with and without a magnetic
layer with a relative permeability of 50 and a thickness of 50 ym. Results show
the increase of the inductance value of more than 300 % and a quality factor at
5 GHz of 24 instead of 8.1 for the same spiral inductor by using a high-u layer.
Due to the increase of the inductance by turns with the use of high-u layers,
we can also see interests for decreasing the occupied area of integrated induc-
tors for a given inductance value and then for contributing to the integration of

passive elements on chips.

5.4 Conclusion

Along this chapter, a study of passive elements made on modern SOI technolo-
gies has been presented. First, topology of transmission lines has been inves-
tigated. The interest of thin film microstrip lines has been highlighted. Since
TEMS avoids coupling from the signal to the silicon substrate, we think this

kind of lines will be the most useful transmission line in the future generation
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Figure 5.32: Simulated and measured inductance [11] of an inductor with a
ground shield.

10 16
with high-p layer
- — - — without high-p layer H15
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Frequency [GHz]

Figure 5.33: Simulated equivalent inductance L and series resistance R, for a
square spiral inductor built on a high-resistivity silicon wafer with and without
a high permeability layer
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of microwaves circuit on silicon-based technologies. Also, properties of TFMS
lines do not depend on the under-laying substrate. Thus cheap, standard SOI
wafers can be used. Second, analysis of square spiral inductor has been made.
A model, based on a transmission line approach has been developed and vali-
dated. The study of the coupling between strips has lead to useful guidelines

for the design of integrated inductor.
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