A Generic CAD Model for Arbitrarily Shaped and
Multi-Layer Integrated Inductors on Silicon Substrates

Y. Koutsoyannopoulos , Y. Papananos *, C. Alemanni 2, S. Bantas *

! National Technical University of Athens, Microelectronic Circuit Design Group,
9 Iroon Politechniou, GR-15773, Athens, Greece

2 SGS-THOMSON Microelectronics, RF Division, DSG, Catania, Italy

Abstract

A generic and process-independent lumped element model for simulating the per-
formance of arbitrarily shaped and multi-layer inductors on silicon substrates is pre-
sented. Integrated inductors are modeled using an equivalent two-port network for each
segment of the spiral. An algorithm that extracts the complete circuit is presented in de-
tail. Element value calculation is based on microstrip line properties, considering mag-
netic and capacitive coupling, substrate losses, conductor skin effect and image current
on the ground plane. Octagonal, square and two-layer integrated spiral inductors were
designed and fabricated using three different processes. Measurement results confirm
the accuracy of the model.

1. Introduction

Modern wireless communication systems increasingly demand low power and low cost circuits
along with a high level of integration. The extensive use of on-chip inductors can be advantageous with
respect to noise performance and contribute to a higher level of integration in silicon RF IC design.
Towards this target, attempts have been made to evaluate the performance of inductors on silicon sub-
strates and lumped element models have been presented. Recently [2], the results of a critical work on
square-shaped spiral inductor modeling were reported and compared to measurement results. Also, in
[3] an effective lumped element model for integrated spiral inductors is presented. However, no algo-
rithm for creating a generic circuit model that describes the behavior of integrated inductors over a
wide frequency range has been reported yet. Moreover, most efforts have been concentrated on planar
and square-shaped spirals. In this paper, we pres- _
ent step by step an efficient algorithm that imp
ments a precise lumped element model for mof™
lithic inductors on silicon substrates. The mode!
generic in terms of geometry and technology; ki 11
bitrarily shaped polygonal inductors on one, =
more, metal layers implemented in CMOS, big
lar or BICMOS technologies can be accurats ‘. -
simulated. Furthermore, the model is valid from a (2 (b)
few megahertz up to several gigahertz, usually Fig. 1. Inductor microphotographs:
beyond self-resonance frequency. Detailed analy- (@) 8:5-tum octagonal (b) 3-tum square
sis and equations chosen after thorough evaluation of the bibliography are presented.

Based on our algorithm, a compact computer program along with its graphical user interface has
been developed as a CAD tool for RF IC design. The designer can enter any polygonal inductor shape,
and the program generates the SPICE circuit model, extracts the values for its parameters and presents
the simulation results. It can also model the coupling between two or more adjacent inductors and cre-
ate a subcircuit for the equivalenport network. The accuracy of our program is established through
comparisons between measurement and simulation results for various inductor structures fabricated in
three different Si technologies. For both octagonal and square spiral inductors, our modeling technique
exhibits a better than 5% accuracy in the prediction of the inductance and quality factor. A comparison
between square and octagonal inductors occupying the same silicon area is also performed in this pa-
per. Moreover, two-layer square spiral inductors have been designed and the simulation results of the
model demonstrate area downsizing and inductance multiplication by a factor of five.




2. Inductor Model — Lumped Element Approach

Each segment of the inductor is modeled with a two-port network consisting of lumped elements, as
shown in Fig. 2(a). Two coupled microstrips in a typical silicon process are drawn in Fig. 2(b). The geometry
characteristics of interest are the track widtbf the spiral, the distance between two adjacent parallel tracks
s and the height of the metal track t. The height of the Si substrate and thes@&lor areéis; andig;o. re-
spectively. The main elements of the two-port are the series induttaheeresistanc® of the segment
and the capacitols, formed by the insulating Si®etween the inductor and the Si substrate. All equations
referred to hereinafter are listed in Tablé ik calculated by (1), whilg is given by (2)Ry, is the sheet re-
sistance of the metal track. All lengths arenywhile inductance is given itfi. C, is given by (3).
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Fig. 2. (a) Equivalent two-port for one segment of the spiral inductor.
(b) Parallel coupled spiral segments over Si substrate
The mutual inductance among the segments of the spiral plays an important role to the computation of
the total inductance. The mutual inductanfdetween two segments of the inductor is modeled with a
transformer. The complete circuit of the spiral inductor contains a transformer for every possible couple of
segments. The magnetic coupling coeffici¢nf these transformers is given by (5), whigrandZ, are the
inductance values of the two segments that form the transformer.

Table 1. Equations of the proposed generic model

Equation |Reference

L =2{in[21 /(w+1e)]+0.50049 + (w+1)/ 31} M (1
R=R,l/w @
C,=€,w/h (3)
M =21U @ [1]
K,=M,[LL, ®)
2M = (M/+m15 +M5)_(M115 + Mmtﬁ) (6) [1]
M =M, +M,, )M, +M,) ) (1]
M,, =200sq)5 tanh_lal%mmnhﬂ%% @®) [1]
g ty +y
My, =205 @My + M, )= (M 1y +M,,,,,, )= Qd. /sing| © [1]
Q="vin wﬁ—z cos(0+l'msin2(pE]_Mn_, %: ({OS(p%mnﬂ%: Cf)sqoé (10) [1]
2 0O d.R,sing 0 lsing msin@
Ry = Pyl (why;) (11)
¢ wra) Aw':EuLEA_W, Aw:izngxe/ \/Bﬁﬁ A dolay | o
h ' €502 mg/ Voo Dw/e+110f

