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Abstract : The effects of key geometrical parameters on the perf ormance of integrated spiral inductors are investi-
gated with the 3D electromagnetic simulator HFSS. While varying geometrical parameters such as the number of
turns (N) ,the width of the metal traces (W) ,the spacing between the traces (S) ,and the inner diameter (ID) ,
changes in the performance of the inductors are analyzed in detail. The reasons for these changes in performance
are presented. Simulation results indicate that the perf ormance of an integrated spiral inductor can be improved by

optimizing its layout. Some design rules are summarized.
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1 Introduction

Planar spiral inductors have become essentia
elements of communication circuit blocks, such as
voltage-controlled oscillators (VCOs) , low-noise
amplifiers (LNAs) , mixers, and intermediate fre-
quency filters(IFFs) ™. To meet the need for grear
ter portability ,increased functionality , and lower
cost of today’ s wireless communication systems,
integrated planar spiral inductors with small form
factors,high Q,and high self-resonant frequencies
on dlicon substrate are highly desired. However ,
the performance of inductorson slicon needsto be
further improved for RFICs because of the struc
ture design and substrate loss. The most important
concernin designing slicon spiral inductorsis ob-
taining inductors with the desred inductance val-
ues that at the same time have high enough quality
factors. To achieve this,the structure and layout
geometry of theinductors must be well designed to
induce magnetic coupling between the spiral wind-
ings,reduce the series res stance of the inductors’
metal spirals, and reduce loss through the sub-
strate.
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Much research has focused on the design,
modeling ,and optimization of spiral inductors on
silicon substrate’® ® . However ,spiral optimization
is a never-ending job,and there remains great in-
centive to design and optimize spiral inductorsfab-
ricated on S substrates. In this paper ,spiral induc-
tors are analyzed by usng a 3D HFSS(high fre-
guency structure smulator) to study the inf-luence
of layout on an inductor’ s performance in the
multi- GHz frequency range. Spiral inductors with
different geometrical parameters and the same sub-
strate are smulated and analyzed. The key geomet-
rical parameters include the number of turns(N) ,
the width of the metal traces(W) ,the spacing be-
tween the traces(S) ,and the inner diameter (ID) .
As these parameters are varied ,the characteristic
of the inductors are smulated and anal yzed.

2 Modding of spiral inductors

Slicon spiral inductor desgn involves a com-
plex trade-off between layout parameters and
process parameters. In this work ,all inductors are
smulated and analyzed usng the same substrate
structure. The S substrate and SO: isolation pa
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rameters are set up based on the Bi/ CMOS data. In
the bipolar process or Bi/ CMOS processes,the S
substrate redgstivity is typically between 10 and
30 - cm™® . For our smulations,we have chosen
to use 12 - cm. The substrate setup is thereby
smplified to a 300U m S substrate with a res stivity
of 102 - cm with a 9 ¢ m 90 layer that has a
permittivity of 4 0 and a O T m-thick layer of
glass on the top of the S.

The substrate structureis shownin Fig.1(a).
In thisinductor ,aluminum traces are used as active
devices. A bottom metal layer (M1) and intercon-
nection metal layer (M2) ,separated by a SO: lay-
er form the feed line and spirals of the inductor ,
respectively. M1 and M2 can be interconnected
with bias. They are 2 and 0. 31 m thick ,respective-
ly. Figure 1(b) shows a top view of the spiral in-
ductor.

Passivation

MI

(a)

(b)
Fig.1 Smplified cross sectional view (a) and smpli-
fied top view (b) of the spiral inductor

The HFSS system generates complete electro-
magnetic (EM) field solutions and the associated
port characteristics and Sparameters. Y parame
ters can be deduced from the Sparametersin a de-
fined range of frequenciesfor individual inductors.
The effective inductance L and the quality factor Q

of the inductors are calculated by the equations!™

_ Im(Yn)

Q=- Re( Yu) (1)
o -1

L= At fim( Yu) (2)

The maximum Q(Qmx) and self-resonancefre-
guency (SRF) are eadly derived from the QF
curve.

3 Resultsand discussion

3.1 Variation of the number of turns ( N)

Four inductor types are chosen for smulation
to investigate the variation of N. All four types
have the same layout parameters except for the
number of the turns. The inner diameter (ID) is
136! m ,the metal line width is 121 m,and the line
spacing is 4 m. Figure 2 shows a comparison of the
Q factors and inductances L for various values of
N.
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Fig.2 (a 9mulation results of the spiral in-
ductor inductance for different values of N; (b)
Smulation resultsof the spiral inductor Qfactor
for different values of N
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Tablel Smulation resultsof spiral inductorswith var
rious values of N

Inductor | N | Qm | fo.,/ GHZ| Inductance/ nH [ SRF/ GHz
1 2.5]1 9.02 2.9 2.23 14.3
2 3.5 8.24 2.0 4.09 10.1
3 4.5] 7.76 1.5 6.67 7.2
4 5.5] 7.16 1.2 9.90 5.2

When varying the number of turns,theinduct-
ances with the same frequency are clearly enhanced
as the number of turns increases. The reason for
the enhancement of the inductances is obvious.
However ,Qmx and SRF have the opposte tenden-
cy. As the number of turns increases, increased
metal loss and substrate coupling are the main rea
sonsfor the decrease of Qm. The decrease of SRF
is mainly due to the enhancement of inductance and
capacitive coupling between the metal traces as
well as to the substrate. Although inductance is
clearly enhanced as the number of turnsincreases,
the result is an increase in the area of the induc-
tors,which is not beneficial for integration.

