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Abstract : The eff ects of key geomet rical p arameters on t he perf ormance of integrated spiral induct ors are investi2
gated wit h t he 3D elect romagnetic simulat or HFSS. While varying geomet rical p arameters such as t he number of

turns ( N) , t he widt h of t he metal t races ( W) , t he sp acing between t he t races ( S) , and t he inner diameter ( ID) ,

changes in t he perf ormance of t he induct ors are analyzed in detail . The reasons f or t hese changes in perf ormance

are p resented. Simulation results indicate t hat t he perf ormance of an integrated spiral induct or can be imp roved by

op timizing its layout . Some design rules are summarized.
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1 　Introduction

Planar spiral inductors have become essential
element s of communication circuit blocks , such as
voltage2cont rolled oscillators ( VCOs ) , low2noise
amplifiers ( L NAs) , mixers , and intermediate f re2
quency filters ( IFFs) [1 ] . To meet t he need for grea2
ter portability , increased f unctionality , and lower
cost of today’s wireless communication systems ,
integrated planar spiral inductors with small form
factors ,high Q , and high self2resonant f requencies
on silicon subst rate are highly desired. However ,
t he performance of inductors on silicon needs to be
f urther improved for RFICs because of t he st ruc2
t ure design and subst rate loss. The most important
concern in designing silicon spiral inductors is ob2
taining inductors wit h t he desired inductance val2
ues t hat at t he same time have high enough quality
factors. To achieve t his , t he st ruct ure and layout
geomet ry of t he inductors must be well designed to
induce magnetic coupling between the spiral wind2
ings ,reduce t he series resis2tance of t he inductors’
metal spirals , and reduce loss through the sub2
st rate.

Much research has focused on t he design ,
modeling , and optimization of spiral inductors on
silicon subst rate[ 2～8 ] . However , spiral optimization
is a never2ending job , and t here remains great in2
centive to design and optimize spiral inductors fab2
ricated on Si subst rates. In t his paper ,spiral induc2
tors are analyzed by using a 3D H FSS ( high f re2
quency st ructure simulator) to st udy t he inf2luence
of layout on an inductor’s performance in t he
multi2GHz f requency range. Spiral inductors wit h
different geomet rical parameters and the same sub2
st rate are simulated and analyzed. The key geomet2
rical parameters include t he number of t urns ( N ) ,
t he width of t he metal t races ( W ) , t he spacing be2
tween t he t races ( S ) ,and the inner diameter ( ID) .
As t hese parameters are varied , t he characteristic
of t he inductors are simulated and analyzed.

2 　Modeling of spiral inductors

Silicon spiral inductor design involves a com2
plex t rade2off between layout parameters and
process parameters. In t his work ,all inductors are
simulated and analyzed using the same subst rate
st ruct ure. The Si subst rate and SiO2 isolation pa2
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rameters are set up based on the Bi/ CMOS data. In
t he bipolar p rocess or Bi/ CMOS processes , t he Si
subst rate resistivity is typically between 10 and
30Ω ·cm[ 9 ] . For our simulations , we have chosen
to use 10Ω ·cm. The subst rate set up is t hereby
simplified to a 300μm Si subst rate wit h a resistivity
of 10Ω ·cm with a 918μm SiO2 layer t hat has a
permit tivity of 410 and a 017μm2t hick layer of
glass on the top of t he Si.

The subst rate st ruct ure is shown in Fig. 1 (a) .
In t his inductor ,aluminum t races are used as active
devices. A bot tom metal layer ( M1) and intercon2
nection metal layer (M2) ,separated by a SiO2 lay2
er ,form the feed line and spirals of t he inductor ,
respectively. M1 and M2 can be interconnected
with bias. They are 2 and 015μm t hick ,respective2
ly. Figure 1 ( b) shows a top view of t he spiral in2
ductor .

