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Freqguency-Dependent Series Resistance
of Monolithic Spiral Inductors

Min Park, Member, IEEE Chung-Hwan Kim, Cheon Soo KinMember, IEEE Mun-Yang Park,
Sung-Do Kim, Young-Sik YounMember, IEEE and Hyun Kyu Yu,Member, IEEE

Abstract—We present the analysis of the frequency dependent various spiral inductor structures [4]. In this work, geometric
inductor series resistance( R ). The high-frequency effects on se- dimensions are 10—-30m width and 2:m spacing. The inner
ries resistance have been confirmed with measured and simulated ;5 meter (a) and number of turngN) of inductor were
data of inductors having different geometric and process pa- variable with 20-180um and 4-12 turns, respectively. The

rameters in order to predict and optimize the high-performance . -
inductors used in radio frequency (RF) integrated circuits (IC’s). Metal coil layer for inductors was formed by the second metal

The results show that the magnetic field effect seems to be alayer, with total thickness of 1.1 and 3un [5]. We use a 625-
dominant factor in determining the R. in high-frequency region.  ,m-thick silicon wafer with the high-resistivity of 2{}cm.
Index Terms—Radio frequency (RF), series resistance, spiral 1he substrate was grounded to make the inductors operate
inductor. in CMOS RF IC’s. S-parameters were measured on using
on-wafer RF probes and a HP8510B Network Analyzer.

I. INTRODUCTION

IGH-FREQUENCY radio frequency (RF) integrated cir- . .
cuits (IC’s) are crucial components of today’s inte- The measured? of the inductor was determined as the

grated system, since the full integration of transceivers f(r)almo of the imaginary part to the real part of the one-port

the wireless communication market is growing enormously prUt impedance transformed from the_ measured two-gert

. - . arameters. The measured two-port inductor parameters are

importance. The use of planar spiral inductors can |mpr0C£
t

these designs drastically: higher operating frequencies can eéermined uniquely from th&'-parameters converted from
. Lo the measured and pad-deembeddegarametersR, = Real

achieved, bandpass operation lowers the power consumpti nl/Y )and L = (1/w) Imag (—1/Y1») (equivalent circuit

H H ST 12 = - 12

and the use of low supply voltages is possible. The use of. 'indicated in Fig. 3(b) [6], [7]). In this circuitL and &,

technology for the fabrication of inductors presents a difficult SR . .
task, particularly in the integration of inductors without Sacr_epresent the series inductance and resistance, respectively.
L 4 . R, also includes a frequency dependent term related to metal
rificing the quality factor(Q)) due to higher substrate IossesS i effect and other high-frequency effect. models the
[1]. Moreover, double-metal CMOS technology has been useic(J g d y s

it only s metal layers. Tis brings about 3 worst cadf 251 Capaciance uhch conait of e overep capactance
technology for designing VCO'’s, since only two metal layer ctween ad'a?:ent metal lines pThe, offect gf tghe ?rin i
means the planar spiral inductor will have a large series . ) C rnging
. . __Capacitance is small because the lines are almost equipotential.
resistanceé R, ) compared to three- or four-level technologies

R, is an important source of extra losses in high frequenc% is mainly attributed to the overlap capacitance due to

I1l. RESULTS AND DISCUSSION

Therefore many approaches deviate from an analytical mo ' r%riaet:;nfci:]eentg gggsggebgzvng:ﬁntgzeﬂegll I:ngr and
of a planar spiral inductor on Si substrates [2], [3], but do ngt? P P y

! . . L e grounded substrate, at] and R, model the resistance
clearly to explain the behavior o in the high-frequency associated with the substrate losses. Model parameters were

region. _
In this letter, the dependences of geometric and procees)gstra(:te{j by fitting the lumped model to the measuted

parameters om?, of spiral inductors have been analyzed ";I)arameters using HP-EEsof LIBRA.

order to predict and optimize the performance of inductor lPh';Ig}.zl wggi;]fu\l/;gsz)%fstﬁ: anjzggﬂcr)gﬂo‘c;rrgg]ueigg'
the high-frequency region. i b )

