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Inductors
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Abstract — Accurate modeling and simulation of spiral
inductors are very important in RFIC design. To enable a more
accurate description of the device behavior, the current flowing
into the substrate is to be considered. In the present paper a
computer wideband behavioral model is developed that considers
the substrate losses and is geometry dependent. The model is
developed using VHDL-AMS language and accepts the geometry
parameters. The model is verified using measurement data in the
frequency range from 1GHz to 10GHz and gives a relative error
less than 5%. The VHDL-AMS version of the model is simulated
in the mixed-language, mixed-signal simulation environment,
provided by the Dolphin Integration SMASH simulator.

Keywords — Spiral inductor, Wideband behavioral model,
Geometry dependent model, VHDL-AMS.

I. INTRODUCTION

A general approach to design and simulation of electronic
circuits and systems is to separate the large projects into a
hierarchy of smaller modules and sub-modules. On one hand,
this allows solving a complex task to be performed by solving
many simple tasks, as every simple block can be designed and
verified separately from the entire project. On the other hand,
many of the modules in the project design can reuse sub-
modules, which are already optimized and have a
predetermined behavior. Some models can be geometry
dependent and parameterized. In this way a given model can
be instantiated with different parameters and can represent
many elements from the same type, but with different
geometric sizes.

Simulators based on standard behavioral languages like
VHDL-AMS [1] allow the simulation of models, described at
different levels of complexity. Hence a large system design
can be described and simulated in low-details (system-level),
to verify the functionality of the design, before spending
resources to create more detailed sub-modules. Once the
system-level performance is verified, additional details can be
added, and for each module it is possible to switch between
architectures with various levels of complexity. An important
feature of the behavior languages is that models can be
organized as a library and then reused in many projects, sub-
projects and testing environments. Silicon factories can
provide models for the most commonly used elements for the
available technology processes.

With the development of the instruments for Analog
Behavioral Modeling (ABM) and the simulation tools,
simulators like Dolphin Integration SMASH allow mixed-
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signal, multi-level, multi-domain, mixed-language simulations
[2]. Hence it is possible to design the various parts of the
project in different languages like: PSpice language [3],
VHDL-AMS, Verilog-AMS [1] and Behavioral-C [4], and to
simulate them together.

The physical model of planar spiral inductor on silicon
(1-IT) [5] is a very popular model used in microelectronic
design. Its model parameter values can be expressed directly
using the geometry of the spiral inductor. The skin effect at
high frequencies is modeled using a frequency dependent
series resistance. This frequency dependent element makes the
1-TT model incompatible with transient analysis and broad-
band design. The 2-IT model taking into account the
decreasing in the series resistance at higher frequencies is
proposed in [6]. A wide-band spiral inductor model is
proposed in [7]. Its specific feature is that the model
parameters cannot be expressed as a function of inductor
geometry. The substrate-coupled equivalent circuit model of
an inductor based on substrate phenomena is proposed in [8].
The advantage of this model compared to the 1-I1 and 2-I1
models, is the prediction of the drop-down characteristic in
the series resistance at higher frequencies. An enhancement of
the model [8] is the scalable substrate-coupled (SSC) model
[9] where the parameters of the model elements are expressed
as monomial expressions in terms of physical geometry. As a
result, the model in [9] combines the advantages of the 1-I1
model and the wide-band model [7]: geometry dependence of
the model parameters and high accuracy in the whole
frequency range.

In the present paper, a computer model coresponding to the
geometry dependent, scallable substrate-coupled spiral
inductor model [9] is proposed, using the VHDL-AMS
language.

Il. MODEL DESCRIPTION

The equivalent electrical circuit of a simplified substrate-
coupled spiral inductor is shown in Fig. 1 [9]. The model
parameters are geometry dependent. The independent
geometry parameters are the following: outer diameter, trace
width, spacing between the traces, as well as the number of
turns. The model parameters are: capacitance between
terminals Cs, capacitances between the wiring and the
substrate Coxi, Coxp, Substrate capacitances Csq, Cgjp, Wiring
resistance Rg, silicon resistance Rgj1, Rgip, Substrate resistance
Rsus, wiring inductance Ls, Lsygs — representing the eddy
current flowing in the substrate, coupling coefficient k of Ls
and Lgyg, corresponding to the mutual inductance Ms.
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Fig. 1. Simplified substrate-coupled spiral inductor model

The equations describing the geometry dependent model
parameters are in the form:
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The current that flows in the substrate network composing
of Lsyg and Rsyg, is in the opposite direction to the current that
flows in the wiring network composing of Ls and Rg, as a
result of mutual inductance Ms [9]. This effect reduces the
Equivalent Terminal Resistance (ETR) of the inductor at high
frequency and is an improvement over the 1-IT model, for
which ETR is not restricted and may reach exceedingly high
values. At low frequency, the eddy current has no impact over
ETR, due to the low linkage between the wiring and substrate
networks, via the high impedance of Cox; and Coxo.