(a)

(b)

Fig. 1 　Simplified cross2sectional view (a) and simpli2
fied top view (b) of the spiral inductor

The H FSS system generates complete elect ro2
magnetic ( EM) field solutions and t he associated
port characteristics and S2parameters. Y parame2
ters can be deduced f rom t he S2parameters in a de2
fined range of f requencies for individual inductors.
The effective inductance L and t he quality factor Q

of t he inductors are calculated by t he equations[10 ]

Q = -
Im ( Y11 )
Re ( Y11 )

(1)

L =
- 1

2πf Im ( Y11 )
(2)

　　The maximum Q( Qmax ) and self2resonance f re2
quency ( SRF ) are easily derived f rom t he Q2F

curve.

3 　Results and discussion

3. 1 　Variation of the number of turns ( N)

Four inductor types are chosen for simulation
to investigate t he variation of N . All four types
have t he same layout parameters except for t he
number of t he t urns. The inner diameter ( ID) is
136μm ,t he metal line width is 12μm ,and t he line
spacing is 4μm. Figure 2 shows a comparison of t he
Q factors and inductances L for various values of
N .

Fig. 2 　(a) Simulation result s of the spiral in2
ductor inductance for different values of N ; ( b)

Simulation result s of the spiral inductor Q factor

for different values of N
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Table 1 　Simulation result s of spiral inductors with va2
rious values of N

Inductor N Qmax f Qmax / GHz Inductance/ n H SRF/ GHz

1 2. 5 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 t he number of t urns ,t he induct2
ances wit h t he same f requency are clearly enhanced
as the number of turns increases. The reason for
t he enhancement of the inductances is obvious.
However ,Qmax and SRF have t he opposite tenden2
cy. As t he number of t urns increases , increased
metal lo ss and subst rate coupling are t he main rea2
sons for t he decrease of Qmax . The decrease of SRF
is mainly due to t he enhancement of inductance and
capacitive coupling between t he metal t races as
well as to the subst rate. Alt hough inductance is
clearly enhanced as t he number of turns increases ,
t he result is an increase in the area of the induc2
tors ,which is not beneficial for integration.

3. 2 　Variation of spacing between traces ( S)

Five inductor types are chosen for simulation
to investigate t he variation of S . All five types have
t he same layout parameters except for t he spacing
between t he t races. The inner diameter is 120μm ,
t he metal line widt h is 8μm ,and t he number of the
t urns is 215. As t he spacing between t he t races in2
creases f rom 8 to 40μm ,t he performance of t he spi2
ral inductors as a f unction of S is shown in Fig. 3
and Table 2.

Table 2 　Simulation result s of the spiral inductors for

different values of S

Inductor S Qmax f Qmax / GHz Inductance/ n H SRF/ GHz

L1 8 8. 61 3. 6 1. 99 18. 4

L2 16 7. 58 3. 6 1. 96 18. 1

L3 24 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 t hat t he induct2
ances at the same f requency have no obvious
change in the low f requency range when t he spac2
ing between t he t races increases. However ,Qmax de2
creases with t he increase of t he spacing. As the
spacing decreases , t he subst rate coupling has no
obvious change , so t he changes of f Qmax and SRF
are not obvious. The reason for t he decrease of Qmax

Fig. 3 　(a) Simulation result s of inductance for differ2
ent values of S ; ( b) Simulation result s of Q factor for

different values of S

is t hat t he increase of t he spacing between adjacent
metal t races lowers t he magnetic coupling of t he
adjacent metal t races.

3. 3 　Variation of width of the metal traces ( W)

Five inductor types are chosen for simulation
with different t race widt hs W . The inner diameter ,
t he line spacing , and the number of turns remain
constant while t he widt h of t he metal t races are in2
creased by increment s of 4μm. The inner diameter
is 120μm ,t he line spacing is 4μm ,and the number
of t urns is 315. The performance of t he spiral in2
ductors for t race widt hs f rom 8 to 24μm are illus2
t rated in Fig. 4 and Table 3.