The « of inductor has been adjusted in order to achieve
approximately the same inductance value. The rBtigRQdc
is drawn, i.e., the ratio between the effectiie at a certain
A conventional CMOS technology with the double-metérequency and the resistance at dc. At 2 GHz, Ehef the first
of TiW/AI-1%Si/TiW interconnects was used to fabricaténductor (1) is already 50% higher than the value at dc, while
Manuscript received August 11, 1999; revised October 25, 1999. This W(#ﬂe SGCOI?Id one (2) only suffers a 30% mcrease. At even higher
was supported by the Ministry of Information and Communications, Koreafrequencies, the increase of resistance is enormous. Therefore,
The authors are with the ETRI-Micro Electronics Technology Laboratorh Sma”erN Of |nductor |S Superlor to hlgheN of |nductor
Electronics and Telecommunications Research Institute, Taejon 305-350, . . . .
Korea. in" order to obtain the high-performance inductor for high
Publisher Item Identifier S 1051-8207(99)10320-9. frequencies. This enormous difference cannot be explained

Il. DESCRIPTION OFINDUCTORS
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Fig. 3. (a) Frequency-dependent series resistance and (b) quality factor of
FREQUENCY (GHz) circular spiral inductor with two kinds of metal thickness.

Fig. 2. Variation of the metal series resistance as a function of frequencysreated them (negative feedback control loop in nature) [10].
These high-frequency effects are modeled using the following
only by the skin effect in a single metal coil layer alone, sincequation whered, B, C, and D are fitting parameters:
both layers are of equal W|dth and they sho.uld_ suffer to the Ry o Af1/2/[1 B efol/z] T @
same amount from the nonuniform current distribution.
Fig. 2 shows the frequency-dependéiit of inductors with As shown in Fig. 2, the frequency-dependétit shows good
various V. With increase of frequency, the measured seriegreement with measured and fitted data.
resistance R,,,..s.) of the inductor with highetV is increased  Fig. 3(a) shows the influence of the high-frequency effect
enormously.R,;,. (dotted line) is the fitting value only usingon a spiral inductor for two kinds of metal thickness. A
extended skin effect, related in (1), afd;.... (solid line) is small variation of R, /RQ@dc is shown in the low-frequency
the modifiedR, with consideration of the both magnetic fieldregion. At 6 GHz, theR, of the second inductor (2) is already
and skin effect at high frequencies, related in (2). 200% higher than the value at dc, while the first one (1) only
At high frequencies, an estimate fé, related to a planar suffers a 78% increase. The.;, value of the 1st inductor
inductor may be obtained from the following equation, whicks not matched with the value oR,;,.;. above 5 GHz.
is extended with the frequency dependent skin effect [9]: The magnetic field effect seems to be a dominant factor in
I 5 determining theRk, above this frequency. Such high-frequency
R pin ~ —7% and 6=,/— (1) effects as mentioned above are also shown in Fig. 3(b).(Ihe
W-o-§(1—e/?) who increases with the frequency up to the peak value and drops at
whereos is the conductivity of the material,is the total length higher frequencies due to the parasitic capacitance [11]. The
of the winding, W and ¢ are the width and thickness of thedifferences of parasitic capacitances between two inductors
interconnect, and is the skin depth withy, the magnetic are small as shown in Table I. However, the descending rate
permeability of the material. In the planar inductor, this effeaf @ after the maximum value of) is different due to the
can no longer be calculated analytically, but it is clearly seateterioration ofR;. The solid lines indicate the simulatet
in the consideration of magnetic field effect in the addition qgfarameters by using HP-EEsof LIBRA optimization. As can
the skin effect. be seen from the figure, simulatettparameters match the
When the spiral inductor is filled with turns up to the centemeasured ones well.
of the coil, the induced eddy currents flow in a direction such Fig. 4 shows the frequency dependenceiynof inductors
that they oppose the original change in magnetic field thaith different metal width. The rati®,/ R@dc increases with
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TABLE |
SUMMARY OF EQUIVALENT CIRCUIT PARAMETERS FOR SPIRAL INDUCTORS

a N | Ouae | Somm Joes L Ry Model Para. R@dec | A/B C; C, C, R, R, [remark
{(um) (GHz) |(GHz) | (mH) [ A B C D © |[(©@ (@ [ @) | dFH) [(KQ |(KQ)

