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Abstract—This paper presents a new efficient multiline model
for monolithic inductors. A preliminary model was developed by
Huynen, which divided the spiral in sections of coupled transmis-
sion lines whose parameters are calculated by a variational prin-
ciple. Thismodel has been improved for inductorswith high trace
width-to-gap ratios and it has been demonstrated to be adequate
for predicting S-parameters characterizing the inductor over a
wide frequency band, even above its self-resonant frequency. This
new design toal isshown to be useful for analyzing and optimizing
inductor topologies built on both insulating and semiconducting
substrates.

Index Terms—Inductor model, integrated circuit (IC) modeling,
substrate loss.

|. INTRODUCTION

HE boom in mobile communications has led to an in-

creasing desire for low-cost and low-power mixed-mode
integrated circuits (ICs). A very high degree of integration, a
lower power consumption, and the use of alower supply voltage
are the goals set for new developments in wireless transceiver
design. Present-day transceivers often consist of athree or four
chip-set solution combined with several external components.
The required number of external components is linked to the
physical limitations of the analog front-end topology. A further
reduction of the number of external components is essential
to obtain a lower cost, power consumption, and weight. The
evolution of wirelesstransceiver design will betherealization of
the compl ete transceiver (analog and digital processing) on one
chip.

Submicrometer CMOS technology appears to be a feasible
and cost-effective integration solution for mobile commu-
nication systems. Effectively, the maturity of silicon-based
CMOStechnology for small device feature size and low-voltage
digital circuits and aso the recent progresses of MOSFET’s
microwave performances [1]-{5] explain the silicon success
compared to 111-V technologies. Unfortunately, the fabrication
of high-quality passive elements is quite difficult due to two
major limitations of silicon-based technologies, which are the
relatively high losseslinked to the silicon substrateitself and the
relatively thin metal layers used for interconnections. However,
several solutions have been presented recently in the literature
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to overcome those limitations, and experimental results have
shown the possibility reaching high quality factor (>30) for
inductors integrated on silicon substrates. The main proposed
solutionsto overcometheparasitic substrate effectsarethe use of
high-resistivity silicon substrates [6], a very thick buried oxide
layer [7], or aporoussilicon region [8] underneath theinductors,
the silicon substrate removal below the inductor area by micro-
machining techniques[9], [10], and the use of apatterned ground
shield [11]. Thicker metallization and stacking of multiple metal
layers are used to reduce the conductor dissipation [12]. Design
guidelineshave been proposed to optimize the geometric param-
eters of microstrip spiral inductors, such as strip width, spacing
between the strips, and the gap between groups of coupled lines
on opposing sides (the hole at the middle of the spiral inductor)
[13], [10]. Despite these technical improvements, only a few
successful RF analog circuits have been reported in theliterature
[14]-{18]. The slow emergence of CMOS technologies into the
market of RF circuitsisin part linked to the lack of accurate and
rapid simulation tools for passive elements.

The classica RF and microwave models available for the
integrated inductors are of various types. We can divide the
computer-aided design (CAD) for spiral inductors into: 1) the
full-wave electromagnetic simulators (EM Ss) category and the
2) simple m-model category for which the lumped-element
values are determined by semiempirical equations or by using
fitting techniques on high-frequency measurements. EMS
simulators based on two-dimensional (2-D) or three-dimen-
sional (3-D) modeling of the element use a spectral-domain
approach [19], the method of moments [20], the method of
lines [21], or a finite-element method [22]. The computation
time, however, isreported to increase with the number of turns,
losses into the substrate, and the ratio linewidth (1) to line
spacing (S), and becomes rapidly too large for online design
and optimization. Lumped-element models and also tables of
measured data (introduced in the circuit ssimulator as a black
box) are usualy preferred to complex distributed models by
monolithic-microwave integrated-circuit (MMIC) designers
because they are easy to introduce into commercial circuit
simulators and, moreover, they do not increase the computation
time of circuit optimization. The parameters of the equivalent
circuit are extracted and validated by measuring a series of
inductors of various geometries [23]{25]. However, these
models suffer from various limitations: they are not valid above
the resonant frequency (thus, not suitable for accurate simula-
tions of nonlinear circuits), they are generally scalable versus
some parameters (not all of them), and they are only accurate
for the technology, type of substrate, range of dimensions of
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the measured inductors, and measurement’s frequency range.
Concerning the use of tables of measured data for inductors,
thisis a practical tool for RF designers to optimize the circuit
performances for a fixed inductor design, but it cannot be used
for the optimization of the inductor design itself.

