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C alable modeling of monolithic spiral inductors in 
radxxfrequency integrated circuits (RFICs) is, in 

general, n complex electromagnetic problem. To pre- 
dict the frequency-dependent characteristics of a spiral 
inductor with arbitrary geometry and substrate param- 
eters, several complicated loss effects must be accurately 
modeled. For inductors built on low-loss substrates, 
such as GaAs, the quality factor (Q) is limited by the 
resistance of the metalization as well as the conductor 
skin and proximity effects. Spiral inductors fabricated 
on silicon additionally suffer from losses associated with 
the resistive nature of the substrate. In particular for in- 
ductors over heavily-doped silicon substrates with bulk 
resistivities on the order of O.Ol%xn, the timevarying 
magnetic field can result in significant inductor losses 
through the creation of eddy-currents in the conductive 
silicon. 

Often, designers must rely on full-wave 3-D electro- 
magnetic field solvers to accurately predict the Q or 
inductance of spiral inductors on lossy silicon substrate. 
Unfortunately, these simulations usually require large 
amounts of computational time and system memory. 
As an alternative, quasi-static methods have been devcl- 
oped which can reduce computational demands. In par- 
ticular, the Partial Element Equivalent Circuit (PEEC) 
technique (11.[3] has recently gained much popularity as 
a means for modeling spiral inductors. This popularity 
is largely due to the inherent flexibility of the PEEC ap- 

preach to model various spiral inductor geometries and 
configurations. The major drawback of the traditional 
PEEC approach is the necessity of discretizing all co,,- 
duct& portions of a particular problem space. This 
technique is especially inefficient when modelling spiral 
inductors on highly doped silicon substrates. 

In this paper, the traditional PEEC approach is ex- 
tended to efficiently include losses due to eddy-currents 
in lossy silicon substrate. This enhancement is based on 

a combination of closed-form equations for partial in- 
ductance and a complex-image technique [4]. The new 
scalable model is applied to a 2.0nH octagonal spiral 
inductor fabricated on a heavily-doped BiCMOS pre 
cess, with the results showing excellent agreement to 
measurement data. 

II. PEEC MODELLING OF SPIRAL INDUCTORS 

In general, PEEC models are composed of ideal ‘(pa- 
tial” components, such as partial inductances, partial 
resistances, etc. These components can be calculated 
through a variety of closed-form equations, and quas- 
static techniques, [5] [8]. The number of partial com- 
ponents is directly determined by the level of discretiza- 
tion of the problem space. For spiral inductor footprints 
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Fig. 2. PEEC model for single turn rectangular spml inductor 
suspended above a perfect ground plane. 

on the order of 300&, in the DC to 10 GHz frequency 
region, it.is usually sufficient to discretize on a segment- 
by-segment basis along the length of the spiral induc- 
tor, 191. Often, t,o obtain wide-band accuracy, it is also 
necessary to discretize each segment into multiple par- 
allel filaments to properly model the conductor-skin and 
proximity effects, [lo]. This results in multiple, parallel 
R-L circuit branches between the nodes of the equiva- 
lent circuit. 

Figure 2 shows and example of a single turn rectangu- 
lar spiral inductor and superimposed the corresponding 
PEEC model. The lossy silicon has been temporarily re- 
placed with free-space to simplify the problem. In this 
case, the spiral inductor is divided into four separate 
conductor segments, each with a partial inductance and 
resistance. Each parallel segment pair is also linked with 
a partial mutual inductance. It should be noted that 
the values of the self- and mutual-inductances must take 
into account the ground plane below the spiral inductor. 
The capacitive coupling between each of the conductor 
segments and the ground plane has also been included 
through the addition of partial self-capacitances of each 
segment. For multi-turn spiral inductors, partial mu- 
tual capacitances should be included between adjacent 
segments for improved accuracy. 

To solve the more practical problem of a spiral induc- 
tor on lossy silicon substrate using the traditional PEEC 
approach, a large volume of the bulk silicon below the 
spiral inductor must be discretized and includedin the 
equivalent circuit. This impractical approach is neces 
sary to accurately model the shunt and eddy-current 
losses occurring in the silicon substrate. The resulting 
equivalent circuit is not only time-consuming to assem- 
ble, but prohibitive in size. 

III. COMPLEX IMAGE TECHNIQUE 

In [ll], [4] a 2-D quasi-magnetostatic assumption is 
used to find the Green’s function for a line-current above 
a lossy silicon substrate with a ground plane. The re 
sult indicates that the lossy silicon substrate can be ap- 
proximately replaced by a perfect ground plane at an 

Fig. 3. Single turn rectangular spiral inductor on standard Si- 
sioz substrate. 

I’ 

Fig. 4. Complex image spiral replacing the lossy substrate. 

effective complex distance, h,e, below the line current. 
For a standard Si-SiOz substrate, h.~ is given as [4] 

h,e = h, + y&i tanh ((’ +,.“)hsi) (1) 

where h, is the oxide thickness, h,i is the bulk thick- 
ness, and 6.i is the skin depth of the bulk silicon. The 
skin depth of the bulk silicon is given by 

It is important to note that the combination of (1) 
and (2) indicate that heR is frequency- and process- 
dependent. 

