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Abstract

A fast and accurate approach for analyzing Si IC spiral in-
ductors and transformers is presented. The technique incor-
porates the substrate in the calculation to fully characterize
the devices. Many test structures are fabricated and measured
data is used to verify the analysis technique over a broad
frequency range. Suitable lumped broadband equivalent
circuit models of the structures are presented which can be
incorporated into traditional circuit simulators. A custom
CAD tool ASITIC is described which is used for the design
and optimization of inductors and transformers.

Introduction

Spiral inductors and transformers have the potential to im-
prove the performance of key Si RF building blocks. Their
use, though, has been hampered by the inability to model
these structures over a wide frequency range due to the con-
ductive nature of the Si substrate. Since the introduction of
spiral inductors in silicon [1], much work has been done to
improve the performance of these structures by optimizing
the technology [21{3]. Little work, though, has been done in
analyzing these structures. Past researchers have often opted
for full 3D EM analysis, or the modeling has been semi-
empirical, often curve-fitting key parameters requiring fabri-
cation prior to modeling.

When analytic modeling has been done, the work has over-
simplified the substrate impedance and coupling calculation.
Often the measured Q factor or y,; is used to verify analytic
models of the spirals. Although important performance fac-
tors, these parameters are not suitable for verifying the accu-
racy of analytic models. The Q factor is essentially a ratio,
and errors often cancel. y; is dominated by the inductance
and series resistance of the spiral, and is very simple to cal-
culate to first order. These parameters are not sensitive to
accurate calculation of the substrate impedance. This is a
problem since the substrate impedance and coupling play key
roles in determining the performance of the devices. Hence,
the proper modeling of the substrate is integral. In this paper
we will present a general technique that yields the two-port
parameters of any arbitrary arrangement of conductors over a
multi-layer conductive substrate.

Description of Technique
It can be shown that at frequencies of interest in RF ICs, the
typical spiral inductor or transformer can be analyzed using

electrostatic and magnetostatic approximations. Even at 10
GHz, the time retardation of the potential across the length
of a typical spiral, on the order of 100 um, is negligible.
Furthermore, for the magnetostatic calculation the current
flowing in the conductive segments is several orders of mag-
nitude larger than the displacement and conductive currents
flowing in the oxide and substrate layers. Hence, the mag-
netostatic calculation reduces to a free-space calculation, and
for all practical purposes the substrate can be ignored for this
calculation. If substrate current is on the order of the spiral
current, then the analysis is more difficult. A mirror ground
current approximation can be employed to greatly simplify
the calculation [4]. This is usually not necessary, though,
since even highly doped layers are much more resistive than
the metal conductors. Even if the back plane is grounded, it
is usually located very far from the spiral (300pm - 700pm)
and its effects are not substantial. Further, at high frequency,
skin-effect in the bulk limits the substrate current to the sur-
face of the substrate.

Therefore, to calculate the mutual and self inductance, the
Geometric Mean Distance (GMD) approximation is appro-
priate and general formulas appear in [5] for various geomet-
ric configurations. To improve the approximation, and to
include skin-effect and proximity effects, each conductor is
further divided into parallel sub-conductors of constant cur-
rent density. Using the technique and approximation in [6],
this leads to a dense frequency-dependent mutual and self-
inductance matrix Zy, This matrix automatically takes skin-
effect and proximity effects into account. Many past re-
searchers [2][7] have used closed-form equations to ap-
proximate the skin effect. But such formulas only apply to
isolated conductors, and the proximity of close conductors
further influences the current distribution within each con-
ductor. Since optimal spirals use very close spacing to
maximize the Q of the inductor, it is important to include
such proximity effects.

The electrostatic calculation is more complex since the sub-
strate cannot be neglected. To calculate the electrostatic
impedance matrix Z¢ we use the method of moments [8].
Each metal segment of the spiral is subdivided into constant
charge sections to accurately calculate the capacitance and
resistance to the substrate, as well as to other metal seg-
ments. We use the semi-analytic approach of [9] to extract