Inorder to overcome someof theselimitations, an efficient de-
sign method hasbeen devel oped by Huynenfor MM I C inductors
[26]. It requires only the geometry of the spiral inductor and the
electrical parametersof thesubstrateasinput parametersand, asa
consequence, canbeusedwiththesameaccuracy for varioustech-
nol ogies and topologies of inductors. Thismodel was devel oped
for inductances with low linewidth to line spacing ratio (W/.S).
This preliminary model [26] is extended and optimized in this
paper for inductors with high trace width-to-gap ratios.

The geometrical and technological parameters of inductors
analyzed in this paper are described in Section Il. Sections 111
and |1V briefly describe the preliminary model [26] of the in-
tegrated inductor, as well as its efficiency and limitations. Sec-
tion V shows how it is possible to optimize the model for high
W /S values, and Section VI validates the model for inductors
on moderate-resistivity silicon (20 €2 - cm) and high-resistivity
quartz substrates.

Il. INDUCTOR GEOMETRIES

In Fig. 1, the top view and cross section for the spiral induc-
tors studied in this paper are shown. Each microstrip spiral is
fabricated using 2-p:m-thick aluminum with 10-§2/sq sheet re-
sistance. A 1-;m-thick underpass is used to contact the center
of the spira to the pad access for measurement purpose. The
spiral is separated from the underpass line and the silicon or
quartz substrate by oxide layers of 2 pum (ty0x) and 4 oM (toyx),
respectively. Table | presents the geometrical dimensions of the
various inductors for which the simulation and experimental re-
sults are analyzed and discussed in this paper.

I1l. DESCRIPTION OF THE PRELIMINARY MODEL

Themodel described in hereisatransmission-linemodel. For
solving the multiline analysis, the spiral isfirst divided into sec-
tions of n-coupled lines, “n” varying with the position in the
spiral. Each strip in the section is supposed to be influenced by
the two adjacent stripsonly (then C,,,» and L,,,2 inFig. 2 are ne-
glected) and the parameters of the coupled lines are the (L, C)
elements of asingle line and the mutual capacitance and induc-
tance (C,,, L,,) of the adjacent lines. The line parameters are
calculated by using avariational formalism, taking into account
the geometrical and electrical parameters of the substrate [27].
The effect of the underpassistaken into account by considering
a section of coupled microstrip lines: the underpass is consid-
ered as the ground plane and Iength of the microstrip section
corresponds to the width of the underpass. Obtaining the S-pa-
rameters of all the sections, the S-matrices are transformed into
Y -matrices and connected together to form the inductor.

This model has first been validated for low-value inductors
with a strip width (W) and a strip spacing (S), both equal to
16 ;m. When the distance between the outer strip of the spiral
inductor and the coplanar ground plane, needed for on-wafer
measurement purposes, is of the same order of magnitude as
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Silicon substrate

Fig. 1. Top view and cross section of analyzed inductors.

the spacing between strips, the effect of the ground plane hasto
be taken into account, as shown in [26]. In order to avoid this
problem, the coplanar waveguide (CPW) ground plane-outer
inductor strip distance has been taken large enough (5 x W)
for the validation of the new model presented in this paper.

