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Abstract~— A new wide-band compact modeling
methodology for planar spiral inductors on lossy silicon
substrate is presented, The new ideal lumped-element
equivalent circuit model employs transformer loops in
the series branch to include the effects of the frequency-
dependent losses, in particular eddy-current loss in the
bulk silicon substrate. A robust automated extraction
procedure is employed to extract the element values of
the new compact model. The new automated modeling
methodology has been applied to a typical 1.5nH spi-
ral fabricated on a low-resistivity CMOS substrate. The
frequency-dependent series resistance and inductance as
well as the quality factor obtained with the new wide-
band model are in excellent agreement with the mea-
sured results over a 10GHz bandwidth.

I. INTRODUCTION

S RFIC applications more commonly reach fre-
quencies in the 1-10GHz region, the demand for
accurate wide-band compact models for on-chip spiral
inductors has significantly increased. To give IC design
engineers a real benefit, the compact model topology
should use a minimum number of ideal lumped elements
while offering a maximum amount of modeling flexibil-
ity. Furthermore, having a robust automated extraction
procedure is desirable to reliably and efficiently extract
the model parameters for a given spiral inductor .de-
sign. Low cost CMOS processes, in particular, demand
a flexible compact model topology due to a variety of
loss mechanisms present at higher frequencies. These
loss mechanisms, which include eddy-current losses in
the substrate as well as losses due to the conductor skin
and proximity effects, may have an especially negative
impact on the performance of on-chip spiral inductors.
The most commonly used compact spiral inductor
model is the standard “9-element” w-model {e.g. {1],
[2]). The series branch of the 9-element model consists
of a series combination of an inductor and a resistor to-
gether with a parallel-connected capacitor, which may
be thought of as representing the capacitive coupling to
the underpass as well as between the turns of the spiral
inductor. While this model can be used over a wide fre-
quency range for spiral inductors on low-loss substrates
such as high-resistivity silicon (HRS) or sapphire [3], it
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does not properly mode! wide-band eddy-current loss in
the silicon substrate for medium to heavily doped silicon
processes. In the more heavily doped silicon processes,
the series branch in the w-model of a spiral inductor may
exhibit a significant frequency dependence in the series
resistance A(w) and inductance L(w). Eddy-current loss
in the substrate, which is the dominant ac loss effect in
low resistivity substrates [4], causes L{w) to decrease
and R(w) to increase with increasing frequency. Be-
low the self-resonant frequency of the spiral, the series
branch of the 9-element model exhibits an increasing
inductance and increasing resistance as a function of
frequency. Without the coupling capacitor, the series
R and L of the 9-element model have no frequency de-
pendence. These trends limit the usefuiness of the 9-
element model as a wide-band compact model for spiral
inductors on low resistivity substrates.

This paper presents a new methodology for wide-band
compact modeling including automated parameter ex-
traction for planar spiral inductors on lossy silicon sub-
strate. The compact model achieves high accuracy over
a wide frequency range by using transformer loops (sim-
ilar to the substrate current loops used in the equivalent
circuit model for on-chip interconnects [4],{5]) to model
the effects of frequency-dependent losses in spiral induc-
tors, in particular eddy-current loss in low-resistivity sil-
icon substrates [6]. The values of the ideal elements of
the wide-band equivalent circuit model are determined
from two-port S-parameters using a robust automated
extraction procedure based on a least-squares fitting al-
gorithm.

1I. WIDgE-BAND EQUIVALENT CIRCUIT MODEL

Figure 1 shows the wide-band compact model for spi-
ral inductors. The inductance Ly, and resistance Rgc in
the series branch represent the spiral inductor’s series re-
sistance and inductance at the low frequency limit. The
coupling capacitance, commonly used in the 9-element
model, has been neglected to obtain the correct trends
for the series L(w) and R(w). The inductance L, and
resistance R,, simulate the ith transformer loop to ac-
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Fig. 1. Wide-band compact equivalent circuit model for spiral

inductors on lossy substrates.

count for the frequency-dependent losses. The mutual
inductances M, between L,, and Ly, can be thought of
representing the inductive coupling between the spiral
metallization and the semiconducting substrate, The
impedance of the series branch with transformer loops
is given by [5):

N .
M, (_1&))2
Zgeries(w) = Ry + jwLlae — )  ————"
ser:ea( ) c C ; R,, + jwLs,

(1}
where I is the number of transformer loops. With only
a single loop, the series circuit is effectively a simple
transformer with a resistive load. Each additional trans-
former loop adds an extra term to the summation in
(1), which allows for more variability in the frequency
response, At low frequencies the transformer loops are
weakly coupled to Ly, such that the frequency response
of the series circuit is dominated by L4, and Ru.

