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A Simple Wide-Band On-Chip Inductor Model
for Silicon-Based RF ICs

Joonho Gil, Sudent Member, |EEE, and Hyungcheol Shin, Senior Member, |EEE

Abstract—In this paper, we developed a simple wide-band in-
ductor model that containslateral substrateresistance and capac-
itance to model the decrease in the series resistance at high fre-
quenciesrelated to lateral coupling through the silicon substrate.
The model accurately predictsthe equivalent seriesresistance and
inductance over awide-frequency range. Sinceit hasfrequency-in-
dependent elements, the proposed model can beeasily integratedin
SPI CE-compatible simulators. The proposed model has been ver-
ified with measured results of inductors fabricated in a 0.18-gtm
six-metal CM OS process. We also demonstrate the validity of the
proposed model for shielded inductors. The proposed model shows
excellent agreement with measured data over the whole frequency
range.

Index Terms—Inductor, inductor model, series resistance,
substrate capacitance, substrate modeling, substrate resistance,
wide-band.

I. INTRODUCTION

INCE advances in CMOS technology allowed the integra-
Stion of RF circuits, low-frequency analog circuits, and dig-
ital baseband circuits[1], [2], it has been anticipated that acom-
plex CMOS RF system-on-a-chip (RF SoC) could be realized
in the near future. In CMOS RF SoCs, numerous inductors are
used. Theinductor isacritical component for implementing RF
circuits such as RF amplifiers, mixers, voltage-controlled oscil-
lators, and impedance-matching circuits. One of the most im-
portant issues related to on-chip inductorsis accurate modeling
suitable for circuit smulation. With an accurate model of an
on-chip inductor, there are many advantages such as reduced
turnaround time, reduced design cost, and faster time to market.
However, the lack of an accurate model for on-chip inductors
presents one of the most challenging problems for silicon-based
RF integrated circuit (RF 1C) designers [1].

Many researchers have reported the modeling of induc-
tors on a silicon substrate [3]{12]. To include the effect of
increase in series resistance (R,) with frequency into the
model, frequency-dependent series resistance has been used in
[5]-7]. However, frequency-dependent elements are difficult
to implement in time-domain simulators such as SPICE [8].
More recently, to overcome this restriction, models using only
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Fig. 1. Measured series resistance and quality factor for a 3.5-turn square
spiral inductor. The insert shows the inductor layout.

frequency-independent elements have been reported [8]-{12].
However, the models in [8] and [9] could not predict the
drop-down characteristics of R, at a higher frequency. While
the model in [10], which has been constructed by a two-pi
equivalent circuit, could predict the drop-down characteris-
tics, it is somewhat complicated and has a large humber of
elements, which leads to greater time consumption in the
circuit simulation. The distributed modeling approach on a
segment-by-segment base to be applicable for both differential
and common-mode excitations was used in [11] and [12]. The
model of one segment is similar to the classical lumped model,
and it has the lateral RC coupling in the substrate. However,
to take the frequency dependency of the series resistance
and inductance into account, further dissection of inductor
segments in parallel filaments is needed [11], [12]. Thus, the
resulting distributed model has large complexity even with
some reductions (e.g., neglecting high-frequency effects of
nonadjacent segments [11], [12]).

In this paper, we propose a simple wide-band inductor model
that has both drop-down characteristics and increase character-
isticsin R, as afunction of frequency. The proposed inductor
model shows high accuracy over the entire frequency range by
taking the coupling through the silicon substrate into account to
model the decrease in R, at a high frequency. In the latter part
of this paper, modeling results for shielded inductors are also
presented.

II. NEw INDUCTOR MODEL

Fig. 1 shows the measured series resistance (R, ) and quaity
factor () of a 3.5-turn sgquare spiral inductor. The equivalent
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Fig. 2. Simplified illustration of the substrate network. (a) Substrate lateral
coupling resistance and capacitance. (b) Substrate resistance and capacitance to
ground.

series resistance R;(f) and series inductance L,(f) were ex-
tracted from Y3; as follows:

1

R (f) +jwLs(f) = Yo )

and the quality factor was evaluated by

Tm(Y11)
Re(Yn) ’

Q=- @)
As the frequency increases, R, increases mainly due to both
skin and proximity effects. At the frequency reaching the max-
imum @, R, starts to decrease rapidly. Since the frequency of
the maximum @ is generally set as the circuit operating fre-
guency to utilize the highest performance of inductor, any de-
crease in R, should be modeled accurately. We believe that the
decrease is caused by coupling through the silicon substrate.

