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Abstract— This paper presents a set of design equations for spiral
and new scalable cross inductors in CMOS 0.35 pm technology,
relating electrical parameters of the inductor’s equivalent circuit as
functions of its geometric dimensions. The procedure used to derive
the design equations is described and involves electromagnetic
simulation of inductors with different geometric dimensions,
extraction of values for equivalent circuit model elements for each
inductor and the use of multivariate regression analysis applied to
generalized linear models (GLM) based on Design of Experiments
(DoE). A nine element =-type equivalent electrical circuit was used
for the inductors, where all element values are constants, allowing
simulation on SPICE-like software. Results from the models
obtained for both spiral and scalable cross inductors presented
closely match to the simulated results.

Index Terms— Planar inductor, Design of Experiments, EM simulation,
Mathematical model.

|. INTRODUCTION
The design of integrated circuits at the schematic representation level is a fast tool for analog

CMOS circuit designers. However, the physical design of components with complex layout, such as
planar inductors, is time-consuming and complicated. In most situations, it is not possible to develop
simple mathematical models from Maxwell equations that correspond to the geometry of the device
and its electrical characteristics, pushing the designer in a cycle of numerous trial and error attempts.

Inductors are geometrically much larger than integrated resistors and capacitors used in planar
technology, being strongly affected by resistive and capacitive effects that cannot be ignored at high
frequencies, requiring complex models and time-consuming simulations.

To solve this problem, many researchers have been working to implement simple and efficient
electrical equivalent circuit models for planar inductors, to assist RF circuit designers. Some
approaches are based on simplified solutions of the Maxwell equations [1] — [2], others use
transmission line models [3], and others employ equivalent electric circuits using single-r [4], double-
n [5] or T [6] configuration. All these models produce an efficient simulation of the actual behavior of

planar inductors. However, they are developed to represent a specific inductor’s geometry,
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manufactured using a given semiconductor technology, or the procedure used to extract the value of
the model elements is complicated. Alternatively, the electrical characteristics of the inductor are
obtained considering the individual contribution of all its segments, requiring a considerable number
of calculations to model the inductor behavior from its geometry.

As a contribution, this paper presents a procedure to develop design equations to express the value
of each element of the inductor equivalent circuit model as a function of its geometric dimensions.
The equations are generated by multivariate regression analysis applied to generalized linear models
(GLM) [7] based on Design of Experiments (DoE) [8]. The proposed procedure was applied to
develop n—type equivalent circuit models for spiral and scalable cross inductors on CMOS 0.35 um

technology. The layout of both the modeled inductors and their geometric parameters as shown Fig. 1.
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Fig. 1. Modeled inductors: (a) spiral; (b) scalable cross
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This paper is organized as follows: section Il presents the equivalent circuit model and modeled
structures; section Il presents the modeling methodology and the procedure used for extracting the
model parameters of the equivalent circuit used to model inductors, and describes the design
equations derived; section IV compares the results obtained from the equivalent circuit model using
elements whose value was calculated by design equations for the inductors with the results obtained

from electromagnetic simulation of those inductors layout; and finally, the conclusions are presented.

Il. EQUIVALENT CIRCUIT MODEL AND MODELED STRUCTURES
In this paper, two planar structures with inductive characteristics were modeled and compared: the

spiral inductor is shown in Fig. 1(a), and the scalable cross inductor is shown in Fig. 1(b). As
described next, the geometry of these two types of inductors are very distinct, and mechanisms of
mutual coupling among the inductor segments generate different contributions for positive and
negative mutual inductances in each inductor type. The same applies for parasitic capacitance and
resistance effects present in the structures of the spiral and scalable cross inductors. However, the nine
lumped elements of the equivalent electric circuit model used in this paper and the procedures to

obtain the model parameters and design equations are general enough to model these two different

Brazilian Microwave and Optoelectronics Society-SBMO received 20 Jan 2018; for review 25 Jan 2018; accepted 7 Jul 2018
Brazilian Society of Electromagnetism-SBMag © 2012 SBMO/SBMag [@)ey | ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 17, No. 3, September 2018
DOI: http://dx.doi.org/10.1590/2179-10742018v17i31215 405

inductive structures. Fig. 2 shows the nine lumped elements equivalent circuit electric diagram.