The standard C-GC topology consisting of ideal G
and C elements is used for the shunt branches in the
w-configuration of the wide-band compact model. In
certain cases, increased accuracy of the overall model
can be obtained by using a more general shunt circuit.
This can be realized by adding one or more parallel G-
‘C combinations in series with the basic C-GC circuit.
The input impedance of these augmented circuits is:

N
+2.
i=1

1

- 2
Gsubk,,- +JWCauby..‘ ( )

Zshu ==
shunty @) JwCoz,

where IV is the total number of G — C combinations in
the shunt circuit and k is the port number.

III. EXTRACTION PROCEDURE

An important consideration in developing compact
models is the need for a fast and accurate means of
extracting the component values. Typically, compact
models, such as the 9-element model, are extracted us-
ing a time-consuming optimizer. Because optimizers in-
volve an iterative solution process they can be prone to
convergence problems, depending on the initial values
supplied by the user. The optimizer may converge to a

718

“local minimum” or possibly never reach convergence.
To avoid these problems with the more complex trans-
former loop model, we have developed a robust CAD-
oriented extraction methodology using a least-squares
(LS) fitting procedure. Because of the large number
of frequency points and limited number of components,
the LS fitting procedure involves the solution of an over-
determined system of equations. Note that this extrac-
tion approach is feasible because of the simple mapping
between the coefficients of the resulting rational polyno-
mial and the component values in the wide-band com-
pact model.

As (1} and (2) show, both the series and shunt
impedance functions include summations of single pole
terms which can be rewritten as rational polynomial
functions of jw. To take advantage of the rational poly-
nomial form, Cauchy’s method {7],{8] is used to extract
the component values involved in the summations. In
this formulation L,,, the loop inductances, are all ar-
bitrarily scaled to 1pH. To illustrate the extraction
procedure, the main steps are described for the series
impedance branch. The shunt circuit extraction is sim-
ilar and the main differences will be explained.

The series impedance can be directly obtained from
the measured Y32 admittance parameter as

1
Yia(w)

The dc values of L{w) and R(w) can be found by sep-
arating the measured data, according to (3), into the
resistive and inductive parts and extracting the low fre-
quency asymptotes of both curves. After obtaining Ry,
and L., the remaining unknowns are isolated by rear-
ranging (1}:

= Rw)+jwllw)  (3)

Zseries(w) =

N
M,

i1 ng +ij.9.-

(4)
Eq. 4 shows that the only remaining terms are due to
the transformer loops and are contained in a summa-
tion of single pole functions. This summation can be
rewritten as a rational polynomial in jw

. Rye + jwhye — Zseries(w

T(jw) = ag + a1{w) + - - + an—1 (jw)*! - N(jw)
bo + b1 (jw) + -+ + b ()™ D(jw)( )
5
Rewriting (5) and applying to each frequency point wn,
{(m =1,2,..., M) results in a set of M complex equa-
tions of the form
T(jum) * D(jwm) — N(jwm) =10 (6)

The total number of coefficients in the rational poly-
nomial is 3 or 5 for the single and double transformer
loop models, respectively, while the number of frequency
points is on the order of 100 in the example shown in this
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Fig. 2. Series R(w) for measurements, single-loop, double-loop,
and the 9-element model.

paper. The resulting over-determined system is solved
directly using an eigenvalue equation approach.

The impedance function of the shunt circuits is similar
in form to that of the series branch circuit, as can be seen
from (2). C,; can be extracted from the low frequency
asymptote of the shunt impedance, and the impedance
function is rearranged as follows:

1 N 1

1 Gsubk,i +jwcsubk_{

9

Z - =
shunty (w) cho:ck

i=
This form directly leads to an extraction using Cauchy’s
method as explained above.

Because of the similarities in the impedance functions
of the series and shunt circuits of the wide-band com-
pact model, the same algorithm can be used to extract
all three branches of the equivalent circuit model, which
leads to a very compact and efficient extraction proce-
dure, The extraction time for both the single and dou-
ble loop models, with C — GC or C — GC — GC shunt
circuits, typically is on the order of 10 seconds.

