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Abstract: The concepts of substrate eddy influence factor and
distribution-effects-occurring frequency are presented. The effects
of substrate resistivity and inductor spiral length on the substrate
eddy and distribution effects are captured. The substrate eddy
influence factors of an inductor (6 turn, 3 060 wm in length)
fabricated on low (1 () -cm) and high resistivity (1 000 )-cm)
silicon substrates are 0.3 and 0. 04, and the distribution-effects-
occurring frequencies are 1. 8 GHz and 14. 5 GHz, respectively.
The measurement results show that the equivalent circuit model
of the inductor on low resistivity silicon must take into
consideration substrate eddy effects and distribution effects.
However, the circuit model of the inductor on high resistivity
silicon cannot take into account the substrate eddy effects and the
distribution effects at the frequencies of interest. Its simple model
shows agreement with the measurements, and the contrast is
within 7% .
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n recent years, the low cost of Si IC fabrication and the
Ipotential for integration with baseband circuits make Si be
a better choice in RF IC'""™'. An inductor is an important
passive component for turning, matching and filtering.
Nowadays, the need for fast and accurate inductor models
has become apparent. Unfortunately, various parasitic effects
and numerous loss mechanisms in RF inductors make model
building difficult "', In order to establish a model of distri-
bution effects and substrate eddy effects, a model with a
complex structure and many components is necessary.

In fact, because of the difference in inductor layouts and
substrate resistivity, the forms of the models are not the
same. In this paper, the substrate eddy effects and the distri-
bution effects are investigated by theoretical analysis and an
electromagnetic simulator ( HFSS). The concepts of sub-
strate eddy influence factors and distribution-effects-occur-
ring frequencies are presented, and they can be used for in-
ductor model selection. The accuracy of the model selection
method is proved by experiment.

1 Substrate Eddy Effects and Distribution Effects
1.1 Substrate eddy effects

The substrate loss is a major loss of an inductor at very
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high frequencies'” . Fig. 1 shows two types of substrate loss.
The electric field penetrates into the substrate leading to the
displacement current, which is responsible for the electric
(capacitive) substrate loss. By Lenz’s law, while the time-va-
rying RF current flows into the inductor, an opposite image
current( substrate eddy current)is induced in the substrate to
resist a change in the field.

Displacement
current

Fig.1 The illustration of substrate loss

A popular model for an inductor is shown in Fig.2(a).
The ladder circuit (L), L,, R, and R,) is used to model the
skin and proximity effects'”*'. C, represents the oxide ca-
pacitance. R; and C are the substrate resistance and capaci-
tance to ground. C, models the ports’ capacitive coupling of

the inductor. C,-R;-C represents the displacement current
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Fig.2 The equivalent circuit of inductors. (a) Without substrate
eddy effects; (b) With substrate eddy effects
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loss in the substrate. The substrate eddy effects are modeled
by a transformer as indicated in Fig. 2(b). M, is the mutual
inductance between the inductor and the substrate eddy cur-
rent. R, and L, are the resistance and inductance associated
with eddy current flow. According to the circuit relationship
of the inductor coil (L, and R_) and coupled transformer loop
(L.,R ,and M_, ), we can obtain

sub> % sub sub

V=I,(R, +jwL,) +joM1, @))

sub

0=joM 1, + (R, +]joL,) (2)

sub

where R, and L, are the resistance and the inductance of the
ladder structure. The actual impedance of the inductor coil
considering substrate eddy effects is derived from Eq. (1)
and Eq. (2)as

2

R, M. L,0'M
Z, = a4 =| R, + 23ub 2 Su2b +jo| L, - 2SUb 2 Suzb
Il Rsub w Lsub Rsub tw Lsub

(3)

As a result, the effective series inductance L, and resist-
ance R, in the model shown in Fig. 2(b) are demonstrated
by

sziub

Ly=L, - Lsub( Rfub + szEUb) (4)
wz Miub

R =R, +wa(R§uh +w2L:ub) (5)

Eq. (4) and Eq. (5)can be approximated as
Ly~L, (6)

szzub
R.;=R, +7R (7)

sub

From Eq. (6)and Eq. (7), the primary effects of the sub-
strate eddy effects lead to an increase in effective series re-
sistance, and the decrease of the inductance is slight.