IV. EFFICIENCY AND LIMITATIONS OF THE
PRELIMINARY MODEL

The model presented above adequately predicts for spiral, as
well asmeander inductors: theinductanceand quality factor of in-
ductorsbel ow and abovetheresonant frequency, thesel f-resonant
frequency duetotheunderpasscapacitor, aswell asthesecondres-
onant frequency dueto thelinelength (when thetotal linelength
approaches a quarter-wavelength), and the parasitic effects due
totheground planes, if the distance between the coplanar ground
planesand theouter stripislower than 5 x W. Furthermore, this
model isvalidfor|ow-lossdielectric substrates, aswell asfor low-
resistivity substratessuchassilicon, andiswell adaptedfor thede-
sign dueto its short computation time. However, thismodel suf-
fersfromlimitations, themostimportant being thedegradation of
the precision of thesimulated inductancefor high W/ S ratios, as
will be shown in Section V1. Thisis due to the fact that only the
adjacent linesaretakeninto account for the eval uati on of the cou-
pled-line parameters. It has been proven [28] that the impact of
thelineslocated acrosstheholeinthemiddleof theinductor isnot
negligible; they introduce anegative coupling dueto the opposite
directionof thecurrent flowinginthestrips. Thiseffectisnottaken
into account by the preliminary model [1]. Section V shows how
themodel can be optimized.

V. IMPROVED MODEL

For RF and microwave low-noise amplifiers and oscillators,
the design of high-value inductors with a high-quality factor is
needed. This needs alarge number of turnsand asmall distance
between the strips. Reducing the distance between the strips, it
becomes important to take into account the effect of nonadja
cent lines: the full coupling matrix of n coupled lines has to be
evaluated, including not only all thelinesbeing on the same side
of the inductor, but also the ones located at the opposite side of
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TABLE |
GEOMETRICAL DIMENSIONS OF ANALYZED SPIRAL INDUCTORS

Label [ n [ Wlum] [ Slum] | Wolum] | Exlum] | Eu[um] [ Lengthlum] | Dout[pm]
35T 35 10 1 5 50 50 1266 136
45TSS 4.5 10 5 5 50 50 2098 190
45TEH10 4.5 10 1 5 10 90 1826 198
45TEH30 4.5 10 1 S 30 70 1826 178
55T 5.5 10 1 5 50 50 2472 180
85T 8.5 10 1 5 50 50 4942 246
35TCsT 3.5 10 1 5 289 289 4612 375
45TCsT 4.5 10 1 5 141 141 3464 249
Wslot = 50um
/’/I P Pl d.[g(z) . .
P Lm{ z - 5 = JwCiVa(z) — ij'm(Vg(z) — Vg(z))
Lo Lo - jwcrnQ (‘/3(2) - ‘/1(2))
L L L Wilz) | |
' G ' Cn i Jwlili(z) — jwLmIs(z) — jwLloI5(2)
1l Il AV (
- 2(2) . . .
§ Hsz i JwLloly(2) — jwLmIi1(z) — jwLy,Is(2)
c ol c dV(2) : : :
1_ 2 1 ’“ i JwliI3(z) — jwLpyI1(2) — jwlmaI1(z).

Fig. 2. Equivalent circuit of three coupled microstrip lines. For clarity
purposes, the equivalent resistances and conductances in series and parallel
with the inductive and capacitive elements, respectively, are not shown.

the middle hole of the spiral. However, the number of parame-
tersincreases rapidly and should become prohibitive for alarge
number of turns.

In order to limit the complexity of the model and then the
computation time, it would be interesting to identify the negli-
gible distributed parameters for a spiral inductor. For this pur-
pose, the evaluation of the full coupling matrices of three and
four coupled lines of 10-,m width, separated by 1 ;:m, has been
performed and analyzed. This corresponds to the geometry of
the spiral inductors used for the inductor model validation. The
full analytical analysis of coupled lines has been limited to three
and four coupled lines to keep the expressions readable, but of
course, the conclusions drawn below arevalid for networkswith
over four coupled lines. Severa measurements and simulations
comparisons presented in Section VI demonstrate the validity
of simplifications described below for inductor structures com-
posed of 3.5 up to 8.5 turns. Fig. 2 shows the complete equiv-
alent lumped circuit for three coupled transmission lines. The
symmetry of the structure imposes the equality of thelineic pa-
rameters of the first and third lines, as well as their coupling
parameters with the central line. Our model takes into account
the ohmic and dielectric loss, but for clarity purposes, the equiv-
alent seriesresistances (R;) and parallel conductances (G;) are
not included in Fig. 2. Explanations about conductor and dielec-
tric loss modeling are given bel ow. In the frequency domain, the
differential equations describing the evolution of thevoltageand
current along the lines are