It was reported that a parallel combination of resistance and
capacitance should be included in the modeling of two metal
strips on a silicon substrate because the coupling mechanisms
through the silicon substrate are resistive coupling dominant
at low frequency and capacitive coupling dominant at high
frequency [13]. In this manner, an on-chip inductor on a
silicon substrate can be treated as a collection of metal strips
with substrate coupling. As depicted in Fig. 2, the adjacent
two metal strips have signal coupling at the silicon substrate
via the oxide capacitance. Also, it is expected that all meta
strips couple laterally to each other through the substrate.
The substrate resistance and capacitance to ground [(b) in
Fig. 2] have already been accounted for in many previously
reported models, but the substrate lateral coupling resistance
and capacitance [(a) in Fig. 2] have thusfar not been addressed,
excluding the distributed models in [11] and [12]. Hence, to
represent the lateral substrate coupling, Ry, and Cy,, are
introduced in our proposed model, as shown in Fig. 3. Contrary
to the distributed model [11], [12] and the two-cell model [10],
the proposed model is constructed with a simple single cell. A
paralel combination of R, and Cyyy, is placed in the silicon
substrate, similar to the equivalent-circuit model for substrate
coupling [13], [14] and on-chip interconnects [15]. C,,, repre-
sents the oxide capacitance between the inductor and substrate.
R,; and C;; are the substrate resistance and capacitance to
ground, respectively. The series capacitance (C,) models the
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Fig. 3. Proposed inductor model with R, and Cs,1, to model substrate
effects.
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Fig.4. Comparison between the measurement and model. (a) Seriesresistance
and (b) series inductance as a function of frequency and the number of turns.

capacitive coupling between input and output ports of the
inductor. Since thereis another capacitive coupling through the
oxide capacitance (C.,;) and the substrate capacitance (Csy,)
in the proposed model, the effect of C; isredundant. Therefore,
C, is neglected in this paper. Moreover, the LR ladder circuit
formed by L, and R, in paradlel to R, [8], [10] is used to
capture the increase in the series resistance due to both skin and
proximity effects. Since all elements in the proposed model
are frequency independent, the proposed model can be easily
integrated in SPICE-compatible simulators.
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TABLE |
SUMMARY OF MODEL PARAMETERS FOR INDUCTORS WITH DIFFERENT GEOMETRIES
. ) Model Parameters Fit to Measurement
Dimension

(NxRxWx S) LSO le RSO Rsl Cox] Con Rsil Rsiz Csil Csiz Rsub Csub
@) | mH) | (@) | @ | (F) | (F) | ) | @ | (F) | (F) | (@) | (F)

2.5%x60x14.5x2 1.87 1.84 4.12 | 1420 | 91.8 89.5 | 372.1 |1 3694 | 24.1 24.0 1.6K 94.8
3.5%x60x14.5x2 3.36 2.19 5.49 [ 15.19 | 120.2 | 115.9 | 282.4 | 276.1 | 334 | 333 2.8K | 101.5
4.5x60x14.5x2 5.42 2.92 7.15 | 17.27 | 161.5 | 152.1 | 238.2 | 232.1 | 49.7 | 47.8 57K | 155.8
5.5%x60x14.5x2 8.09 4.01 8.58 | 20.15 | 196.2 | 188.5 | 186.3 | 184.3 | 52.5 51.9 8.4K | 199.1
6.5x60x14.5x2 1149 | 4.92 | 10.71 | 26.13 | 236.8 | 228.4 | 147.6 | 142.8 | 63.2 | 61.9 | 18.6K | 291.7
7.5x60x14.5x2 1543 | 5.92 | 12.21 | 35.11 | 281.7 | 272.8 | 100.8 [ 99.5 75.6 | 72.8 | 30.1K | 670.5
4.5%30x14.5x2 3.02 1.19 6.68 7.58 | 120.6 | 113.6 | 292.9 | 288.0 | 34.1 33.0 1.0K 71.5
4.5x120x14.5x2 | 10.92 | 7.72 9.19 | 45.02 | 257.0 1 2509 | 138.1 | 127.6 | 74.8 | 73.3 | 14.2K | 402.1
3.5%x60x9x7.5 3.49 1.43 7.24 ] 26.30 | 88.3 85.1 | 360.1 | 358.8 | 11.1 10.5 8.4K 60.4
3.5x60x12x4.5 3.44 2.02 6.05 | 16.12 | 1049 | 97.8 | 309.1 | 3079 | 21.6 19.9 6.4K 73.1

* N: number of turns, R: inner radius (um), W: metal width (um), S: spacing (um).

I11. MODEL VERIFICATION

In order to verify the accuracy of the proposed model, square
spiral inductorswithvariousgeometrical configurationswerefab-
ricatedusing0.18-;;msix-metal CM OStechnol ogy. Thesubstrate
resistivity isapproximately 10€2 - cm, the spiral metal thickness
is2 pum, and theoxidethicknessbetweenthespiral and substrateis
approximately 7.5 sm. The substrate contacts are placed 50 xm
away from the inductor. Two-port S-parameters were measured
usinganAgilent 8510C network analyzer and RF probes. Tochar-
acterizetheintrinsi cinductor, thepad parasiticsweredeembedded
from the measurement using an open pad structure. Toisolatethe
pad from the substrate and to minimize substrate coupling effects
by the probing pad, agrounded metal -1 shield wasimplemented
under the probing pad [ 16]. Model parameterswere extracted by
fitting the proposed model to the measured Y -parameters using
HSPI CE optimization routines. To assessthe model validity, the
equivalent seriesresistance R ( f), seriesinductance L (), and
thequality factor were evaluated by (1) and (2).

