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Abstract : To decrease the metal losses of RF spiral inductor ,a novel layout st ructure with gradually reduced metal

line width and space f rom outside to inside is presented. This gradual changed inductor has less eddy2current effect

than the conventional inductor of fixed metal width and space. So the series resistance can be reduced and the quality

( Q) factor of the inductor relating to metal losses is increased. The obtained experimental result s corroborate the va2
lidity of the proposed method. For a 6n H inductor on high2resistivity silicon at 2146 GHz ,Q factor of 14125 is 1113 %

higher than the conventional inductor with the same layout size. This inductor can be integrated with radio f requency

integrated circuit s to gain better performance in RF f ront end of a wireless communication system.
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1 　Introduction

Recently , t here has been a st rong interest in

RF spiral inductors wit h the growing demand for

radio f requency integrated circuit s[1～3 ] . Unfortu2
nately ,t he parasitic effect s such as coupling capaci2
tance and losses will affect inductor performance ,

especially at radio f requency.

Some met hods have been proposed to address

t he subst rate issues. In one case , a selectively2
formed semi2insulating (～106Ω·cm) Si technolo2
gy was developed by ion implantation or by fabrica2
ting porous Si layers[ 4 ,5 ] to reduce subst rate losses.

Wit h t his method Q factor can be raised f rom 1215

to 45. In another case , inserting a pat tern ground

shield between t he inductor and Si subst rate or

forming p n junction isolation in t he Si subst rate[ 6 ,7 ]

also reduced t he subst rate losses.

Besides subst rate losses t here remain ot her

factors that degrade inductor performance. Among

t hese factors the eddy current s may be t he most

significant at high f requencies[8 ] . U sually a conven2
tional spiral inductor has a fixed metal width and

space. In t his inductor t he influence of magnetically

induced losses is much more significant in t he inner

t urns of the coil where t he magnetic field reaches

it s maximum. Accordingly ,it has been proposed to

use a hollow coil to reduce losses[8 ] as eddy cur2
rent s generate at high f requencies , and the inner2
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most t urns of t he coil suffer f rom an enormous in2
crease in resistance. However , t his met hod increa2
ses the technical complexity.

In t his paper ,we propose to optimize RF spiral

inductor layout by applying gradually changed met2
al line width and space. Based on t he analysis of the

eddy2current effect in t he coil by HFSS ,Q factor of

t his novel inductor st ruct ure is up to 1113 % com2
pared to t hat of a conventional st ruct ure. U sing

t his met hod we can design and fabricate a bet ter

performance spiral inductor t hat can be integrated

with RF IC to improve circuit performance.

2 　Inductor metal losses analysis

　　Q factor of RF integrated inductors is mainly

affected by t he subst rate losses and metal lo sses.

For high2resistivity silicon subst rate , t he energy

losses in t he coil are the p rimary sources of energy

dissipation and are int rinsic to t he spiral st ructure.

Energy losses inside the nonzero2resistivity metal

lines come f rom current flowing t hrough t he spiral

inductor it self and t his current flowing will gener2
ate ohmic losses and eddy2current lo sses.

Figure 1 shows a conventional square inductor

with fixed metal line widt h and space. It can be

clearly seen t hat the metal line widt h and inter2t urn

space of each inductor coil are the same. The st ruc2
t ure parameters of t he inductor include number of

t urns ( N) ,inner opening diameter ( Din ) ,outer o2
pening diameter ( Dout ) ,metal line widt h ( W ) ,con2
ductor inter2t urn space ( S ) , and two metal layers

(M1 and M2) .

Q factor of t he inductor is defined as[ 5 ]

Q =
ωL s

Rs
×subst rate losses factor ×

self2resonance factor (1)

where ωL s / Rs account s for t he magnetic energy

stored and the energy losses in t he series resist2
ance ,L s rep resent s t he series inductance of t he in2
ductor coil , Rs rep resent s t he series resistance of

t he inductor coil .