%}EZ) = — jwCi Vi(z) — jwC,y, (Vl(z) — VQ(Z))
— jwCma (Vi(2) = Va(2))
dféiz) = — jwC,Va(z) — jwCn (Va(z) — V1(2))

- jwcm(VQ(Z) - V?)(Z))

@

Deriving the three last equations versus » gives the following
equation system:

d?Vi(z Vo(2) +

d;§7) =CuVi(z) + Ci2Va(2) + Ci13Va(2)
d*Va(z Vol(2) +

d722(7) =CnVi(z) + C2Va(2) + O V3(2)
d?Vs(z Vol(2) + V

dj2(7) = C13Vi(z) + Cr2Va(z) + C11V3(2) @)

with
Ci1 =w*(=L1Cyy — L1Cra + L Cpy
+ L2Cina — L1 C1)
Cro =w*(L1Cp + Lyn2Cn
- L, O —2L,Cy,)
Ciz =w*(=Lm2Cm2 + L1 Cru2 + L, Gy,
— LoCy — Lo Chy)
Co1 =w*(LoChy — Ly Cry — Ly C1)
Coy =w*(2L, Cppy — 2L3Chyy — Lo Cy) 3
Assuming propagation along the z-axis (—j3z), solving (3)

reduces to the evaluation of eigenvalues and eigenvectors [29]
for voltage or for current as follows:

Ciy Cip Ci3| [ W1 Vi
Ca Crr Uy Vo | =8| Vo @)
Ciz Ci2 Cu| [Va] RE
Ciy Cip Ci3| | It I
Ca Crr Uy L|=-p|5L]|. 5
Ciz Ci2 Cu| | 1I3] | I3

Thethree eigenvectors of (4), aswell astheir eigenvalues are
evaluated by the variational principle developed at the labora
tory [27]. Inserting them in (5) gives a system of five indepen-
dent equations with the five unknowns Cy, Cas, C12, Ca21, and
C13. The next step isthe calculation of the lineic parameters by
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TABLE 11

SIMULATED VALUES OF THE LINEIC CAPACITANCES IN pF'/m AND INDUCTANCES IN pH /m OF THREE COUPLED LINES WITH W/

10 gm, S =1 pm,

tox = 4 ppm,t,; = 500 g, AND p,; = 202 - cm

Capacitance | Direct extraction | Silvaco | Proposed model [ Inductance | Proposed model
Ci 110 29.5 31 Ly 1.16
Ch 44.6 3 0 Lo 1.4
Cm 59.5 170 173 L, 1.04
Cma2 -8 6 0 L2 0.76

(3). Thisis, however, a system of five equations with eight un-
knowns. Three other equations have to be added to find out all
the parameters. These equations are obtained by expressing the
power for the three propagation modes

le + Lo + (Co1)?Lo /2 + 2L, Coy

P =
' B
P :le + L2 + (022)2L2/2 + 2L,,,Ca2 (6)
B2
Ll - Lrn?
Pro=w———=
>

Thelineic parameters are then extracted from (3) and (6). The
extraction of al the line parameters Ly, Lo, Ly, L2, C1, Ca,
C, and C,,2 is, however, not straightforward because they ap-
pear as products in (3) and the possibility to recover them de-
pends on their respective order of magnitude, which is directly
related to the geometry of the coupled lines. It isthen necessary
to perform a preliminary evaluation of the line parameters, es-
pecially the capacitances. Their values, given in Table |1, have
been obtained by using a commercial 2-D simulator Silvaco!
and extracted from our multiline analysis.

Due to the large distance i between the lines and ground
plane, only C; hasto betaken into account. Actualy, C; issig-
nificantly higher than C5 due to the important fringing capaci-
tance associated with outer strips. The high aspect ratio of the
coupled lines (W/S = 10) involvesahigh valuefor C,,,, which
is the dominant element, and a negligible value for the cou-
pling capacitance between nonadjacent elements (C,,,2). These
conclusions are also valid for four-coupled lines: only capaci-
tances between the external lines and the ground plane and ca-
pacitances between adjacent strips have to be considered. As a
consequence, C, and C,,,; are too small to be accurately ex-
tracted from (3), as shown in Table |1 under the “ Direct extrac-
tion” column. Theother coupling parameters (L1, Lo, Ly, L2,
C1,and C,,,) arethen extracted from (3) and (6), and their values
are given in Table I1. In practice, C> and C,,,2 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 proven by Shepherd in [28].