16.3.1

0-7803-3669-0 $5.00 © 1997 IEEE

375

IEEE 1997 CUSTOM INTEGRATED CIRCUITS CONFERENCE



Table I Qubic 2 BiCMOS Process Parameters

Layer p(Q-cm) | & thickness (um)
Substrate 15 11.9 650

Surface of Sub. | .075 11.9 1

Metal 1 - 50€3/sq n.a. 1.0

Metal 2 32 Q/sq n.a. 1.3

the substrate impedance efficiently. Whereas in [9] the
Green function is derived at the surface of a multi-layer sub-
strate, we extend this work by deriving the Green function
for an arbitrary location within the substrate. This allows
metal-to-metal and metal-to-substrate impedance to be cal-
culated. It is important to note that this technique can be
used for any multi-layer substrate. This is important since
the number of substrate layers, as well as their doping, will
often vary from process to process. In addition, the substrate
impedance is sensitive to the number and location of sub-
strate-taps placed by the designer. This analysis takes these
various factors into account.

Using the magnetostatic impedance matrix Z,, and the elec-
trostatic impedance matrix Zs, and assuming segments are
connected in series', we write 2n nodal equations

v,
2 2——+1 ~1,,=0 n
ch;) k#]zjc;c k#j ZJC];
Via =2ij k 2)
k

where V; is the voltage of the ith conductor segment, and I; is
the current through the ith conductor. The above system of
equations can be inverted to find the y-parameters at any
frequency of interest. Alternatively, each segment may be
approximated by a two-port by first neglecting all coupling
capacitance (off-diagonal terms of Z¢) and then lumping
each segment inductance and resistance by summing the
rows of Zy. This approximation holds at low-frequency
when no current flows through the coupling capacitors. The
resulting system may be simplified by cascading the n two-
ports into a single two port model [10]. This approximation
may be further refined by noting that

n-1
S5yt ®
=1 <0 i=l j=n+l
where [ is the total AC current m]ected into the spiral. By
taking the appropriate weighted sum of the rows of Z, ac-
cording to (3), one can obtain a better estimate of the y-
parameters. The unknown voltages may be approximated in
an iterative fashion from the two-port matrix cascade calcu-
lation.

! Parallel segments are handled automatically in this technique since we
start by subdividing each segment into parallel segments. Hence, this tech-
nique is also applicable to multi-metal layer inductors such as the ones
appearing in [3].
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Figure 1 Measured and simulated Yy; of square spirals.

Measurement Results

To validate the above modeling technique, several spiral
inductors and transformers were fabricated. We present a
subset of the structures here. The Philips Qubic-2 BiICMOS
process was used to fabricate the inductors. Approximate
process parameters are shown in Table I. The inductors
were placed on metal 2 and were connected to bonding pads.
A substrate tap grounded the conductive surface of the Si
substrate, Two-port s-parameters of the inductors and trans-
formers were measured from 100MHz - 5GHz. Pad sub-
strate impedance was de-embedded by subtracting out the
open-circuit y-parameters from the spiral y-parameters. It is
important to observe that this de-embedding procedure can-
not cancel the substrate coupling that occurs between the
pads and the inductor itself. We found it important to simu-
late the inductors in the same manner that we measured them
{de-embedding bonding pads) in order to replicate this flaw
in the procedure. At the same time, this tested our tech-
nique’s ability to accurately extract substrate coupling that
occurs between bond-pads.

We first examine the common and important square spiral
inductor structure. Two example spirals are selected. Both
have inner dimension of 44pm and are wound with metal of

—

/ 20
. /S Py &

»9

e LOT
£ m LsT 0 3
£ A ROT &
%18 ® RsT H
g ——Simulation {40 2
3 9
£ 1 3

I -70

Hr —t -100
0.1 1.3 25 3.7 4.9
Frequency (GHz)

Figure 2 Effective series resistance and inductance of square spirals.
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Figure 3 Measured and simulated y-parameters of coupled inductors.

width 7um and of spacing 5um. The first inductor has 5
turns, whereas the second has 9 turns. Metal 1 is used as the
bridge layer to contact the inner turn of the spiral. Fig. 1 is a
plot of the measured and simulated y;; of the two square
spiral inductors.?

Effective series resistance and inductance can be extracted
from the real and imaginary parts of y;; . These are plotted
in Fig. 2. The inductance increases for both structures as a
function of frequency, due to the bridging impedance and
resonance behavior.® The resistance profile is influenced by
the substrate impedance. Whereas lower substrate imped-
ance tends to decrease the effective series resistance, the
coupling impedance tends to increase the resistance. The
resistance profile of the 5T spiral is dominated by coupling
impedance whereas the profile of the 9T spiral is dominated
by the low substrate impedance.

