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Parameters Extraction and Modeling for Planar
Spiral Inductor on S-S0, Substrates
by DDM for Conformal Modules
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Abstract—In this paper, the domain decomposition method
(DDM) for conformal modules is used to get simple analytic
expressions for parameters of planar spiral inductors on Si-SiO»
substrates. The conductor and substrate losses are considered
in the expressions. The quality factor of the spiral inductor is
computed with a transmission-line mode and compared with
previousy published experimental results, showing that DDM
model is accurate and efficient for modeling an on-chip spiral
inductor on Si-SiO, substrates.

Index Terms—Conformal module, domain decomposition
method (DDM), planar spiral inductors, quality factor.

I. INTRODUCTION

ONOLITHIC inductors, especidly in the form of

spirals, have gained much application in the design
of integrated RF transmitters and receivers. For this reason,
the analysis and optimization of such structures have been of
great importance. Considerable research work has been done
over the past severa years [1]-{4]. These methods are based
on numerical techniques, empirical formulate, and physical
models. However, the electrical parameters of spiral inductors
in these methods lack a simple and accurate formula. Thisis a
major impediment in using these methods for quick design and
optimization of spira inductors.

In this paper, the domain decomposition method (DDM) for
conformal modules is used to get simple analytic expressions
for parameters of planar spiral inductors on Si-SiO, substrates.
The DDM for conformal modules can avoid complex conformal
mapping. It transforms directly a planar spiral to an elongated
rectangular strip. Asaresult, thecomplex problem of computing
the parameters of planar spiral inductorsistransformed to com-
puting the parameters of the simple rectangular strip. By using
the DDM for conformal modules, the expressions of a quality
factor for a plane spiral inductor are obtained. The computed
results from the expressions are compared with previously pub-
lished experimental results and good agreement is achieved.
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Il. IMPEDANCE AND QUALITY FACTOR WITH DDM

The concept of the conformal module of aquadrilateral isin-
troduced first. Let @ := {; 21, 22, 23, 24 } denote a quadrilat-
eral consisting of a Jordan domain €2 and four specified points
71, 72, 73, and z4 onboundary 9€2. Theconformal modulem (@)
of @ isdefined as follows. Suppose R;, denotes a rectangle of
theform R, := {({,n) : 0 < £ < 1,0 < < h}, and then
m(Q) istheuniquevalueof i for which @) isconformally equiv-
alent to the rectangular quadrilateral {R;0,1,1 4 ik, ih}. By
this, we mean that, for &1 = m (@), and for thisvalue only, there
exits a unique conformal map F' : @ — R;,, which takes the
four points z1, 22, 23, and z4, respectively, onto the four ver-
tices0, 1, 1 + ¢h, and ¢h of Ry, [5], [6].

Now consider the plane spiral inductorsonalossy Si substrate
with a thin SO, dielectric film between the signal conductor
and Si substrate, as shown in Fig. 1(a) and (b). Both the SiO,
film and S substrate are uniform and infinite in the horizontal
plan. The structure parameters of the spiral inductor are width
w, spacing width s, thickness £,,, and the tota length /. The
thickness of SiO, and Si ist,, and tg;, respectively. The signa
conductor is considered as a quadrilateral @ and isdivided into
n domains Q;, ¢ = 1,...,n, asdescribed in Fig. 1(a) and (b).
The crosscuts of subdivisions for the decomposition are chosen
such asthat in [5]. According to the DDM, the total conformal
module of () is approximated by

(@) =3 m(@). )

Let 7; and A denote the trapezium and half- circular annulus
sub-domain in Fig. 1(a) and (b), respectively (see Fig. 2). The
conformal m(7;) and m(A) are then expressed as follows [5],
[7]:
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Subdivisions Q2—Q,,—1 in Fig. 1(8) are symmetrical trapez-
iums, which can be divided into two equal quadrilaterals like
T; in Fig. 2. Thus, by substituting the geometrical size of
each subdivision in Fig. 1(a) into (2) and using (1), we get the
approximated total module of the square spiral inductor, which
is

AN (dout — w) n (1+2N —8N?%)(s + w)
w 2w

m(Q) =
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Fig. 1. On-chip inductor and its transformation by the DDM for conformal modules. (a) Square spiral inductor on Si-SiO; substrate. (b) Circular spiral inductor
on Si-SiO, substrate. (c) Microstrip structure obtained from (a) and (b) by DDM for conforma modules.
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Fig. 2. (a) Trapezium sub-domain. (b) Half-circular annulus sub-domain.
8N
— —log2 (@)
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Similar for the circular spiral inductor, we have

2N—-1

Q) =r Y L

(6)
i=0 In <1 )

where N istheturns of theinductor, d..,; istheouter dimension,
and d;,, isthe inner dimension.
The error of m(Q) is[6]

n 2w
din + t(w + )

E =441 [exp (= 27m(Q1)) + zexp (- 27rm(Qj))} :
(7)

By the DDM, the spiral inductorsin Fig. 1(a) and (b) are now
transformed to the microstrip structurein Fig. 1(c). According to
the method that conformal mapping extracts parameters[8], we
can determinethat the striplinelengthis{ and the stripline width
IS weq = {/m. In the entire process, the parameters t,,,, tox,
and ts; keep constant and we assume tg; > w, ts; > t,, and
tsi > tox. Sincel > 1/m(Q), we may consider the microstrip
lineis infinitely long. From [9], the series impedance per unit
length of the microstrip is given by

1 j 2t 1—9)6
Om weqtrn 2r Teq
where o, is the microstrip conductor conductivity,

Teq = (L/m(Q) 4 ) /4, teq = tox + (tm — 1/m(Q))/4, and
6 isthe skin depth in the lossy silicon substrate given by