3.2 \Variation of spacing between traces ()

Five inductor types are chosen for smulation
to investigate the variation of S. All five types have
the same layout parameters except for the spacing
between the traces. The inner diameter is 120 m,
the metal line width is & m ,and the number of the
turnsis 2 5. As the spacing between the tracesin-
creasesfrom 8 to 4@ m ,the performance of the spi-
ral inductors as a function of Sis shownin Fig.3
and Table 2.

Table2 dSmulation results of the spira inductors for
different values of S

Inductor | S | Qmax | fomy/ GHZ| Inductance/ nH | SRF/ GHz
L1 8 18.61 3.6 1.99 18.4
L2 16| 7.58 3.6 1.96 18.1
L3 241 6.97 3.5 1.99 17.5
L4 32| 6.68 3.6 2.10 17.1
L5 40] 6.25 3.6 2.13 16.5

Figure 3(a) and Table 2 show that the induct-
ances at the same frequency have no obvious
change in the low frequency range when the spac-
ing between the tracesincreases. However ,Qma de-
creases with the increase of the gacing. As the
spacing decreases, the substrate coupling has no
obvious change, o the changes of fq_, and SRF
are not obvious. The reason for the decrease of Qmax
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Fig.3 (a) Smulation results of inductance for differ-
ent valuesof S;(b) Smulation results of Q factor for
different values of S

isthat theincrease of the spacing between adjacent
metal traces lowers the magnetic coupling of the
adjacent metal traces.

3.3 Variation of width of the metal traces (W)

Five inductor types are chosen for smulation
with different trace widths W. Theinner diameter ,
the line spacing ,and the number of turns remain
constant while the width of the metal tracesarein-
creased by increments of 41 m. The inner diameter
is12Q m ,the line gpacing is 4 m,and the number
of turnsis 3 5. The performance of the spiral in-
ductorsfor trace widths from 8 to 24 m are illus
trated in Fig.4 and Table 3.

Table3 Smulation results of the spiral inductors for
different values of W

Inductor | W | Omax | foua/ GHZ| Inductance/ nH | SRF/ GHz
L1 8 17.73 2.6 3.66 12.2
L2 121 7.89 2.2 3.50 11.2
L3 16 7.95 2.0 3.48 10.3
L4 20| 7.56 1.7 3.52 9.2
L5 241 7.39 1.6 3.54 8.5
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W=24.20,16,12, 8um (a) 3.4 Variation of inner diameter ( ID)
Four inductor types are chosen for smulation
100F with different ID values. All four types have the
T same layout parameters except for their inner di-
S ameters. The metal line width is 121 m,the line
10 sacing is 4 m,and the number of turnsis 3 5.
The performance of spiral inductorsfor ID from 90
to 18 misillustrated in Fig.5 and Table 4.
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Fig. 4 (a) YSmulation results of inductance for
different valuesof W ; (b) Smulation resultsof Qfactor 6F
for different values of W S 1D=90,120,150, 180m
4
Figure 4 (a) shows that in the low frequency
range the inductance has no obvious change. In the 2
high frequency range,the inductance becomes lar-
ger as the width of the metal traces increases. Qmax 05 . = % 2
increases as the width of the metal traces increases fIGHz
from 8 to 164 m. The AC res stance of a conductor
Fig.5 (a Smulation resultsof the spira inductor in-

is determined by the current distribution over its
cross section ,which is in turn determined by the
skin-depth of the conductor™ . The increase of the
effective width of the metal traces contributes
dominantly to the reduction of the series red stance
of the inductors. Thisis why the Qfactors of the
inductors increase as the metal width increases
from 8 to 1§ m. However ,when the metal width
increasesfrom 16 to 24m ,the increase in effective
width is negligible. The series res stance of the in-
ductorsincreases. Thus Qmax has a tendency to de-
crease with the increase of the width of the metal
traces. The reason for the decrease of SRF and
fq,, IS the enhancement of inductance and capaci-
tive coupling between the metal traces and the sub-
strate.

ductance for different values of ID; (b) Smulation re-
sults of the spiral inductor Q factor for different values
of ID

Table 4 Smulation resultsfor different values of ID

Inductor [ ID/U m| Qmax | f o,/ GHZ| Inductance/ nH| SRF/ GHz
1 90 7.81 2.6 2.74 14.1
2 120 [ 7.89 2.2 3.50 11.1
3 150 [ 8.06 2.0 4.41 9.1
4 180 | 8.33 1.8 5.35 8.0

Figure 5 shows the Q values as a function of
frequency for various spiral inductors with diffe
rent inner diameters. The reduction of the diame-
ter gives rise to the reduction of the Q value at
lower frequencies. As the ID decreases,the prox-
imity effect becomes significant enough to induce
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an eddy current in the metal traces,consequently
increasing the series resistance””. This also im-
plies that the substrate loss in an inductor with a
smaller diameter is less than in one with a larger
diameter.

4 Conclusion

The design of a spiral inductor on slicon sub-
strate involves a complex trade-off between design
parameters. Here we summarize some “ design
rules’.

(1) While effective inductance increases with
the number of turns,the metal loss and the sub-
strate coupling also increase. The increase of the
number of turns al s requires a larger area.

(2) The strip width must be optimized on the
bas s of the skin depth of the conductor. Excessve
ly increasng the conductor width causes a down-
ward shift in the peak Qfactor and also makes the
Qfactor more sendtive to changesin operating fre-
quency.

(38) The spacing between adjacent metal traces
should be small enough to optimize the magnetic
coupling.

(4) The reduction of diameter gives riseto the
reduction of the Q value at lower frequencies.
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