AW 1/ 1 - w B& 4wE|
G =0—,0=0F-+———=H h=—1Io + v
Sk EE 2\/]+10h/w% 2 Shw L (13) [6]




During this step, the algorithm examines the relative position of every pair of segments and d&lculates
Considering segments as simple filaments, the possible configurations in space are illustrated in Fig. 3. Two
different cases are distinguished here: i) the segments are parallel (Figs. 3(a) and 3(b)) and ii) the segment:
are at an angle gfradians (Figs. 3(c)-(f)). The mutual inductance of two parallel segments of equal, length
forming an orthogonal rectangle, is given by (4). All other configurations of parallel segments are based on
this equation. Attention should be paid to théctor in (4).U is calculated using closed-form expressions
provided by Grover in [1], and concerns the various cases of the geometric mean distance (GMD) between
two conductors of widthw and height, separated by cm. If the segments are parallel, two distinct cases

may appear. The first is shown in Fig. 3(a) and the mutual inductance is calculated by (6)js\iesitive

for non-overlapping segments and negative for overlapping ones. In the second (Fig. 3(b)) the mutual in-
ductancels;,, between the two conductors with lengthadm is calculated by (7).
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Fig. 3. Magnetically coupled segments in special configurations

If the two segments are at an angle (Fig. 3(c)), their mutual inductance is calculated by (8). This gen-
eral form is employed in the calculationfin Figs. 3(d)-3(f). In Fig. 3(d) the intersection point P is lying
outside the two filaments aidis computed by (9)2 applies only in the case of non-planar segments (Fig.

3(e)) and is given by (10). The most complex case is the one depicted in Fig. 3(f) where the intersection point
P lies upon one segment. This case is examined by partition as follows: Segment CD is divided in CP and
PD. TotalM is calculated as the sum &f andM-. M, is the mutual inductance of segments CP and AB

while M, is that of PD and AB. Both; and), are calculated as for Fig. 3(d). Mutual inductance computa-

tion between inductor segments and image currents on the ground plane under the semiconductor is also in:
corporated in a similar manner.

The coupling capacitances between parallel adjacent segments are calculated as proposed in [4] with
closed-form expressions. The computation of the two elements modeling the substrate layers under the in-
sulator is based on (12) f6¢, and on (13) fo6;;. A comprehensive study presented in [6] addresses the cal-
culation of the conductivity per unit length and leads to (13), wheses the conductivity of the substrate
that behaves as a lossy semiconducting material. If a layer exists under the inductor, i.e. n-well in a CMOS
process, it is modeled with an extid, G;’ branch computed also by (12), (13) and connected in series with
the C;, G, branch. Finally, the substrate resistaRggis computed by (11), The skin effect formulation for
bothZ andR employed in our algorithm is based on the closed-form expressions presented in [4].

3. Experimental Results
a) Fabricated Integrated Inductor Structures

Inductor structures in three different silicon processes have been f;
cated and measured. Specifically, SIEMENS’ B6HF bipolar process was
for the design and fabrication of square spirals, SGS-THOMSON's HSB bi,, —
polar process for octagonal spirals, and ATMEL-ES2’'s ECAT05 CMOS pr /s —
ess for two-layer structures. A two-layer inductor is formed by two plana A‘E
ductors one exactly over the other as illustrated in Fig. 4. Fie 4 Two-metal la

. . . .4 yer

A comparison between measurement and simulation results for a squarg, uctor structure
and an octagonal spiral is shown in Fig. 5. The presentation is organized as
follows: for each inductor, the= Im(1/Y;,)2=f andQ =Im(1/Y;;)/Re(1/Y;;) values are shown versus fre-
guency. Each plot contains the simulation and measurenmees for botlQ andL. The simulation model
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Fig. 5. Experimental results of (a) 3-turn square spiral inductor and (b) 8.5-turn octagonal spiral inductor

is extracted from typical technology parameters; “fast” and “slow” simulation results were derived from a
worst case combination of technology parameters’ deviation (not shown in Fig. 5). The discrepancy between
measurement and simulation results is between 1-5% in the bandwidth of interésan@igeof a 3-turn

square (Fig. 1(b)) spiral with an outer dimension of
B N e LR 245.5um, w=12.5um and s=qum are plotted in Fig.
8o - - A W T 51 5(a). In Fig. 5(b) the results of an 8.5-turn octagonal
‘ spiral (Fig. 1(a)) with radius r=250m, w=16 um
and s=8um are shown.
b) Comparison between different structures

Thanks to its flexibility and accuracy, our al-
gorithm is especially useful for comparing alterna-
tives during design optimization. As an example,

‘ ‘ ‘ . . ...l . Fig. 6 shows a comparison between square, octago-
01 02 04 06 08 1.0 nal and two-layer spirals of 8.5 turns, occupying the
_ . [Frequency (GHz) same silicon area, with w=1@n, and s=gm. As
Fig. 6. Comparison between octagonal, square and before, results are presented in termd aind O.
two-layer inductors occupying the same silicon area This comparison reveals that, for the parameters cho-
sen, there is a real advantage in choosing an octagonal geometry whenever a gigviioardgver a wider
frequency range is required, and the two-layer geometry when high inductance value is the target.

4. Conclusions

A generic and process-independent algorithm for the evaluation of any integrated inductor structure
over silicon substrates was presented in detail. Comparison between simulated and experimental results fror
different silicon processes proved the accuracy and efficiency of the proposed technique within 5%. A two-
metal layer inductor structure was also presented and modeled, exhibiting high inductance values at low fre-
guencies.
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