The equations for intermediate parameters — inner diameter
din, average diameter dgq and conductor length |, are in the
form:

Ay =gy -(N-(5+W)—5) (11)
din +d0u

avg :T[ (12)

|=4-davg -n (13)

The independent model parameters are: outer diameter of
the coil doy, conductor width w, space between the traces s,
number of turns n. Additional process dependent constants
required to calculate the model parameters are shown in
Table I and Table 11 [9].

TABLE |
PROCESS DEPENDENT CONSTANTS FOR CMOS 0.35um

i 1 2 3 4 5
pi 2.50E-4 6.18E-7 156 -4.85E+4
a; 1.84 0.94 1.36 0.91
b; -0.76 4.13 0.93 -1.96
Ci -0.14 -1.06 -1.40 -0.83
d; 1.10 -1.90 0 0.56
& 0 1.35 0 0
Ki 0.0415 0.0302 4.28E-3 8.04E+6 2.10E-4
TABLEII
PROCESS DEPENDENT CONSTANTS FOR SOI 0.15pm
i 1 2 3 4 5
pi  1.00E-4 1.00E-6 39 -4.90E+4
a 231 0.98 1.30 2.60
b; -1.47 4.39 0.93 -2.12
Ci -0.08 -0.99 -1.40 -0.98
d; 1.24 -1.84 0 1.60
& 0 0.68 0 0
Ki 0.0895 0.0466 2.93E-3 3.03E+7 2.10E-4

I11. MODEL IMPLEMENTATION IN VHDL-AMS
The VHDL-AMS description of the model has the
following structure:

1. Define a list of libraries used by the model (electrical
systems and mathematical functions). VHDL-AMS
description is in the form:

library IEEE;

use IEEE.electrical_systems.all;
use IEEE.math_real.all;

entity inductor_pi is

2. Define a list of independent geometry parameters of the
model: outer diameter of the coil d,y, conductor width w,
space between the traces s, number of turns n.

generic (
dout: real := 250.0;
w - real := 10.0;
s > real := 5.0;
n : real := 5.0
)

3. Define a list of electrical terminals. The model interfaces
to the external world via two general electrical terminals
nl and n2. In addition, there is an internal connection to
the node called electrical_ref (ground). It has global
visibility and does not need to be explicitly declared in
the port list.

port (terminal nl, n2
end entity inductor_pi;
architecture ideal of inductor_pi is

: electrical);
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4. In order to reduce the number of declarations and to make
the code more readable, the process dependent constants
are declared as arrays. The implementation code that
follows, declares the constants for CMOS 0.35um, Table
I [1]. The constants for SOI 0.15um fabrication process
are available in Table I1.

constant beta: real_vector(l1 to 4) := ( 2.50e-4,
6.18e-7, 156.0, -4.85e+4 );

constant aa : real_vector(l to 4) := ( 1.84,
0.94, 1.36, 0.91);

constant bb : real_vector(1 to 4) := (-0.76,
4.13, 0.93, -1.96 );

constant cc : real_vector(1l to 4) := (-0.14,
-1.06, 1.40, -0.83);

constant dd : real_vector(1 to 4) := ( 1.10,
-1.90, 0.00, 0.56 );

constant ee : real_vector(1l to 4) := ( 0.00,
1.35, 0.00, 0.00 );

constant KK : real_vector(l1 to 5) := 0.0415,
0.0302, 4.28e-3, 8.04e+6, 2.10e- 4)

5. Define and calculate the -equations (11)-(13) for
intermediate parameters: inner diameter d;, average
diameter dayg and conductor length I.

constant din :-real:=dout-2.0*(n*(s+w)-s);

constant davg:real:= 0.5*( din + dout );

constant 1 real:= 4.0*davg*n;

6. Define and calculate the equations (1)-(10) for schematic
parameters: Cs, Coxi, Coxa: Csi1, Csiz Rs, Rsi1, Rsi2, Rsug,
Ls, Lsug, k and Ms.

constant Cs : capacitance := KK(1)* n*w*w *1.0e-15;
constant Rs : resistance = KK(2)* 1/w;

constant Coxl: capacitance := KK(3)* I*w  *1.0e-15;
constant Cox2: capacitance := Coxl1;

constant Rsil: resistance = KK4)/(1*w);

constant Rsi2: resistance = Rsil;

constant Gsil: real = 1.0/Rsil;

constant Gsi2: real = 1.0/Rsi2;

constant Csil: capacitance := KK(5)*I1*w *1_0e-15;
constant Csi2: capacitance := Csil;

constant Ls inductance := beta(l)*(dout**aa(l))*

(w**bb(1))*(;**cc(1))*(n**dd(1))*(davg**ee(1))
*1.0e-9;

constant Lsub: inductance := beta(2) *(dout**aa(2))