100 (12 1474 1.5 3.25 (34.05 |[1.48E-4 [3.44E-6| 1.205 | 3.115 143.87 [43.02 |30.73 [33.62 [66.32 1556 | 7.46 (1)
100 110 1657 [225 |4.75 [21.98 |2.53E-4 [8.03E-6| 0.798 | 2.510 {32.09 |31.51 |28.55 {19.36 [48.49 |20.0 | 7.65 [0))
100 18 1647 275 |650 [13.09 |5.08E-3 |2.29E-4| 0.600 | 2.083 [22.69 [22.18 {24.02 [19.28 [34.44 [18.89 [ 8.18 )
100 |6 |743 |4.25 110.50 | 6.80 [2.95E-2 {2.00E-3| 0.190 | 1.995 {14.52 |14.75 [19.19 |13.84 |23.25 |15.39 | 8.90 (1)
100 | 4 [10.59 |11.25 {19.75 {2.79 |8.67E-2 |1.09E-2 | 0457 | 0.730 | 8.47 7.95 [12.85 | 9.02 [13.62 ]10.74 | 9.01 1)
20 8 7.3 5.5 {1225 | 539 [2.99E-2 |2.68E-3| 1.108 | 1.296 |11.20 |11.16 {1695 [12.15 |21.90 [ 21.0 | 8.90 1)
180 | 4 |9.25 6.0 |13.25 [ 525 |8.08E-2{1.56E-2| 3.998 | 0.586 | 5.20 5.18 (1592 [11.59 |17.06 [ 18.1 9.71 )
100 | 8 8.44 13.25 7.0 [11.96 |2.06E-2 {1.0SE-3| 0.357 | 2.130 [20.22 [19.62 {21.64 |19.55 [28.36 |19.85 | 7.28 2)
100 | 8 [15.34 {325 |7.25 [11.85 |2.34E-2|2.93E-3]| 0419 | 1.862 | 7.84 7.99 119.11 [18.74 |28.38 |22.52 | 7.09 3)

*Remark: (1) Rectangular spiral inductor, T,y = 1.1 um
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Fig. 4. Frequency dependence on series resistance of inductors with various
metal widths. [2]

increase of frequency. The ascending ratelyf RQdc for  [3]
wide metal width inductor is higher than that &;/RQdc
with narrow metal width. Moreover, th€'; value of the [4]

third inductor (3) is three times larger than the first one (1).
Therefore, the performances of the inductor are degraded in
high frequency. This proves that inductors using very widegs]
metal turns are not the only way to go in designing high-
inductors in the high-frequency region.

The summary of equivalent circuit parameters for the in{e]
ductors is shown in Table I. With increasing, the D value
which is the main determining factor of induced magnetic
field is increasedR@dc represents the measured dc resistance?7]
At low frequency (f approaches zero), frequency-dependent

series resistancl,;.... approaches about/B and is similar (g
with the value ofR@dec. In higher N inductors, the magnetic
field effect seems to be a dominant factor in increasingiihe [9]
at high frequencies.

[10]

IV. CONCLUSIONS

We have studied the high-frequency effects on series gt
sistance of inductors having different geometric and process
parameters. In the case of an inductor with higiér the

(2) Circular spiral inductor, T, = 1.1 pm  (3) Circular spiral inductor, T, = 3.1 pm

magnetic field effect is a dominant fact in determining the
series resistance in the high-frequency region. This is useful
information in choosing inductor geometry, allowing designers
to predict and optimize the performance of RF IC applications
in the high-frequency region.
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