1.2 Distribution effects

Some deviations are observed in the measurement and
simulation of inductors. As shown in Fig. 3(a), the HFSS
simulation shows that R, is equal to the DC resistance at
first, and then rises with frequencies, but after R reaches a
maximum value, it begins to drop until reaching a negative
value. This phenomenon is due to the lumped nature of ca-
pacitive substrate coupling that overrides some other effects,
and can only be explained and modeled by the distributed
topology model. A 2-II distributed model ( see Fig. 4)1is pro-
posed in Ref. [4]. The effective resistance of the distributed
model can be obtained by
w’L,L,

R, =R, +R, - R

(8)
From Eq. (8), R, can reach a negative value at high
enough frequencies.
As shown in Fig. 3(b), the single-II models of the induc-
tor only reflect the increase in R, with frequencies, and the
distributed model can reflect the decrease with higher fre-

quencies.
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Fig.3 Influence of distribution effects. (a) Simulated R, with
HFSS; (b) Comparison of simulated R, with two models
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eddy effects and distribution effects

2 Distribution-Effects-Occurring Frequency and
Substrate Eddy Influence Factor

The inductor model with substrate eddy and distribution
effects(see Fig.4)is somewhat complicated and has a large
number of elements. In fact, because of the difference be-
tween inductor layouts and substrate resistivities, inductor
models are not the same. The concepts of the substrate eddy
influence factor and the distribution-effects-occurring fre-
quency are presented in this section, and they can be used
for inductor model selection.

2.1 Distribution-effects-occurring frequency

The distribution-effects-occurring frequency f, is defined
as the frequency at which R reaches the maximum and will
start to decrease rapidly. More than 200 square spiral induc-
tors with different layouts and substrate resistivities are sim-
ulated by HFSS to obtain various f,. The simulation shows
that f, is closely related to the inductor length and substrate
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resistivity. The substrate thickness and the type and thickness
of the dielectric layer impact f, so slightly that they can be
ignored. Fig. 5 shows f, as a function of substrate resistivities
and inductor lengths. The expression of f, is obtained by da-
ta-fitting techniques

fc :Bl::talp?il (9)

where f. is the distribution-effects-occurring frequency
(GHz), I, is the total length of the inductor (um), pg is
the resistivity of substrate () -cm). The coefficients B, «,
and «, are layout dependent. For the square spiral inductor,
they are 1 284.7, —0. 86 and 0. 35, respectively.
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According to Fig.5 and Eq. (9), for a large area inductor
on low resistivity substrate, f, is low, and the distribution
effects must be considered. Contrarily, f, is high for a small
area inductor on high resistivity substrate, and the distribu-
tion effects can be omitted at certain frequencies.

2.2 Substrate eddy influence factor

As discussed above, the primary effect of substrate eddy
effects is an increase in R,,, while the distribution effects
override other effects very soon, which makes the substrate
eddy effects incalculable. It is certain that the substrate eddy
effects have the greatest impact on R, at f,. The ratio of the
increased resistance caused by substrate eddy effects R, to
R, is defined as the substrate eddy influence factor 6,,,, at f,,

R

_ " eddy

eddy — R

0 (10)

eff

From Eq. (7), Eq. (10) can be simplified as

1

1 RsRsub
* szzub w= 21Tf"

acddy =

(1D

If R(f.). R, (f.)and M_, (f.) are obtained, 0.0y €aN be
calculated. R (f,) is described in Refs. [7 —9]. R, and M,
are dependent on frequency, substrate characters and the pa-
rameters of the inductor. R, can be expressed as

_ lpsi
sub T
awl;

(12)

where / and w represent the length and the width of the in-
ductor. The area that the eddy current occupies is larger than
the metal line area, which is represented by o factor™, and
in this paper, « is 1. 42. The effective thickness of the sub-
strate 7, is given by

t =81 -exp [ -] (13)

sub

where ¢, is the thickness of the substrate, and &, is the
skin depth of the substrate,