IV. RESuLTS

To demonstrate the capabilities of the new wide-
band compact modeling and extraction methodology,
two equivalent circuits have been extracted from the
measured two-port scattering parameters of a 4.5 turn
1.5nH spiral inductor. The spiral inductor was fab-
ricated in a standard CMOS process with bulk sub-
strate resistivity of about 0.015 (-cm and a 30 §2-cm epi
layer. The first compact model extracted uses only asin-
gle transformer loop, while the second model uses two
transformer loops. Table I lists the extracted compo-
nent values obtained with the automated extraction pro-
cedure described above. Both compact models use the
same shunt circuit values so that all improvements from
the single to the double-loop model can be attributed
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Fig. 3. Series L(w) for measurements, single-loop, double-loop,

and the 9-element model.

to the additional transformer lcop. For comparison, a
9-element compact model has also been extracted from
the measurements using an optimizer. The R(w) and
L(w) curves for the extracted models are shown in Figs.
2 and 3 along with the measured results. The single loop
model is able to match the broad-band L(w) data with
only 1.8 % rms error while the additional loop reduces
this error to 1.0 %. The double loop model is much
better at reproducing the R(w) curve over the entire
bandwidth with a rms error of 1.2 % as compared to 4.8
% with the single loop model. The double-loop compact
model has the added benefit of allowing a much smaller
error in L{w) at the low frequency limit. This is possi-
ble because of the extra pole and zero in the impedance
function that can be placed at a low frequency. In this
case, the double-loop model has an error in the low fre-
quency inductance of -5.5 % as opposed to -11.9 % with
the single loop model. As Figs. 2 and 3 show, the
9-element model’s trend of increasing inductance and
resistance does not match well with the measured data
and results in 12.9 % and 26.0 % rms error for L{w) and
R(w), respectively.

To further illustrate the ability of the new compact
model to accurately represent the spiral inductor over
a broad frequency range, we have compared the qual-
ity factor @11(w) of the new equivalent circuit models
with the measured @11(w). The quality factor Qq1{w)
is defined as:

Im(3-L
Q) = e )

= Relyy) (8)

Fig. 4 shows a comparison of @11(w) for the complete
single and double lcop compact models, the 9-element
model as well as the measured @11(w}. In this case the
single loop model exhibits an rms error of 4.5 %, while
the double loop model offers a much smailer rms error
of 1.7 % over the entire 0.1 to 10GHz frequency range.



TABLE 1
EXTRACTED EQUIVALENT CIRCUIT PARAMETERS FOR A 1.5NH SPIRAL

| Parameters | Single Loop Model | Double Loop Model || Parameters | Both Models |

Rpc 2.2397 (1 2.0027 Coz, 35.781 fF
Loc 1.3968 nH 1.5113 nH Ciubyy 191.59 {F
Ry, 29470 © 42427 Q Gouby, 6.647 mS
L, 1 pH 1 pH Coza 30.999 fF
M,, 14.857 nH 14.140 nH Cuby, 132.36 fF
R, - 2080.3 0 Gubyy 9.144 mS
L,, - 1 uH - -

M, - 12.328 nH - -

The 9-element model, by comparison, offers 22.2 % rms
error in its Q11(w) curve. -
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Fig. 4. Quality factor of measured spiral inductor compared with
single-loop, double-loop, and 9-element models,

V. CONCLUSION

A new methodology for wide-band compact model-
ing of spiral inductors on lossy silicon substrate has
been presented. The modeling methodology consists
of both a wide-band compact equivalent circuit model
and an automated extraction procedure. The frequency-
dependence in the series resistance and inductance of
the spiral is modeled using coupled transformer loops,
which mainly represent the effects of eddy-current loss
in the semiconducting substrate. The automated ex-
traction procedure is based on Cauchy’s method and
takes advantage of the simple mapping between the co-
efficients of the rational impedance functions and the
equivalent circuit elements. The extracted transformer-
loop model leads to a significant improvement in the
ability to model the Q of a class of on-chip spiral in-
ductors. The equivalent circuit models were tested in
SpectreRF [9] and compared over the frequency range
of 0.1 to 10 GHz with measurements of a 4.5 turn 1.5nH
spiral inductor fabricated on a 0,015 Q-cm process. The
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new methodology for wide-band compact model devel-
opment for spiral inductors should be very useful in the
design of RF and mixed-signal integrated circuits.
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