1
N

where ¢ isthe conductivity of the silicon substrate.
The characteristic impedance Z, of the equivalent microstrip
line can be expressed from [10]

)

jo
Zo=Zooo| 1 + ——— 10
0 0 < +47rf€0551> ( )
where
1 tox ts; +
Zoeo = 1207 (Fox + ts3) (12)
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Fig. 3. Transmission-line model.

where the superscript “ +” denotes effective values that take into
account fringing and a mixed dielectric as follows:

+ 4+ (tox+tsi)+

€50 ~€8i0 o (12)
—1/2
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ey = T <1 + 10w—€> (13)
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w, isthe equivalent width of the metal strip with a finite thick-
ness, whose expression can be obtained from [11], [12] as

( 125tn, 471' Weq—Om,
for Wea=m 1
w, = 0x+t51 27
¢ 1. 2Otrn ox+t51):|
Weq — Om+ )
fO weq_arn Z i
. toxtisi 2m

(15)

By using the transmission-line model depicted in Fig. 3, the
shunt admittance per unit length can be obtained by

VA
Y = —F. 1
7 (16)
The admittance matrix of the two-port network in Fig. 3is
1 Zy+1 -1

The quality factor of the spiral inductors is then obtained as
follows:

(18)

= —1 .
Re(Ym11>

I1l. RESULTS AND DISCUSSION

Thevalidity and accuracy of the DDM for parameters extrac-
tion of a spiral inductor are evaluated trough two examples by
comparison with the experimental results. For a square spiral
aluminum inductor with N = 7 turns, width w = 13 pxm, and
spacing between spires s = 13 pm, outer dimension deyy =

1765

O tm=1um, Rf[2]

==+ tm=1um,this method
+ tm=2um, Rf[2]

—--- tm=2um,this mathod
# tm=3um,Rf[2]

—— tm=3um,this method

Quality factor

Frequency (GHz)

Fig. 4. Quality factor of the sguare inductor with difference metal thickness
versus frequency.

300 pm, the spiral metal of three thicknessvaluest¢,,, = 1,2,3
»m are fabricated on a silicon substrate with resistivity p =
10 ©2cm and thickness ts; = 150 um. The thickness of the
SO, filmist,, = 4.5 um. The number of sub-domain of de-
composition in the DDM isn = 29. The quality factor of the
square spiral inductor with the three metal thickness values as
afunction of frequency is shown in Fig. 4 and compared with
the experiment results in [2]. It is observed that there are ap-
proximately 10% deviations between the () ;’s pesk value of
the DDM model and measurement. The average relative error
is 1.9%, 3.4%, and 3.8% for ¢,,, = 1,2 and 3 um, respec-
tively. Asasecond example, acircular spira aluminum inductor
on an Si—-SIO, substrate with a conventional 0.6-um CMOS
three-metal-layer technology is considered. Theinductors' geo-
metrical characteristics areilluminated in the caption of Tablel.
The resistivity of the substrate isp = 1 ~ 10 €lcm. The com-
puted results from (18) are shown in Table | and are compared
with the experiment resultsin [13]. The computed quality factor
matches the experimental results with an average relative error
of 4%, 2.8%, and 5.1%, respectively.

The reason of the error includes: 1) the conformal mapping
method is limited merely to quasi-static field analysis; 2) the
equivalent transmission line in Fig. 1(c) istreated as of infinite
length; and 3) the error of the DDM itself. According to (7), the
maximum difference between the accurate total module of the
square inductor and that from the DDM is

29
E =441 |exp (- 2rm(Qy)) + Z exp (— 2rm(Q;))
=3

=0.0262 (19)
which means 315.7721 < m(Q) < 315.8245, and will leads
to arelative error less than 0.01% for the quality factor. Thisis
to say that the DDM contributes very little to the computation
error of the quality factor. The main error source should be the
quasi-static approximation.

It is obvious from (19) that, in order to reduce the error of
the DDM, &l subdivisions of a domain should be as large as
possible as long as the module of each subdivision can be com-
puted easily. For the example, for a square spiral inductor, the
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TABLE |
MEASURED AND SIMULATED RESULTS FOR THE CIRCULAR INDUCTOR

@ Vs. Frequency O e Average
1272[Ghz] | 1575[Ghz] | 186[Ghz] | 24[Ghz] | Freq. Value relative
Ref.
Meas. | Sims. | Meas. | Sims. | Meas. | Sims. | Meas. | Sims| [Ghz] | Meas. | Sims. | error[%]
e 4 42 4.4 4.6 5 49 5.6 5.4 3 5.9 5.6 4
e, 4.6 48 52 52 54 5.4 5 5.4 2 5.5 5.4 2.8
e, | 49 | 48 | 51 | 52 | 52 | s4 | 45 |52 19 53 | 54 5.1

e1idin =2 X 75 umyw =12um,s = 1.5 um N = 3; ez din =2 X 89 pum,w = 12 um, s = 1.5 um, N = 4;

ezidin =2 X900 um w =12pum,s = 1.5 um N = 4.

decompositionin Fig. 1(a) in which the crosscuts are set at every
corner of the spiral isthe best one. More subdivisionswill have
no help for improving the accuracy of the DDM. The situation
of the circular spiral inductor is the same.

IV. CONCLUSION

Based on the DDM for computing conformal modules, a
novel transmission-line model is derived for spiral inductors on
multilayer substrate. The complicated computation of mutual
parameters is avoided with the DDM. The model accuracy
is analyzed, showing that the error due to the DDM is very
little and can be neglected. This model can be extended to an
arbitrary spiral inductor as long as one can solve for the con-
formal module of each subdivision in the decomposition of the
inductor. Due to that, closed-form expressions are available for
the quality factor, and the transmission-line model is expected
to be efficient for analysis and optimization of RF circuits.
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