As operating f requencies entering multi2GHz ,

Fig. 1 　Top view of a conventional spiral inductor with

fixed metal line width and space

t he eddy2current lo ss is generated by inductive cou2
pling between t urn2to2t urn metal lines as illust ra2
ted in Fig. 2.

Fig. 2 　Inductive magnetic field and the eddy2current

The bars in Fig. 2 rep resent three metal seg2
ment s f rom inside to out side. Icoil rep resent s t he ac

current t hat leads to a changed magnetic field Bcoil .

The associated magnetic field Bcoil has a maximum

intensity in t he center of t he coil ,as shown in Fig.

3. The clo ser t he segment s are to t he center , t he

greater t he density of magnetic field. From Fara2
day’s Law ,t he eddy2current Ieddy will be p roduced

by the Bcoil . From Lenz’s Law ,t his ac current will

p roduce a changed magnetic field Beddy t hat has t he

opposite direction to t he Bcoil . So t he total magnetic

field Bcoil + Beddy is reduced ,and the total inductance

is also decreased. Thus the metal segment s close to

t he center cont ribute lit tle to t he inductance. Nev2
ert heless ,t here are Ieddy in the coils. Inside t he met2
al segment s Ieddy has t he same direction as Icoil
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which enlarges t he total current density. At the

out side of t he metal segment s Ieddy has t he opposite

direction of Icoil which reduces the total current

density. The current is asymmet ric in t he cross sec2
tion of the metal line. This p henomenon will be

more obvious at a radio f requency. The metal seg2
ment s close to t he center result s in more asymmet2
ric current . So series resistance will become grea2
ter [8 ] . This eddy2current effect will reduce Q factor

of t he inductor at high f requency.

Fig. 3 　Vector magnetic field dist ributing plot of the in2
ductor

Furt hermore , t he series resistance of t he in2
ductor coil Rs is inversely p roportional to t he metal

widt h W . We can obtain smaller Rs by increasing

t he metal line widt h W . But such a st ruct ure would

increase t he area of t he inductor that possibly af2
fect s t he subst rate losses and other performance

factors. To analyze t he performance of t he different

metal line widt h and space ,we design t hree spiral

inductors wit h t he same layout size ( Dout = 400μm)

and t he same number of t urns ( N = 415) on the

high2resistivity silicon subst rates (ρ= 103Ω·cm) .

We use HFSS and analyze t heir elect romagnetic

field dist ribution , t hen ext ract t heir S parameters

and obtain t he spiral inductance ( L ) , t he maximal

Q factor ( Qmax ) ,f requency at Qmax ( f 0 ) and self2res2
onant f requency ( f sr ) of t hese inductors ,which are

shown in Table 1.

Table 1 　Comparison of conventional inductors with

different W and S

Q1 Q2 Q3

W n/μm 20 15 10

S n/μm 10 15 20

L/ n H 71 47 7192 81 48

Qmax 1314 141 2 1219

f 0/ GHz 21 20 2115 21 20

f sr/ GHz 511 51 1 41 9

It can be easily seen f rom Table 1 ,Qmax of Q1 is

not t he largest alt hough it has t he largest metal

line widt h ,which may be caused by t he eddy2cur2
rent effect . Thus ,metal line widt h and space of t he

inductor should be designed accurately to get bet2
ter performance.

In the next part ,we present a design method

of gradually changed metal line widt h and space on

t he basis of inductor’s metal lo sses analysis.

3 　Performance analysis of the gradu2
ally changed inductor

　　The series resistance Rs of t he inductor can be

expressed as follows[9 ] .

Rs = ∑
N

n = 1

rs ( f )
W n

+ Cg2
n f 2 w2

n l n (2)

where rs ( f ) is t he sheet resistance of t he metal

line , f is t he f requency , ln is t he lengt h of t he nt h of

t he coil , C is a constant , and gn is a f unction de2
pendent on geomet rical parameters such as N , l1 ,

W n and S n
[9 ] .

According to the metal lo sses analysis ,t he ed2
dy2current effect leads to asymmet ric current den2
sity in the metal line of t he coil ,which will increase

t he series resistance Rs
[8 ] and reduce Q factor of

t he inductor at high f requency.

