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A Broadband and Scalable Lumped Element Model
for Fully Symmetric Inductors Under Single-Ended

and Differentially Driven Operations
Jyh-Chyurn Guo and Teng-Yang Tan

Abstract—A broadband and scalable 2-T model is developed
to accurately simulate fully symmetric inductors with various
dimensions. The 2-T model is defined to reflect the structure of
an equivalent circuit with two identical T-model circuits. Two-step
de-embedding is assisted by open and through pads for extraction
of intrinsic characteristics. The accuracy is validated by 3-D full-
wave electromagnetic simulation. A novel parameter extraction
flow is established, and a single set of model parameters is derived
to be valid for both single-ended and differentially driven topolo-
gies. The broadband accuracy is proven by a good match with
S-parameters, L(ω), Re(Zin(ω)), and Q(ω) over frequencies
up to 20 GHz. The scalability is justified by good fitting with either
a linear or a parabolic function of spiral coil radii. Furthermore,
all model parameters are frequency independent so as to ensure
computation efficiency. This 2-T model consistently predicts the
enhancement of Qmax by 20%–30% for the symmetric inductors
under a differential excitation. The Q improvement is even better
than 100% over broader frequencies beyond fm(Qmax).

Index Terms—Broadband, differential, inductor, scalable, single
end, symmetric.

I. INTRODUCTION

ON-CHIP symmetric inductors become increasingly im-
portant for a low-noise and low-power RF circuit design

[1]–[4]. The symmetric passive elements such as inductors
and varactors that operate under a differential excitation can
achieve better noise immunity and meet stringent requirements
of matching and common mode rejection. Given the voltage-
controlled oscillator design as an example, the adoption of
differential inductors can realize advantages such as lower
phase noise due to a higher Q, larger tuning range attributed
to a higher self-resonance frequency (fSR), and saving of
single-end to differential conversion circuitry for the local
oscillator drive of a Gilbert-cell mixer [1], [5]. For conventional
differential inductors, a number of crossover and cross-under
connections are used to join groups of coupled metal traces
from one side of an axis of symmetry to the other [6]–[10].
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Unfortunately, this connection method generally causes mis-
match between port 1 and port 2 [11] due to the fact that the con-
ventional differential inductors are actually not truly symmetric
in geometry, as well as structure, and a fully symmetric inductor
with new layout was proposed to improve the symmetry in
terms of two-port S-parameters [11]. However, the degraded
Q, compared with the conventional ones, appears as a weakness
to be solved. The requirement of an accurate and computation-
efficient model to fit both single-end and differential operations
emerges as another challenge to the on-Si-chip symmetric in-
ductors for RF circuit simulation and design. A lumped element
equivalent circuit model was proposed to simulate the symmet-
ric inductors with SPICE-compatible efficiency [12]. However,
different model parameters that are required for single-end
and differential topologies manifest themselves unphysical and
incur difficulty in prediction. Furthermore, the scalability to fit
various geometries was not verified and demonstrated.

In this paper, a 2-T model has been developed as a successful
extension of our original T-model for spiral inductors [13].
This 2-T model is composed of a pair of identical spiral
coil resistance–inductance–capacitance (RLC) networks and a
substrate RLC network shared by the pair of spiral coils. It
can realize the features of broadband accuracy and scalability.
A novel parameter extraction flow was established through
equivalent circuit analysis under differential and single-end
excitations. The differential excitation can drive the on-chip
inductor free from substrate loss and can facilitate parame-
ter extraction due to the elimination of substrate network.
A single set of model parameters can fit both single-ended
and differentially driven topologies. The broadband accuracy
is extensively verified by S-parameters, L(ω), Re(Zin(ω)),
and Q(ω) over frequencies up to 20 GHz for all varying
dimensions. The scalability is justified by good fitting with
either a linear or a parabolic function of spiral coil radii.
Furthermore, all model parameters are frequency indepen-
dent to enable easy deployment in the circuit simulator. This
2-T model consistently predicts the improvement of the max-
imum quality factor (Qmax) by 20%–30% for the symmetric
inductors under the differential excitation. The Q improvement
is even better than 100% over a broader bandwidth beyond
fm(Qmax). This scalable model can facilitate an optimal design
of symmetric inductors through model parameters that are
relevant to various geometries. Furthermore, the broadband
accuracy that is proven by both single-end and differential
excitations is useful for widely used differential topologies
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Fig. 1. Layout of a fully symmetric inductor and dummy pads for de-
embedding. (a) Full structure of the intrinsic inductor and pads. (b) Intrinsic
inductor of the taper structure with varying metal trace widths (5−15 µm).
(c) Open pads. (d) Through pads.