Table 3 　Simulation result s of the spiral inductors for

different values of W

Inductor W Qmax f Qmax / GHz Inductance/ n H SRF/ GHz

L1 8 7. 73 2. 6 3. 66 12. 2

L2 12 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 24 7. 39 1. 6 3. 54 8. 5
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Fig. 4 　 ( a ) Simulation result s of inductance for

different values of W ; (b) Simulation result s of Q factor

for different values of W

Figure 4 (a) shows t hat in the low f requency
range t he inductance has no obvious change. In the
high f requency range , the inductance becomes lar2
ger as t he widt h of t he metal t races increases. Qmax

increases as the widt h of the metal t races increases
f rom 8 to 16μm. The AC resistance of a conductor
is determined by t he current dist ribution over it s
cross2section ,which is in t urn determined by the
skin2dept h of the conductor [11 ] . The increase of the
effective widt h of t he metal t races cont ributes
dominantly to the reduction of t he series resistance
of t he inductors. This is why t he Q2factors of the
inductors increase as t he metal width increases
f rom 8 to 16μm. However , when t he metal widt h
increases f rom 16 to 24m , the increase in effective
widt h is negligible. The series resistance of t he in2
ductors increases. Thus Qmax has a tendency to de2
crease wit h t he increase of t he widt h of the metal
t races. The reason for t he decrease of SRF and
f Qmax is t he enhancement of inductance and capaci2
tive coupling between t he metal t races and the sub2
st rate.

3. 4 　Variation of inner diameter ( ID)

Four inductor types are chosen for simulation
with different ID values. All four types have t he
same layout parameters except for t heir inner di2
ameters. The metal line widt h is 12μm , the line
spacing is 4μm , and the number of turns is 315.
The performance of spiral inductors for ID f rom 90
to 180μm is illust rated in Fig. 5 and Table 4.

Fig. 5 　(a) Simulation result s of the spiral inductor in2
ductance for different values of ID ; ( b) Simulation re2
sult s of the spiral inductor Q factor for different values

of ID

Table 4 　Simulation result s for different values of ID

Inductor ID/μm Q max f Qmax
/ G Hz Inducta nce/ n H SR F/ G Hz

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 s hows t he Q values as a f unction of

f reque ncy f or va rious sp i ral i nduct ors wit h dif f e2
re nt i nne r dia mete rs . The reduction of t he dia me2
te r gives rise t o t he reduction of t he Q value a t

lower f reque ncies . As t he ID decreases , t he p rox2
i mity ef f ect becomes signif ica nt e nough t o i nduce
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a n e ddy cur re nt i n t he metal t races , conseque ntly

i nc reasi ng t he se ries resist a nce [ 12 ] . This also i m2
p lies t hat t he subst rate loss i n a n induct or wit h a

s malle r dia mete r is less t ha n i n one wit h a la rge r

dia mete r .

4 　Conclusion
The design of a spiral inductor on silicon sub2

st rate involves a complex t rade2off between design
parameters. Here we summarize some “design
rules”.

(1) While effective inductance increases wit h
t he number of t urns , t he metal lo ss and t he sub2
st rate coupling also increase. The increase of the
number of turns also requires a larger area.

(2) The st rip width must be optimized on the
basis of t he skin dept h of t he conductor . Excessive2
ly increasing t he conductor widt h causes a down2
ward shif t in t he peak Q2factor and also makes the
Q2factor more sensitive to changes in operating f re2
quency.

(3) The spacing between adjacent metal t races
should be small enough to optimize t he magnetic
coupling.

(4) The reduction of diameter gives rise to the
reduction of t he Q value at lower f requencies.
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硅基螺旋电感的几何参数设计和优化 3
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(中国科学院半导体研究所 集成光电子国家重点联合实验室 , 北京　100083)

摘要 : 使用三维电磁场模拟的方法对相同硅衬底结构下不同布图结构的螺旋电感进行了模拟和分析. 通过改变电
感匝数、电感金属的宽度和间隔以及电感的内径 ,模拟和分析了电感性能的变化. 给出了引起电感性能变化的原
因.结果表明优化电感的几何参数可以有效地改善电感性能. 得出了一些实用的设计原则 ,可有效地指导射频集成
电路中集成电感的设计.
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