Moreover , t he associated magnetic field Bcoil

has a maximum intensity in t he center of t he coil .

Therefore ,t he narrow metal lines can decrease los2
ses in t he innermost t urn while wide metal lines

optimize the outer t urn where ohmic lo sses are p re2
dominant [ 9 ] . A different metal widt h is used for

each t urn of t he coil . Hence ,t he widt h of t he metal

lines W n is gradually reduced f rom out side to in2
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side.

In the other case ,t he magnetic field generated

by neighboring lines will change t he current dist ri2
bution of the metal line. The inter2t urn space S n

values should be selected accordingly. When S n is

smaller t he magnetic field will become st ronger ,re2
sulting in a more asymmetric current density in the

metal line. In addition ,increasing S n wit h t he inner

opening diameter and t he metal line widt h un2
changed , t he total lengt h of t he metal conductor

will become longer . These effect s will increase the

series resistance of the inductor coil Rs and reduce

Q factor of t he inductor . Therefore ,we design a in2
ductor wit h gradual reduced W n and S n f rom out2
side to inside in order to imp rove it s Q factor . The

gradual changed st ructure of a planar spiral square

inductor is shown in Fig. 4.

Fig. 4 　Top view of a gradual changed spiral inductor

We simulate many inductors by HFSS and an2
alyze t heir elect romagnetic field dist ribution , t hen

ext ract t heir S parameters and obtain Q factors of

t hese inductors.

Table 2 shows a comparison between t hree

group s of conventional and gradual changed induc2
tors wit h different Dout . At first ,Q factors of all t he

gradual changed inductors are higher than those

exhibited by correspondent inductors of fixed metal

line widt h and space. For t he inductor with 450μm

Dout , L value of t he gradual changed st ruct ure is

10145n H ,which is only 312 % larger t han t he con2
ventional one. However it s Qmax reaches 16195 ,

which is up to 2317 % bet ter t han t he result of the

conventional inductor . In addition , when t he value

of Q exceeds 10 , the range of operation f requency

of t he gradual changed inductors is wider t han t hat

of t he conventional inductors of different Dout . Wit h

t he layout size unchanged , t he Q factor of t he in2
ductor can be effectively improved by using gradu2
ally reduced metal line widt h and space f rom out2
side to inside.

Table 2 　Comparison of conventional and gradual

changed inductors

N 41 5

Dout /μm 350 400 450

St ructure Fixed
Gradual

changed
Fixed

Gradual

changed
Fixed

Gradual

changed

W n/μm 15 10～30 15 10～30 15 10～30

S n/μm 15 8～12 15 8～12 15 8～12

L / n H 51 87 61 19 7192 8125 101 13 101 45

Qmax 12185 13. 70 14. 20 16. 40 13. 70 16. 95

f 0/ GHz 2. 45 2. 55 2. 15 2. 15 1. 85 1. 80

f sr/ GHz 6. 10 6. 30 5. 10 5. 00 4. 30 4. 20

Range of

f @ Q >

10/ GHz

1. 10～

4. 05

1. 05～

4. 35

0. 90～

3. 60

0. 78～

3. 70

0. 86～

3. 00

0. 70～

3. 20

4 　Results and discussion

Based on t he result s of elect romagnetic simu2
lation , we fabricated many inductors on t he high2
resistivity silicon subst rate (ρ= 103Ω·cm) accord2
ing to the following processes. Cr/ Au metals app2
roximately 015μm are evaporated and pat terned to

form t he underpass of t he inductors. A PECVD

SiN layer is deposited for elect rical isolation ; it s

t hickness is approximately 013μm. Subsequently ,a

2μm2t hick2Au layer is evaporated and elect roplated

for pat terning spiral coil .