Fig.4shows R, (f)and L, (f) curvesforsixtest structureswith
varying number of turns. Asthemeasurement curvesshow, these-
ries resistance increases with frequency at first and drops down
at higher frequency. The decreasein R,(f) is caused by thelat-
eral substrate coupling among inductor metal strips. Asshownin
Fig. 4(a), themodel without Ry.,;, and Cy,;, could only predict the
increasein R, but could not model thedecreasein R, at ahigher
frequency.Also,asshowninFig.4(b),theproposedmodel predicts
thechangeininductanceasafunction of frequency, but themodel
without R, and C..,1, doesnot. Themodel without R, and Cyyp,
significantly overestimates R, andunderestimates L , atahighfre-
quency, whichintroducesalargeerror in circuit simulationssuch
astransient analysis[2], [10]. Asthe number of turnsincreases,
thesubstratecoupling betweenthemetal stripsbecomeslarger be-
causeC andCy,,, arelarger (seeTablel). Therefore, R ( f) drops
at lower frequency for inductorswith alarger number of turns. A
quality factor comparison of the proposed model with the model
without Ry, and Cyy;, isshowninFig. 5. A significant improve-
ment in predictionisobserved at thefrequency near thepeak (3.

10 ; .
Square Spiral inductor l
1 R=60pm, W=14.5um, S=2um
. 8 Proposed Model 1
o | ——- Modelw/ioR  &C__
® Measurement:
© 64 o N=25
LL 0 N=45
2
= 4
[
-
&}
2
0 T
0.1 1 10

Frequency ( GHz )

Fig. 5. Quality-factor comparison of the proposed model with the model
without R, and C..;,. A significant improvement is observed at the
frequency near the peak (.

Fig. 6 shows the measured and modeled S-parameters for a
varying number of turns. As can be seen from this figure, the
S-parameters of the proposed model match the measured data
well. However, the model without Ry, and Csy;, has alarge
error becauseit can not predict the drop-down characteristicsin
R, asshown in Fig. 4(a).

Fig. 7 verifiesthe quality factor for different numbersof turns,
inner radii, and metal widths and spacing. The proposed model
matched accurately with the measurements over the whole fre-
quency range of interest. Also, we obtained excellent agreement
in the peak @, the frequency at the peak @, and the self-res-
onance frequency. The proposed model shows excellent scal-
ability and wide-band accuracy. Wide-band models would be
useful for broad-band circuit design.

The model parameters of inductors with different geometries
are summarized in Table I. As the number of turns (V) or the
inner radius (R) increases, both inductance and resistance pa
rameters increase simultaneoudly. In general, C,, and Cs; are
proportional to the area of theinductor and R; isinversely pro-
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portional to the area occupied by the inductor [5]. The model  constructed. In circuit applications, thisallows for designing an
parameters in Table | also exhibit the same trends. inductor with optimized circuit performance. Since model pa-

Using an extrapolation to a wide range of geometries with  rameters were extracted by fitting, the values will not be valid
the model parameters, acomplete inductor model library canbe  for different processes. However, it is possible for the model pa-
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Fig. 8. Modeling results for a shielded inductor. (a) Series resistance and
inductance. (b) Quality factor.

rameters to be reconstructed by multiplying the scaling factor
obtained from the process parameters. For example, if the oxide
thickness decreases, the oxide capacitances (Cox1, Cox2) Will
increase by the same ratio. Consequently, based on the model
parameters listed in Table |, it is anticipated that a good fit can
be achieved for different processes by scaling the model param-
eters according to the changes of the process parameters.

Patterned ground shields (PGSs) are widely used to improve
the performance of inductors by decoupling the inductor from
the substrate [17], [18]. To investigate the validity of the pro-
posed model for a PGS inductor, a PGS inductor was mea
sured and modeled. The silicided polysilicon ground shield has
a2.5-pm slot width and 5-z:m slot pitch. Fig. 8 showstheresults
of the modeling for the PGS inductor using the proposed model.
R, of the PGS inductor decreases at a much higher frequency
compared with the unshielded inductor due to the reduced sub-
strate effect. The proposed model shows excellent agreement
with the measurements in the quality factor, as well as R, and
Ls.

IV. CONCLUSIONS

A simple wide-band model for on-chip inductors on a sil-
icon substrate has been presented. The proposed model con-
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tains a parallel combination of resistance and capacitance in
the substrate to model lateral substrate coupling. Verification
with measurement datafrom various structures and shielded pat-
terns have demonstrated the validity of the proposed model. The
model has shown excellent agreement with measured data over
the entire frequency range of interest. Our new model can be
easily implemented in SPICE-compatible simulatorsto improve
accuracy in circuit simulation.
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