*(w**bb(2))*(s**cc(2))*(n**dd(2))

*((Ls*1.0e+9)**ee(2))*1.0e-9;

constant Rsub: resistance := beta(3)*(n**aa(3))

*(w+s)**bb(3))*(1**cc(3));

constant k - real := 1.0-exp(beta(4)

*(n**aa(4))*(dout **bb(4))*(w**cc(4))*(s**dd(4))):

constant Ms inductance := k*sqrt(Ls*Lsub);

7. Define a list of internal and external electrical nodes:
n_ox1 between Coy; and Cg, n_ox2 between Coy, and
Csi2, N_S between Ls and Rs.

terminal n_ox1,

8. Define a list of quantities to describe the model
equations: voltage U across the external nodes nl and n2,
current Ics flowing through the capacitor Cs, current I
flowing through the inductor Ls and the resistor Rs,
voltage Usyg across Lsyg and Rsyg, current lgyg through
Lsug and Rsyg, voltages Uox: and Upy, across capacitors
Coxi and Cox, respectively, currents loy; and lox, through
capacitors Cox; and Coy, respectively, voltages Ug; and
Ug, across capacitors Cg; and Cg, respectively, current
Iy through capacitor Cg; and resistor Ry, current g,
through capacitor Cg, and resistor Rgy,.

n_ox2, n_s : electrical;

quantity U across Ics through n2 to nl;
quantity Ils through n2 to ni;
quantity Usub across Isub through

n_ox2 to n_ox1;
quantity Uoxl across lox1l through nl to n_ox1;
quantity Uox2 across lox2 through n2 to n_ox2;
quantity Usil across Isil through

n_ox1l to electrical_ref;
quantity Usi2 across Isi2 through

n_ox2 to electrical_ref;

9. Define the set of equations to represent the schematic in
Fig. 1. Some of the equations represent more than one
schematic component, e.g. for the two parallel branches
between n_ox1 and electrical_ref (ground), the current
lox: is a sum of two currents: one flowing through the
resistor Rg); and the other flowing through the capacitor
Cqi1. This is used for better readability of the code and to
reduce the number of equations.

begin
Ics == Cs *U "dot;
loxl == Coxl*Uoxl"dot;
lox2 == Cox2*Uox2"dot;
Isil == Csil*Usil"dot + Usil*Gsil;
Isi2 == Csi2*Usi2"dot + Usi2*Gsi2;
U == Ls *lls "dot
+ Ms *lIsub®"dot + Ils *Rs;
Usub == Lsub*Isub®dot
+ Ms *1Is "dot + Isub*Rsub;

end architecture;

1V. COMPUTATIONAL RESULTS OF AN EXAMPLE
INDUCTOR

To verify the VHDL-AMS implementation of the model,
the simulation results for the quality factor have been
compared to the measurement results for an example inductor
fabricated on the CMOS 0.35um process [9]. The dimensions
of the inductor are shown in Table Ill. The simulation and
measurement results for Q are shown in Fig. 2. The relative
error does not exceed 5%.

TABLE I
DIMENSIONS OF INDUCTOR FABRICATED ON CMOS 0.35um PROCESS

dout [um] W [um] s [um] n
250 10 5 5

o

1 2 3 4 5 6 7 8 9 10 11

AN
AN

\
T~

o Q factor measured ——Q factor simulated ssc

Fig. 2. Simulation and measurement results for Q
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Fig. 6. Simulation results of Q for 1-I1, 2-I1, SC and SSC models and
comparison to the measurement results
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The simulation results for the module Z., of the equivalent
impedance of the spiral inductor, for ETR and L4 are shown
in Fig. 3, Fig. 4 and Fig. 5 respectively, for 1-I1, 2-IT and
scalable substrate-coupled (SSC) models. The simulation
results of Q for 1-I1, 2-IT and SSC models are compared to the
measurement data (Fig. 6). The advantages of the scalable
substrate-coupled model to the other models are seen: a high
accuracy in the whole frequency range, as well as its
scalability.

The proposed computer realization of the behavioral
scalable substrate-coupled model of the spiral inductor using
VHDL-AMS language is portable and can be used in various
simulation environments.

V. CONCLUSION

A VHDL-AMS behavioral substrate-coupled model of
spiral inductor has been developed in the paper. The model
considers substrate losses and is valid in a wide frequency
range. It is characterized by geometry dependence of the
model parameters. The proposed computer model is verified
to measurement data in the frequency range of 1GHz to
10GHz and gives a relative error less than 5%. The VHDL-
AMS model is simulated in the mixed-language, mixed-signal
simulation environment, provided by the Dolphin Integration
SMASH simulator.
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