QA1 and QA2 rep resent two square inductors

with t he same number of t urns ( N = 415) and out2
er opening diameter ( Dout = 350μm) . QB1 and QB2 al2
so rep resent two square inductors with t he same

number of turns ( N = 315) and outer opening di2
ameter ( Dout = 400μm) . However , QA1 and QB1 re2
present two conventional inductors with fixed met2
al line width and space. Their metal line widt hs are

separately 20 and 15μm ,and t heir conductor inter2
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t urn space are separately 10 and 15μm. QA2 and QB2

rep resent two inductors of gradual changed metal

line widt h and space. The st ruct ure parameters of

QA2 are :W n of each t urn f rom out side to inside 30 ,

24 ,20 ,16 , and 10μm ; S n of each t urn f rom out side

to inside 12 ,11 ,9 , and 8μm. The st ruct ure parame2
ters of QB2 are :W n of each turn f rom out side to in2
side 30 ,24 ,16 , and 10μm ;and S n of each t urn f rom

out side to inside 12 ,10 , and 8μm.

Measurement s are carried out at f requencies

ranging f rom 100M Hz to 10 GHz by a network ana2
lyzer ( H P8722D) and Cascade on2wafer2probe. Ac2
curate measurement s for t he inductors alone can be

obtained. By measuring S2parameters of bot h the

device under test (DU T) ,p robe pads and ground

planes ( PAD) ,and subt racting the effect s of PAD

f rom DU T. Subsequently , we obtain characteristic

curves of Q factor versus f requency wit h MA T2
L AB.

The obtained Q factors versus f requency are

plotted in Fig. 5 ( HFSS simulations) and Fig. 6

(experimental data) . Good agreement is observed

between measurement s and simulations , validating

t he p roposed design met hod of gradually changed

metal line width and space. In Fig. 6 , Qmax of the

gradual changed inductors ( QA2 and QB2 ) are all

higher t han those of t he conventional inductors in

each group . The Qmax of QB2 ( L = 6n H , Qmax =

14125 , f 0 = 2146 GHz , f sr = 6185 GHz) is largest for

Fig. 5 　Simulated Q factors versus f requency for the in2
ductors with gradual changed st ructure and fixed st ruc2
ture

Fig. 6 　Experimental Q factors versus f requency for the

inductors with gradual changed st ructure and fixed

st ructure

all t he inductors. At t he f requency of operation ,

Qmax of t he optimized inductor is up to 111 3 % than

QB1 . So wit h t he layout size unchanged ,Q factor of

t he inductor can be effectively imp roved by using

t he inductor of gradual reduced metal line widt h

and space f rom out side to inside.

5 　Conclusion

This work is devoted to t he design of RF spi2
ral inductors in silicon technology. The Q factor of

t he inductor is mainly affected by t he subst rate los2
ses and t he metal lo sses. After analyzing t he eddy2
current effect by FEM simulation using H FSS ,this

paper p resent s a RF spiral inductor of gradually re2
duced metal line widt h and space f rom out side to

inside. U sing t he gradual changed st ructure , a Q

factor of 14125 has been obtained for a 6n H induc2
tor at 2146 GHz ,which is up to 1113 % bet ter than

t he result of the conventional inductor . The induc2
tor can be integrated with RF IC’s to gain better

performance in RF f ront end of a wireless commu2
nication system.
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金属线宽及线间距渐变的射频螺旋电感 3
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摘要 : 为减少射频螺旋电感的金属导体损耗 ,提出了一种电感金属线宽及金属间距从外到内逐渐变小的新颖结

构.与传统的固定金属线宽和间距的电感相比 ,该渐变结构电感涡流效应的影响较小 ,金属导体损耗减小 ,从而降

低其串联电阻 ,品质因子 Q 值提高. 实验结果确证了所提方法的正确性. 对一个高阻硅衬底上 6n H 电感 ,优化设计

的渐变结构电感 Q 值在 2146 GHz 处可达到 14125 ,比版图面积相同、固定线宽及间距的传统电感高 1113 %. 因此 ,

在无线通信系统的射频前端 ,采用这种电感与射频集成电路结合 ,能获得更好的射频电路性能.

关键词 : 射频螺旋电感 ; 品质因子 ; 涡流效应 ; 金属损耗
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