This preliminary step is necessary in order to avoid trying to
extract capacitances that are so small that the calculated S-pa-
rameters are completely insensitive to their value.

Thenext step istheanalysisof theintegrated inductor. Thein-
ductor isdivided into sections of coupled lines, asrepresented in
Fig. 3. As mentioned before, the capacitive coupling takes into
account the coupling with the adjacent lines only, and the in-

1Silvaco Int., Santa Clara, CA, 1999.

s
[l

Fig. 3. Division of the spiral inductor into sections of coupled microstrip lines
for the improved model.

ductive coupling takesinto account al the lines, including those
extending across the gap. The sign of the mutual inductors be-
tween two lines depends, of course, on the respective direction
of the current flow.

In the model, the conductor and dielectric losses are both
taken into account. In a few words, the technique assumes a
realistic distribution of current on the strips, from which an
accurate value of the complex propagation constant associated
to each coupled mode is derived, together with the modal
electric- and magnetic-field distribution in each dielectric lossy
layer. Knowing the modal field distribution and associated
complex propagation constant, the modal power under the
dielectric losses assumption is derived. Moda values of
complex propagation constant v and associated power P are
inserted into (3) and (6) in the case of a three-line section, for
example, and lineic L;-, G;-, and C;-parameters are deduced.
Next, the series lineic resistance R; of each strip is computed
according to [25], taking into account the skin-effect limitation.

The model also takes into account the presence of eddy cur-
rents inside the lossy multilayered substrate. This is demon-
strated by several simulation results compared to experimental
datain Section V1.

Fig. 4 shows schematically the simulation procedure from the
geometrical and electrical characteristics of a given spiral in-
ductor (inputs) to the inductor .S-parameters or alumped equiv-
aent circuit (outputs) computed by the new simulator. These
outputs can then be used by amicrowave circuit designer to op-
timize the RF IC performance.

VI. VALIDATION OF THE NEw MODEL

The measurement of a battery of inductors (Table 1) imple-
mented on quartz and moderate-resistivity silicon substrates has
vaidated this new model.
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Output: [2x2] S-parameters matrix
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Fig. 4. Simulation procedure: from the technological inputs and inductor layout to the high-frequency simulated characteristics of the inductor.

Fig. 5 shows the comparison between measured and simu-
lated S-parameters of the 55T inductor; the improvements of
the new model clearly appear. Table |1l compares the measured
values of the inductance and the self-resonant frequency to the
values calculated by the preliminary model [1] and by the new
one. The preliminary model systematically overestimates the
value of the inductance by neglecting the negative coupling due
to the current across the holein the middle of the inductor struc-
ture and, as a conseguence, gives only an approximate val ue of
the self-resonant frequency. It isimportant to accurately predict
the self-resonant frequency because its value decreases for in-
creasing value of inductance so that there is arisk for high-L
and high-@ inductors to have a self-resonant frequency coming
close to the working frequency. Most of the models in the lit-
erature are not adequate; they usually highly overestimate the
resonant frequency.

The measurements in Table Il (inductors 45TEH10 and
45TEH30) show that the inductance increases when the size
of the hole in the middle of the spiral increases (increasing
FE}y). The new model predicts well this increase, whereas the
preliminary one does not because it does not take into account
the negative mutual inductance between lines in which the
current flows in the opposite direction.

Fig. 6 shows the good agreement between measured and sim-
ulated S-parameters over the whole frequency range from 0.04