In the equivalent circuit shown in Fig. 2, the inductance of the component is represented by the
inductor Ls, whereas the other elements of the equivalent circuit represent the parasitic phenomena
inherent to the geometry of the structure. Thus, Rs is the resistance of the metal segments that make
up the structure of the inductor, Cs is the capacitance between the metal segments of the inductor.
Rsus: and Rsyg, represent the substrate resistance and are proportional to the area occupied by the
metal segments above the substrate. Cox; and Cox, are the capacitances between the metal segments
of the inductor and the oxide layer. In addition, there is the substrate capacitance, represented by
Csusr and Csugz. These resistances and the capacitances of the substrate are responsible for the
modeling of the resistive and capacitive losses that vary with the frequency, respectively.
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Fig. 2. Nine Lumped Elements Equivalent Electric Circuit for Inductors

A. SPIRAL INDUCTOR
The spiral structure, shown in Fig. 1(a), is a traditional structure used to build planar inductors.

There is an extensive literature about electrical models for planar inductors [1] — [6]. This structure
was included in this paper as a reference to compare the modeling results. In spiral inductor, the
electric current flows in the same direction in segments of the same side of the spiral, and in opposite
directions in segments of opposite sides. Then, the inductance of spiral structure has three
components: self-inductance, positive mutual inductance, and negative mutual inductance. The self-
inductance is related to the geometric dimensions of each segment, positive mutual inductance is due
to the sum of magnetic fields of segments on the same side of the structure, and negative mutual
inductance is due to the sum of magnetic fields of the segments on opposite sides of the structure.
Negative mutual inductance is minimized by drawing the spiral inductor with a gap in the center of
the structure, increasing the distance between opposite sides and weakening the contribution of the
magnetic field from each segment to those in the opposite side. This design technique increases the
area occupied by the inductor. On the other hand, this kind of inductor uses few metal segments,

resulting in structures with fewer parasitic effects.

B. SCALABLE CROSS INDUCTOR
The original cross inductor, shown in Fig. 3(a), was presented in 2007 [9] as an innovative structure
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having a geometric design that minimizes area consumption on integrated circuit projects. This
structure needs three metal layers to its implementation and its segments form two groups: the core
and the connection segments. The core is the central part of the structure, where the segments are
arranged in two adjacent layers and are disposed at 90-degree angles. Connection segments are placed
at 45-degree angles with respect to the core segments, and they are arranged in all three metal layers
in such way they carry the current flux minimizing the negative mutual inductance and connecting all
core segments.

As the spiral structure, inductance of cross structure is compounded by three parts: self-inductance,
positive mutual inductance, and negative mutual inductance, but they behave differently from their
peers in spiral structure. Due to its geometry, the current flows in perpendicular directions in the core
segments from different metal layers, canceling all negative mutual inductances from each segment to
the others, at the same time, the current flux is parallel in core segments from the same metal layer,
increasing the positive mutual inductance among those segments. The arrangement of the connection
segments defines a current flux in the same direction on opposite sides of the structure, increasing the
positive mutual inductance from one connector segment to the others, canceling the most part of the
negative mutual inductance among those segments. The 45-degree slope from core segments to

connection segments also reduces the negative mutual inductance among those segments.
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Fig. 3. Cross Inductor — (a) Original Cross Inductor; (b) Extended Core Segments
The drawbacks of the original cross structure are the amount of metal needed for its
implementation, this increases resistive and parasitic effects, reducing the inductor quality factor [10].
This structure is not scalable, because its connection segments were done ad-hoc, thus, it is
impossible to change the number of core segments in the structure keeping it symmetric. Then, to
allow changing the number of core segments keeping the symmetry, these are extended beyond the
core edge, as shown in Fig. 3(b), and stubs are placed at end of each core segment, as Fig. 4(a) shows.
Stubs and core segments are disposed at 45 degrees angles, this does all connection segments

straight and easy to draw, allowing algorithmic solution to this updated scalable version of the cross
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inductor, which is shown in Fig 4(b).
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Fig. 4. Cross Inductor — (a) Stubs at end of Core Segments; (b) Scalable Cross Inductor