[ 2p.
5SUb = pSl
WL /Lo

By the transformer loop formed by L,, L,, R,, R,, L,
R, and M_,, we can obtain

(14)

L _ - JkoM R, + ka)zMsubLsub szMsubLsub

LSUb Riub + (stub) ’ R:ub + (stub) ’
(15)

where k is the coupling coefficient between the inductor and
the substrate eddy current,

r2 3/2
k= (r2 +h2)

where 7 is the average diameter of the spiral, A is the geo-
metric mean distance between the inductor and the substrate
eddy current, which is approximately 0. 5¢,. M, is given as

(16)

Msub :k 3% LsubLs (17)
In Eq. (11), R, is far larger than R, and joM_,, and it is

the most important influencing factor of 6, . As expressed
in Eq. (12), R, R, and M, are all dependent on inductor
layouts, so the influence of inductor layouts on ,,,, is elimi-
nated. Based on the discussion and expression, a large series
of square inductors with different layouts and substrate resis-
tivities are calculated. Fig. 6 shows the relationship between
0.4y and substrate resistivities.

As shown in Fig. 6, if substrate resistivity is low, 6, is
large, and substrate eddy effects must be considered in mod-
els. For high resistivity substrate, 6, is very small. Sub-
strate eddy effects can be omitted in models.

3 Experiment Verifications

0.4, and f, are presented in section 2, and they can be used
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Fig.6 Substrate eddy influence factor .44, vs. pg. (a) On
low resistivity silicon; (b) On high resistivity silicon

for model selection. In order to verify the accuracy of the
methods, inductors are fabricated on two different silicon
wafers, with resistivities of 1 ) -cm and 1 000 ) -cm. The
fabrication process uses two-metal ( Al). Fig. 7 shows the
SEM photographs of inductors. Two-port S-parameters are
measured using an HP8719ES network analyzer and Cascade
Microtech GSG probes. The pad parasitic influence is deem-
bedded using an open pad structure. The effective inductance
L, and quality factor Q can be extracted by'"""!

CIm( -1/Y,)

=g (18)
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Fig.7 SEM photographs of planar spiral inductors. (a)

Square structure; (b) Octagon structure

Im(Y,,)

" Re(Y,) (19)
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Take a 4. 8 nH inductor for example. Its width is 12 pum,
space is 6 wm, length is 3 060 pm and the metal thickness is
2 pm. If the inductor is fabricated on low resistivity silicon,
its f, is 1. 8 GHz, and 6, is 0. 3, which means that the re-
sistance caused by the substrate eddy effects accounts for
nearly 30% in total resistance at 1. 8 GHz. So, the model of
the inductor should include both distribution effects and sub-
strate eddy effects due to low f, and high 6,,,.

The single-II and the distributed 2-I1 model of the induc-
tor on low resistivity silicon are shown in Fig. 2(b) and Fig.
4. The model parameters can be calculated or extracted by
the methods in Refs. [7 —9]. Fig. 8 shows the comparison of
measured and simulated S-parameters, L,,, and Q of the in-
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ductor. It can be seen that the simulation results of distribu-
ted model match the measured data well, but the errors of
the single-IT model are large.

If the inductor is fabricated on high resistivity silicon, its
f.is 14.5 GHz, and 6, is 0. 04, which means that the re-
sistance caused by substrate eddy effects accounts for only
4% mostly in total resistance. So, due to high f, and low
0..40y» the models of the inductor do not include both distribu-
tion effects and substrate eddy effects below 14. 5 GHz.

The simple single-II and distributed 2-IT models of the in-
ductor on high resistivity silicon are shown in Fig.2(a) and
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Fig.9 Comparison of measured and simulated parameters on high resistivity silicon. (a)S,;; (b)S,; (¢) Ly; (d)Q

4 Conclusion

In this paper, the substrate eddy effects and the distribu-
tion effects are investigated by theoretical analysis and
electromagnetic simulators. The concepts of 6,,,, and f, are
presented, and they can be used for model selection. The ac-
curacy of the method is proved by experiment. The work in
this paper is practical and useful for RF inductor design.
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