to 40 GHz for aninductor (55T) built on two different substrates.
These results demonstrate the efficiency of the modeling proce-
dureto evaluate accurately the substrate effects for moderate re-
sistivity [silicon of 20€2-cm, seeFig. 6(a)] or extremely high-re-
sigtivity substrates [quartz, see Fig. 6(b)]. If welook at little bit
closer at the S»>1-parameter, an increase of the error between
simulations and measurements can be observed for the inductor
lying on the silicon substrate, mainly above the self-resonant
frequency (around 20 GHz for 55T). Wewould like to stressthe
fact that no optimization of the structure parameters have been
used in order to fit with the measurements. The electrical pa-
rameters for the silicon substrate (permittivity and resistivity)
and the physical dimensions of the various layers (oxide, sil-
icon, metal, etc.) provided by the foundry, as well as the strips
characteristics (width and spacing) only have beenintroducedin
the simulator. In order to see how sensitive the magnitude and
phase of the S, -parameter are versus substrate and conductor
losses, theinductor has been simulated with the dataprovided by
the foundry, cancelling the conductor loss, increasing the oxide
layer under the spiral inductor, and increasing the silicon sub-
strate resistivity. The results demonstrate that the effect of con-
ductor losses appears mainly on the magnitude of S»; below
the self-resonant frequency, whereas the silicon substrate |osses
(intrinsic silicon substrate resistivity and thickness of the oxide
layer) have an impact on the So; phase mainly above the in-
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Fig. 5. Comparison between measured and simulatedS -parameters for a square spiral inductor of 5.5 turns (called 55T in Table ).

TABLE 111
COMPARISON BETWEEN MEASURED INDUCTANCE AND SELF-RESONANT FREQUENCY, AND SIMULATED ONES BY THE PRELIMINARY AND NEW MODELS
FOR INDUCTORS BUILT ON MODERATE-RESISTIVITY SILICON SUBSTRATE

Measurements Preliminary Model New Model
Label L [nH] | Fres [GHz] | L [nH] | Fres [GHz] | L [nH] | Fres [GHz]
35T 1.65 37.6 2.46 25 1.8 36
45TS5 2.9 28.6 4.32 20.5 3.1 30
45TEH10 2.51 27 3.88 19.5 2.56 30
45TEH30 2.68 26.1 3.88 19.5 2.74 27
55T 4.14 19.8 5.58 16 4.35 21

ductor self-resonance. A wrong estimation of the silicon resis-
tivity can then explain the disagreement between the measured
and simulated S>; phase. We are convinced that we could better
fit the simulation results with the measurements by simply op-
timizing the silicon substrate or conductor resistivity and thick-
ness of the oxide layer considered by the simulator. Moreover,
wewould also liketo stress on the fact that the loss mechanisms
inside the silicon substrate are modeled in the present model
by considering the silicon resistivity of the wafer, i.e., the sil-

icon substrate is viewed as a dielectric with losses. Actually, it
has been demonstrated that the losses mechanisms are greatly
influenced by the presence of free carriers inside the semicon-
ductor substrate leading to the formation of inversion, accumu-
lation, or depletion layers[30]. Therefore, the presence of these
free carriersinside the silicon substrate should be taken into ac-
count for improving the modeling of substrate losses. We are
currently making simulations and measurements of various mi-
crostrip and CPW transmission lines on different silicon sub-
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TABLE IV
MEASURED AND SIMULATED INDUCTANCE VALUE, QUALITY FACTOR AND SELF-RESONANT FREQUENCY FOR VARIOUS SPIRAL INDUCTORS

Label Measurements Simulations
L [nH] Fsr [GHz] Qmaz L [nH] Far [GHz] Qmax
35T 1.65 37.6 4.8 1.80 36 5.2
35T_Q 1.74 35 7.24 1.81 36.5 7.47
45TS5 2.9 28.6 3.9 3.1 30 35
45TS5_Q 2.89 28.3 7.25 3.17 28 7.67
45TEHI10 2.51 27 39 2.56 30 4.2
45TEH10_Q 2.63 25.1 5.58 2.45 23 6.6
45TEH30 2.68 26.1 4.08 274 27 4.21
45TEH30_Q 2.63 22 6.13 2.8 23 7.04
55T 4.14 19.2 3.8 4.35 21 34
55T_Q 4.09 19.8 6 4.25 19 6.9
85T 11.4 9.2 2.75 12.2 10 32
85T_Q 11.18 10.9 5.41 12.28 11.2 6.06
35TCsT 9.4 8.4 2.7 10 10 2.5
35TCsT_Q 9.22 8.7 4.55 9.8 9 49
45TCsT 6.8 12 3.31 7.4 12.5 3.36
45TCsT_Q 6.7 12.9 6.23 7.2 13 6.26
10 T

' Syp-parameter !