[1l. MODELLING METHODOLOGY
The proposed models in this paper allow estimating electrical parameters to spiral and scalable

cross inductors from their geometric dimensions: segment width (w), distance between segments (d),
core or gap side length (I) and total area (A), as shown in Fig. 1.

The modeling process employs multivariate regression analysis applied to GLM [7] based on DoE
[8], so it is necessary to design some structures with known dimensions and simulate them, estimating
the value of the electric parameters under modeling. In this paper, 45 inductors of each structure were
designed, combining the following measurements: segment width (w): 5, 15, and 25 um; distance
between segments (d): 5, 10, and 15 pm; and number of segments (n) in cross inductor core or (n/2)
turns plus ¥ in spiral inductor: 3,5, 7, 9 and 11.

Inductors modeled in this paper are as shown in Fig. 1. For comparison purposes, pairs of spiral and
cross inductors with the same segment width (w) same distance between segments (d), and the core
and gap side with equal length (1) were analyzed.

The side length (1) of the cross inductor core and the gap of the spiral inductor core are both given
by (1):

2sw+nm—-1)*w+d)

I(w,d,n) = 5 1)
then, the area (A) for a spiral inductor is:
Awdn)=(+2xw+m—-2)x(w+d) [ +2*xw+m—1)*(w+d)) )
and, the area for a scalable cross inductor is:
Awdn)=(1+m-1D+Ww+d)*(l+2+m*Ww+d)) (3)
where min (3) is:
m = int (%1) + (n+ 1)%2 4)

In (4), int(x) is the floor function and x%oy are the remainder after the division of x by y.
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Each structure was designed, and its layout simulated using Keysight's ADS.2015.01, and the

modeling methodology followed these steps:

» The electromagnetic simulator Momentum/ADS was used to design and simulate the inductors
up to frequencies higher than their resonant frequencies, generating two-port S-parameters;

» The Y-parameters of the inductors were obtained from the simulated results and tabulated as a
function of frequency;

» The values of the nine lumped elements for equivalent electrical circuit model for the inductor,
(Fig. 2) were estimated using the extracting procedure described next;

» Design equations for the elements of the inductor electric circuit model were derived using
Multivariate Regression Analysis and GLM were estimated for all nine lumped elements as a
function of geometric dimensions —w, d, n, | and A;

» Inductor models were generated using the design equations and tested by comparing the results

of nine lumped elements equivalent circuit simulation to the inductors layout simulation.

A. ELEMENTS VALUE EXTRACTION PROCEDURE
Reference [10] shows that each inductor was simulated over a large frequency band to identify the

inductor resonant frequency (fc) and to obtain the S-parameters for two ports of the inductors for each
simulated frequency (f). In this paper, all electromagnetic simulations were performed using
Keysight's ADS.2015.01 software.