This technique can be directly applied to the PEEC 
methodology for modeling monolithic spiral inductors 
on lossy silicon substrates. Specifically, for the single- 
turn spiral inductor illustrated in Figure 3, a basic 
PEEC model can be developed by sub-dividing the 
physical spiral into four separate conductor segments. 
Applying the complex-image technique described above, 
the lossy substrate would then be replaced by a perfect 
ground plane at a complex distance, bee, below the four 
segments. Further, using the method of images, the per- 
fect ground-plane can be replaced by an image of the 
spiral inductor at a distance 2 h,a below the physical 
spiral inductor as demonstrated in Figure 4. 

To calculate the total self-inductance for a particular 
segment, it is necessary to combine the free-space and 
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image partial inductances. For example, to find the t* 
tal partial self-inductance of segment 1, the equal a*d 
opposite current in image segment li must be take” into 
account, 

L~,tota~ = L,rree-space - MI,I~ (3) 

where M1+ is calculated using the complex distance 
between segment 1 and li. The resulting total par- 
tial self-inductance for segment 1 becomes complex and 
frequency-dependent. 

In general, for a spiral inductor over a perfect ground 
plane, the branch partial inductance matrix, [lo], for the 
N coupled segments in the PEEC model can be summa- 
rized as 

LCNXN) totEd = bee--space - Limage (4) 

where Lfree--spacs contains partial self- and mutual- 
inductances for physical segments and Limage contains 
partial mutual inductances between the physical seg- 
ments and their images exclusively. Due to the com- 
plex, frequency-dependent distance, 2h,R, between the 
spiral inductor and its image, it can be expected that 

kll~g~, and consequently Ltotal, will also be complex 
and frequency dependent. This complex inductance can 
be interpreted using the following relationships 

L(w)tot.1 = r+ w&fdtotal) (5) 

and 

R(w)tota~ = -wlm (L(herr)tot.l) + RDC (6) 

where L(w)totai contains the frequency-dependent to- 
tal partial inductances and R(w) contains partial resis- 
tances due to the ohmic losses from eddy-currents in the 
substrate as well as the DC resistances of the conduc- 
tors. In general, R(u),~~., will contain mutual partial 
resistances as well as the usual self partial resistances. 
These mutual resistances can be attributed to ohmic 
losses in the shared return paths for separate segments. 

It is important to note that the resulting enhanced- 
PEEC model is assembled from frequency-dependent 
components. This limits the approach to providing fre- 
quency domain information, as opposed to traditional 
PEEC models which are valid in both the time- and 
frequency-domains. In [12], a wide-band compact equiv- 
alent circuit model is described, which is extracted from 
the frequency domain information and is suitable for use 
in time- and frequency-domain simulations. 

IV. RESUI,TS 

A 2.0nH octagonal spiral inductor on a high-loss epi- 
substrate was chosen to demonstrate the usefulness of 
the enharlced-PEEC scalablsmodel. This spiral induc- 
tor was fabricated with 3.5 turns on a BiCMOS process 
with bulk and epi-layer conductivities of approximately 
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lo4 S/m and 10 S/m, respectively. The high conduc- 
tivity of the bulk silicon indicates that eddy currents 
will have a strong effect on the performance of the spi- 
ral inductor. The underpass is fabricated in the next 
metal layer below the inductor. In this case, the PEEC 
model was configured to have 7 filaments in the width 
direction and 4 filaments in the height direction of each 
segment. 

The resulting oneport inductance is shown in Fig. 5 
along with measurements. Two separate results from 
the scalable model are plotted, one with the complex- 
image approach used, the other without. For the case 
without the complex-image, the total inductances were 
calculated for the real conductors plus the real images 
due to the ground plane at the backside of the silicon 
substrate. For frequencies less than 4 GHz, this ap 
proximation gives reasonable results. However, above 
4 GHz, the eddy currents in the substrate cause a sig- 
nificant lowering of the total inductance and increase in 
resistance (loss). 



Fig. 7. 
. 

Figure 6 shows the measured one-port resistance of 
the spiral inductance along with the results from the 
scalable model. In this case, by ignoring the eddy- 
currents, the total resistance is more than 60% below the 
measured value. This increase in resistance can be at- 
tributed to ohmic losses generated by the eddy-currents 
in the substrate. 

The measured one-port Q, Q11, of the 2.0nH spiral is 
shown in Fig. 7 along with predicted results from the 
scalable model. .By including the substrate losses with 
the complex-image technique, the scalable model is able 
to accurately predict the Q peak of 7.2 at approximately 
4GHz. The results with and without complex image 
further suggest an over 100% increase in peak Q for low 
resistivity bulk silicon. 

v. CoNCLUsroN 

A scalable, predictive model for spiral inductors on 
highly doped silicon substrate was presented. The 
new model combines a complex-image technique with 
the traditional PEEC approach to efficiently include 
eddy-current losses affecting spirals on high-loss silicon. 
This flexible approach can provide accurate frequency- 
domain information such as QI~(w), Ll,(w), or Rll(w) 
over a DC to 10 GHz frequency range for a variety of 
spiral geometries and substrate configurations. 

Results were presented for a 2.0nH octagonal spiral 
on a high-loss silicon epi substrate where eddy-current 
losses can be expected to dominate. The comparison 
with measurements showed that the enhanced-PEEC 
model is accurate over the 100 MHz to 10 GHz fre- 
quency range. In particular, the scalable model was 
able to accurately predict the peak Q of 7.2 at 4 GHz. 
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