(b)

Fig. 6. Measured (continuous line) and simulated (dashed line) S-parameters
from 40 MHz to 40 GHz for asquare spiral inductor of 5.5 turns (called 55T in
TableI) built on: (a) amoderate-resistivity silicon and (b) quartz wafers.

stratesin order to correctly model the silicon substrate behavior
over awide frequency band.

The evolution of the quality factor is most of the time badly
predicted or not predicted at al in theliterature. The model pre-
sented here accurately gives the evolution of the quality factor
versus frequency (Fig. 7) and then correctly predicts @ pax(=
max(—S3(Y11/R(Y11)), asdemonstrated in Table IV.

Yue et al. experimentally demonstrate the effects of au-
minum ground shields on the equivalent # model parameters
of monolithic inductors. Fig. 8 shows the measured inductance
presented in [11] for a square spiral inductor composed of
seven turns, 15-um linewidth, and 5-m line space deposited
on a low-resistivity silicon substrate with (SGS) or without a

-Im(Y(1)/Re(Y 1)
o

[
w

< - - - Measurements - Silicon
-10+ | — Measurements - Quartz
—&— Simulations - Silicon
—o— Simulations - Quartz
-15

0 100

10
Frequency [GHz]

Fig. 7. Measured and simulated quality factor from 40 MHz to 40 GHz for a
square spiral inductor of 5.5 turns (called 55T in Table |, Part I) built on quartz
and moderate-resistivity silicon wafers.

ground shield (NGS). For both designs (SGS and NGS), we can
observe a good agreement between our simulations and Yue et
al.’smeasurements. The inductance value is extracted from the
measured and simulated Y -parametersby L = S(—1/Y10) /w.
The large variation of the inductance value versus frequency
due to the presence of a solid ground shield is well predicted.
Our model can then be used to investigate the effects of heavily
doped (10-20 m €2 - cm ) substrates, which are popular silicon
substrates for CMOS RF ICs, on the inductors behavior. The
simulated inductance value and quality factor of inductor
designs, called 35T, 45T, and 55T in this paper, are shown
in Fig. 9 for a low-resistivity silicon substrate of 1 €2 - cm.
The simulated values of Q,,,... for these inductors built on a
low-resistivity substrate are in accordance with the values given
in the literature [31].

Finally, the propagation characteristics (propagation coeffi-
cient, attenuation coefficient, and characteristic impedance) for
each set of coupled lines are calculated using the variational
formalism, which reduce the implicit eigenvalue problem as-
sociated to full-wave methods by a simple explicit eigenvalue
problem, as described in [27]. This is one of the main advan-
tages of our model. It contributes greatly to the reduction of the
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Fig. 8. Measured and simulated inductance for a square spiral inductor built
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Fig.9. Simulated inductance value and quality factor for inductors of 3.5, 4.5,
and 5.5 turns built on alow-resistivity silicon substrate of 1 €2 - cm.

simulation time. The simulation time is, of course, increasing
with the number of turns, but it stays reasonable for usual spiral
inductors. We have observed a computation time of approxi-
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mately 2-, 5-, and 35-s/frequency point for inductors of 3.5, 5.5,
and 8.5 turns, respectively. This has to be compared to the data
given by authorsin [13]: on asimilar computer, a 3-D simulator
needs 5 min/frequency point, while the extraction of their own
lumped-element w-network reguires 2 min/frequency point.

VI1l. CONCLUSION

The model presented in this paper has been proven to be an
efficient method for designing MMIC inductors built on both
insulating and (semi)conducting substrates. Using this new
approach, the behavior of the device has been described over a
wide-frequency band, withavery reduced numerical complexity,
and as function of the geometrical and electrical parameters of
theinductor and multilayer substrate only. Hence, the scalability
of the proposed model is ensured, which is a main advantage
compared with conventional models based on lumped-element
equivalent circuits. Results are experimentally validated up to
the second self-resonant frequency, showing the efficiency of
the model for taking into account wide-band distributed effects.
Thisis of particular interest for nonlinear applications, such as
oscillator design, where the value of the terminations are also
needed at harmonicfrequencies. Thisnew designtool isshownto
beuseful for analyzing and optimizing inductor topol ogies.
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