The extraction procedure for the values of all nine elements of the equivalent circuit considers that
this circuit has the n-type configuration [11], as shown in Fig. 5. The elements of the n-type circuit are
the serial admittance, Ys, which connects the two ports and the ports admittances, Yp; and Yp,, which,

respectively, connect P, and P, ports to the ground plane.
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Fig. 5. IT Configuration for Nine Elements Equivalent Circuit
The Y-parameters are calculated from S-parameters [12], and comparing their definition with 7-

type circuit produces:

Y=Y, =-Yn (5)

Yp1 =Y11+Y12 (6)

Ypo =Yy + Y (7)

Brazilian Microwave and Optoelectronics Society-SBMO received 20 Jan 2018; for review 25 Jan 2018; accepted 7 Jul 2018

Brazilian Society of Electromagnetism-SBMag © 2012 SBMO/SBMag [@)ey | ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 17, No. 3, September 2018
DOI: http://dx.doi.org/10.1590/2179-10742018v17i31215 409

In low-frequency range, from DC to 5% fc, all the parasitic capacitances of the inductor equivalent
circuit have high impedance and can be neglected. Thus, Rg, the resistance of the metal segments that

compose the inductor, and Ls, the inductor’s inductance, are:

1w 1
R, = _fmm [y—s]k (8)
L= _%kﬂz:fks [Yls]k ©

As explained, (8) and (9) work just over the low-frequency range, and, N is the amount of simulated

data in the range, from DC to 5% fc, R [1/Y ] and 3 [1/Y ] are, respectively, the real and imaginary
Sk Sk

parts of each value of the inverse of serial admittance. From (8) and (9), Cs, the capacitance between

the inductor's metal segments, is:
L

TR+ (@,L,)?
where, in (10), o, = 2zfc, and fc is the resonant frequency between ports P; and P,.

(10)

Cs

Other parasitic effects are extracted from (6), then, Zp, = I/Ym’ , Which is the impedance

connecting P, port to ground plane, is:

_ Rgyp1 _L< 1 szsumzcsum )
1+ (wRsyp1Csyp1)*> @ \Cox1 1+ (wWRgyp1Csyp1)?
In low-frequency range, from DC to 5% fc, Rsus: and Coxy can be extracted as (12) and (13),

Zpy (11)

because all terms having multiply by @ = 2zf'in (11) can be ignored.

N
1
Rgypy = NZ R(Zp1]k (12)
k=1

N
c _ 1 z 1
TN L2nfi 312k
where N is the amount of simulated data in low frequency range, R[Zp,], and J[Zp, ] are,

(13)

respectively, the real and imaginary parts of each value of impedance connecting P, port to ground
plane in low-frequency range.
The substrate capacitance, Csugy, is estimated from the imaginary part of Y3 = Yp+Ys at Py port

resonance frequency, fc, which is null, then:

Lg Co= Cox1 (@c1Rsyp1)?Cox1Csup1(Cox1 + Csyp1) (1)
— S =
Rg® + (wc1Ls)? 1+ (@4 Rsyp1 (Cox1 + Csmn))z 1+ (wc1Rsyp1(Coxa + Csyp1))?
- 2 1 - .. i
Noting ((Dc1RSUB1(C0x1 + Csum)) and /(C0X1 + Csypr) (@eRsupy)? & 1in (14), and defining:
L
Ceq = 2—5 —Cs — Cox1 (15)
Rs" + (w1 Ls)?
Ignoring terms much smaller than 1 in (14) and using (15), it results [13]:
COXICeq
C =——- 4 16
L S— (16)

eq
Estimates of all values of parasitic elements of Yp, can be done using (7) and applying this

procedure — from (8) to (16).
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B. DESIGN EQUATIONS
Parameter extraction procedure estimates values for electrical parameters only to designed

inductors but it does not help the design of inductors with different geometrical dimensions. Thus, a
set of equations relating the inductor geometric dimensions to the electrical parameters of its
equivalent circuit model were derived, allowing to design any similar inductor in the range of
dimensions used in the element values extraction procedure.

The procedure using GLM based on DoE and Multivariate Regression Analysis is an excellent tool
to relate the geometric dimensions to the electrical parameters in this case because it can relate any
kind of free variables to the output ones. In this paper, the geometric dimensions of inductors — w, d,
n, I and A — are free variables and the electrical parameters of nine elements equivalent circuit for
inductors — Ls, Rs, Cs, Cox1, Rsug1, Csust, Coxe, Rsus2 and Csyg, — are output variables.