Many RF designs employ coupled inductors in differential
stages. Hence, it is important to be able to model not only
the magnetic coupling for a pair of spirals, but also the un-
wanted coupling through the substrate. In other cases, sev-
eral inductors appear on the same IC and it is desirable to
know the parasitic coupling. Two 9T square spirals similar
in geometry to the aforementioned spiral were wound sym-
metrically and placed 100pm apart. The resulting measured
and simulated y-parameters are shown in Fig. 3. Good
agreement is found for other separation distances as well.

Monolithic transformers also find many applications in a RF
IC [7]. Their characterization is of utmost importance due to
parasitic coupling between the two ports of the device.

? y12is not plotted since there is no noticeable difference between measure-
ment and simulation.

% There is actually a small underlying decrease in inductance as a function
of frequency at increasingly higher frequency as the internal-inductance
decreases due to the skin effect.
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Figure 4 Measured and simulated y-parameters of transformer.

Hence, in addition to accurately predicting the coupling co-
efficient k, it is also important to predict the parasitic sub-
strate coupling between the two ports. A test planar trans-
former was fabricated, consisting of two interwound 5 turn
spiral inductors of width 7um and spacing 12 pm both of
inner area 44pum. The measured and simulated y-parameters
for the test structure are shown in Fig. 4.

Lumped Equivalent Circuit Models

While the y-parameters generated in the previous section
may be used directly in frequency domain analysis, it 1s con-
venient to use lumped circuit models to represent the behav-
ior over a broad range appropriate in time domain simula-
tions such as SPICE. Furthermore, lumped models often
give the designer intuition as well as key parasitic parameters
useful for design.

The circuit of Fig. 5 was first proposed by [2] to model the
spiral inductor. The basic pi circuit of [1] is broadbanded by
including a bridging capacitance. The value of the capaci-
tance is not truly physical, but is more of an optimization
parameter to fit the y-parameters of the lumped circuit to that
of the actual y-parameters. Furthermore, substrate shunting
capacitance and skin-effect were added to further improve
the fit. For simple square spirals in our process, we found
the simple pi circuit with a bridging capacitance to be suffi-
cient.
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Figure 5 Lumped circuit model of spiral.
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Figure 6 Lumped circuit model of coupled inductors.

For 9T coupled inductors, the circuit of Fig. 6 is used. This
circuit is an extension of Fig. 5, where C is a lossless bridg-
ing capacitance for each structure, C; and R, mode] the sub-
strate injection, and R,;, models the substrate coupling be-
tween the inductors. R is essential to match s,; at low fre-
quency since this resistor represents an in-phase feedthrough.
The coupling k models the mutual inductance between the
spirals.

The transformers are modeled exactly like the coupled in-
ductors, except a coupling capacitor C is added from input fo
output to model the coupling through the oxide between the
input and output. As excepted, the coupling factor k is much
larger.

Optimization

ASITIC is a custom CAD tool designed to aid in the optimi-
zation of spiral inductors and transformers {11]. The pro-
gram takes in a set of electrical specifications such as desired
inductance, resistance, self-resonance, and translates these
specifications to a set of geometric parameters (spacing,
width, area, geometry) to optimize a given parameter such as
Q. The program can also work with an entire chip layout so
that coupling between different inductors/transformers, as
well as other metal structures, can be obtained.

In order to work quickly, the program searches through the
parameter space using approximate calculations of the ca-
pacitance matrix Z¢ and the inductance matrix Zy. Many
closed-form approximations exist {10] [12] to calculate the
coupling and substrate capacitance in closed-form. In addi-
tion, the inductance matrix may be calculated quickly using
the GMD approximation as before. In this way, the op-
timizer is fast and computationally efficient. As the op-
timizer limits the search space using these approximations, it
then uses the more accurate technique described before to
find the optimal solution.

Conclusion

A general and accurate method appropriate for the analysis
of spiral inductors and transformers, as well as other ar-
rangement of metal conductors, has been presented. Its va-
lidity is tested against measurement results from a wide vari-
ety of structures. Lumped element equivalent circuits have
been presented which model the device dynamics over a
wide range of frequencies.
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