In few words, DoE [8] is a method to estimate how a group of free variables affects an output
variable by a limited number of attempts to discover how this happens. This is possible by a choice of
values for free variables that spreads over all possible combinations of them. TABLE | shows a sample
of DoE for geometric dimensions of the scalable cross inductors — the complete DoE has 45
experiments (inductors). Spiral inductors with same the dimensions shown in TABLE |, except for the

area given in (2), were used as DoE to derivate design equations for this type of inductor.

TABLE I: SAMPLE OF DOE FOR SCALABLE CROSS INDUCTOR

Inductor w(pm) d(um) n(un) |(um) A (umd

101 500 5,00 3 3536  3.064.18
102 500 500 5 4950  8.009.71
103 500 500 7 6364 12.814,05
104 500 500 9 7778 21.739,52
105 500 500 11 9192 29.157.86
106 500 10,00 3 4950 6.319.77
115 500 1500 11 176,78 111.81875
116 1500 5,00 3 7778 13.872.60
130 1500 1500 11 27577 262.420,76
131 2500 500 3 12021 32.474.92
145 2500 1500 11 37477 47630118

Each simulated inductor was submitted to the parameters extraction procedure, TABLE Il shows a
sample of the electrical parameters for the scalable cross inductors from TABLE I. The same procedure
was also applied to spiral inductors, preparing similar tables.

All electrical parameters of the inductor equivalent circuit were modeled as output variable by
GLM [7], relating them to the inductors geometrical dimensions, as free variables. The general form
ofaGLMis:

Y =ap+ a1xq + ayxy + o+ opxg o+ apx, a7
where j is the output variable estimate, each X; is a free variable or its monotonic transformation and
each «; is a regression coefficient calculated by linear least spiral regression method [14]. In this
paper, only natural logarithm and inverse functions — In(x) and 1/x — were choosen as monotonic
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transformation for free and output variables.

TABLE II: SAMPLE OF EXTRACTED PARAMETERS FOR SCALABLE CROSS INDUCTOR

411

Inductor RS (Q) LS (nH) CS (ﬂ:) RSUBl (Q) C:OX1 (fF) CSUBl (ﬂ:) RSUBZ (Q) COXZ (ﬂ:) CSUBZ (fF)

101 6,83 0,29 6,24  3124,62 14,90 8,10 3078,44
102 13,95 091 1385 2250,34 33,78 10,67  2091,74
103 25,23 2,10 25,63 1508,21 58,49 13,46  1419,47
104 38,13 4,18 38,35 124247 88,76 17,57  1128,79
105 55,77 7,29 54,14 999,69 126,42 21,44 942,59
106 9,37 0,48 7,85 3159,91 27,85 11,40 3182,68

115 107,52 1637 7817 499,09 346,64 4348 494,96
116 435 057 3317 169556 6552 1380 155544

130 5387 2254 35643 33091 92556 110,85 273,94
131 385 085 8300 109150 15148 26,16 97758

145 43,09 28,82 847,55 246,30 J:%67,53 293,00 240,57

14,90
34,81
60,20
91,63
129,92
25,41

347,95
65,42

937,06
151,11

179547

8,67
12,35
15,80
21,06
25,45
11,87

52,61
14,00

139,68
26,63

372,33

Applying GLM and multivariate regression analysis to spiral inductors dataset, using built-in

functions scripts in R, produced the following set of equations:

0.883

Rg = e(—2-500+ 7 )w—0.993n1.03110.452A0.267 (18)
Ly = e(—7-787+1'5128)w—0.053n1.981l1.o9o (19)
Cs = e(34.539+0.095n+0.0191 4'3[80 6616'2:267Z1‘5)W1_o7sl—6.595 (20)
Rgyp1 = e(—0-178W+27'650)w4.993l—1.261 (21)
Cox1 = e(—5-024+11',721)W0.290n0.375A0.779 (22)
Coupt = o(34:539+0.6113w 36984 95£22+91'1177)w_17_52212_729 (23)
Rsypz = e(—0-184W+27‘796)W4.933A—0.530 (24)
Coxz = e(—4-518+8'140604ow)Wo.209n0.331 40742 (25)
Csupa = o (34:539+0.571w 22224 87"347+5°'?1°)w_16,03511,391 (26)
and to scalable cross inductors, the set of equations is:
R; = e(3.636+31'3331—46'?40)W—1.048n0.933 (27)
Lg = e(—9-305+3'181)W—0.226n2.003A0.636 (28)
Cs = e(—1-030+21'f,3f,l—22',129)W1.z18n1.291 (29)
Rsypy = e(—0-184W+27'936)W5.129A—o.582 (30)
Cons = (0SB BB SO0 s 40 p020s @)
Coppr = e(34.539+0.459w+%—@)w_12_333 (32)
Rgypz = e(_0'182‘“27'928)W5.070A—o_530 (33)
Coxa = el 2651200~ 7 )yy0277 1529 (34)
Brazilian Microwave and Optoelectronics Society-SBMO received 20 Jan 2018; for review 25 Jan 2018; accepted 7 Jul 2018

Brazilian Society of Electromagnetism-SBMag © 2012 SBMO/SBMag [@)ey |

ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 17, No. 3, September 2018

DOI: http://dx.doi.org/10.1590/2179-10742018v17i31215 412
Csupr = e(34'539+0'454W+%_70£37)W—12.818 (35)

There are many combinations of free variables and their monotonic transformations to model the
output variable. Then, multivariate regression analysis, controlled by t-test and analysis of variance
for the free variables coefficients, helps to choose a combination of free variables which has statistical
significance to estimate the output variable [7] [8]. This explains why some free variables, like
distance between segments, d, appear only in few equations, whereas others, like segment width, w,
appear in all equations.

Equations (18) to (35) are design equations for spiral and scalable cross inductors in CMQOS
0.35 um technology. However, the procedures used to obtain these equations can be applied to

generate design equations for different inductive structures fabricated in other technologies

IV. EXPERIMENT AND RESULTS
The experiment verified the predictive capacity of equations (18) to (35) in the estimation of the

electrical characteristics values for the spiral and scalable cross inductors. To demonstrate the
predictive capacity of the equations, the dimensions of the tested inductors are different from those
used in the DoE, whose sample is in TasLe |, and they are:

. Ind01: w=7 pum;d=9 um; n=3;1=55.15 um

. INd02: w=13 um; d =11 um; n =9; 1 =236.17 um

Notice that IndOl is an inductor with small area and inductance in the order of tenths of
nanohenries, while Ind02 occupies a larger area and presenting inductance in the order of dozens of
nanohenries. This experiment compared the results obtained from the inductor’s layout simulation in
Momentum/ADS to the ones provided by the equivalent circuit model (Fig. 2), whose element values

calculated by the design equations are presented in TasLE IIl.

TABLE I1l: VALUE oF ELEMENTS CALCULATED BY DESIGN EQUATIONS

[ W I
Spiral 340 043 248 158183 2500 2745 177168 2208 1084
Ind01 Sccar'c")’lsbs'e 732 048 11,97 177921 3397 2477 164371 3214 26,82
Spiral 1695 1253 4028 351,76 56206 87,95 36815 527,71 42,77
Ind02 S(C:ar'(")"sbs'e 31,60 1324 29990 38261 690,56 7152 34680 703,07 88,89

Comparative results for inductors maximum quality factor, Q, frequency for maximum quality
factor, fg, and inductance for maximum quality factor, Lo, obtained from layout simulations and

equivalent circuit simulations for the spiral inductor and for the scalable cross inductor are shown in

TABLE IV.
TABLE IV: COMPARATIVE RESULTS - LAYOUT x EQUIVALENT CIRCUIT/DESIGN EQUATIONS
Inductor Structure Layout Equivalent Circuit

Q fo(GHz) Lo(nH): Q fo(GHz) Lo (nH)

Indo1 Spiral 13,7 41,82 0,58 | 14,2 29,21 0,55

Scalable Cross 5,0 22,77 0,58 6,2 23,58 0,66

Indo2 Spiral 3,0 1,04 1350 2,6 0,94 13,20

Scalable Cross 1,5 1,01 1355 1,3 0,90 13,41
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Fig. 6 shows S parameters obtained from the layout simulation and from the electrical equivalent
circuit generated using the design equations for the spiral inductors Ind01 and Ind02, and Fig. 7

presents the same results for the scalable cross inductors used in the test.
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Fig. 6. Spiral Inductor S-Parameters — (a) Ind01 S11; (b) Ind01 S12; (c) Ind02 S11; (d) Ind01 S12
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Fig. 7. Scalable Cross Inductor S-Parameters — (a) Ind01 S11; (b) Ind01 S12; (c) Ind02 S11; (d) Ind01
The good agreement observed in Fig. 6 and Fig. 7 validate the sets of design equations derived for

the spiral and scalable cross inductors.
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Paired t-tests at 95% confidence level [7] [8] applied at TABLE IV data, comparing each layout
column with each equivalent circuit column for inductor and structure, show a very good agreement
level between results of layout simulations and equivalent circuit simulations indicating that design
equations (18) — (35) produce correct predictions for the values of all nine equivalent circuit elements,
in spite of difference in maximum quality factor frequency, fo, simulated and calculated for small
spiral inductor, IndO1. This difference happens because the parasitic effects on small spiral inductors
have an order of magnitude similar to the inductive effects and the electromagnetic simulation
reproduce them, while the equivalent circuit does not.

Other results that compare the characteristics of spiral and scalable cross inductors are extracted by
a simple nonlinear regression procedure [7] [8] using TABLE | and electromagnetic simulation data.

Fig. 8 shows the mean behaviors for maximum quality factor, frequency for maximum quality factor
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Fig. 8. Comparison Spiral x Scalable Cross — (a) Maximum Quality Factor;
(b) Maximum Quality Factor Frequency; (c) Inductance for Maximum Quality Factor

and inductance for maximum quality factor for spiral and scalable cross inductors.

Scalable cross inductors have, on average, 2.3 times smaller maximum quality factor than spiral
inductors having the same area, as shown in Fig. 8(a). The same happens comparing maximum
quality factor frequency, which is 1.4 times smaller for scalable cross inductors than spiral ones, as
shown in Fig. 8(b). On the other hand, the inductance for maximum quality factor of the scalable
cross inductor is, on average, 1.25 larger than spiral inductors having the same area, as shown in Fig.
8(c).

These differences are explained by the complexity of scalable cross inductor structure, which uses
more metal segments than the spiral inductor, causing an increase on the total resistance and
capacitive parasitic effects of the inductor, decreasing maximum quality factor and the frequency
where it happens. On the other hand, the scalable cross structure minimizes negatives mutual

inductance, resulting in a larger inductance than the spiral inductor with the same area.
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V. CONCLUSIONS
The nine elements equivalent electrical circuit model calculated by design equations to represent

spiral and scalable cross inductors in CMOS 0.35 um technology, produced results in good agreement
with electromagnetic simulations of the inductor’s layout.

The design equations derived for spiral and scalable cross inductors have good scalability, allowing
estimate inductors features for areas ranging from 3,000 to 650,000 pum?.

Scalable cross inductors were compared to spiral inductors, showing larger inductance per area, and
a smaller quality factor than typical spiral inductor, and they are an interesting choice for applications
where a large quality factor is hot mandatory or having restrictions in the area.

The procedures used to develop the electrical equivalent circuit models and design equations for the
scalable cross and spiral inductors were validated and can be applied to other inductive structures and
manufacturing technologies.
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