and can improve the RF circuit simulation accuracy that is
demanded by a broadband design.

II. NEW SYMMETRIC INDUCTOR STRUCTURE DESIGN

AND FABRICATION TECHNOLOGY

A new fully symmetric inductor with a taper structure was
fabricated by the 0.13-µm back-end-of-line (BEOL) technology
with eight layers of Cu and fluorinated silicate glass intermetal
dielectric (IMD) with k = 3.8. The top metal of a 3-µm Cu
was used to implement the spiral coils for minimizing the
series resistance. The layout of the symmetric inductor, open
and through pads for de-embedding, and the full structure that
consists of intrinsic device and pads are illustrated in Fig. 1.
For the new fully symmetric inductor shown in Fig. 1(b), a
taper structure with varying metal trace widths is the primary
enhancement over the original one [11] to solve the weakness
of degraded Q.

Electromagnetic (EM) simulation was done to identify the
mechanism that underlies Q degradation. To ensure the ac-
curacy of EM simulation, calibration was performed with
appropriate modification on the model parameters. Table I
summarizes the model parameters that are used in EM sim-
ulation and the default process parameters in the technology
file for the 0.13-µm BEOL process. The comparison indicates
a minor adjustment on the metal resistivities for metal 8 (M8)
and metal 7 (M7), as well as IMD thickness for levels 1–6. The
major calibration happened to the IMD7 thickness. The shift
from the default process parameter is around 10%. Considering

TABLE I
MODEL PARAMETERS USED IN THE EM SIMULATION AND THE

COMPARISON WITH THE DEFAULT PROCESS PARAMETERS IN THE

TECHNOLOGY FILE FOR THE 0.13-µm BEOL PROCESS. THE PARAMETERS

INCLUDE THE RESISTIVITIES AND THICKNESSES FOR THE Si SUBSTRATE,
M7, AND M8, AS WELL AS DIELECTRIC CONSTANTS AND THICKNESSES

FOR THE IMD [LEVELS 1–6 (IMD1–6) AND LEVEL 7 (IMD7)]

Fig. 2. Qmax and fm versus Lmax calculated by EM simulation (advanced
design system momentum) for the taper inductor optimization design.

the frequency-dependent skin depth, dynamic regridding and
“solve inside” were carried out in the EM simulation to ensure a
sufficient mesh density. For the 3-µm Cu as the metal coils, the
skin depth decreases from nearly 2 µm at 1 GHz to 0.45 µm at
20 GHz. The mesh density achieved under dynamic regridding
is ensured with grid size smaller than the skin depth under
varying frequencies.

The EM simulation that is based on the mentioned calibration
reveals that the opposite current flows in two inner adjacent
metal traces with much shorter distance in the proposed new
layout [11] lead to degraded magnetic flux. This result ex-
plains Q degradation suffered by the fully symmetric inductors
compared with the conventional ones [6]–[10]. Again, EM
simulation was performed to guide the layout modification and
optimization for Q improvement. The idea to overcome the
weakness is to use wider metal traces in the nearest side and
narrower ones in the far side. The wider metal can mitigate
the proximity-effect-induced resistive loss and Q degradation.
On the other hand, the narrower metal can compensate for the
frequency (fSR and fm) degradation. Herein, fSR and fm are
the frequencies that correspond to self-resonance and Qmax,
respectively. Fig. 2 demonstrates the EM simulation results
for uniform symmetric inductors with identical widths for
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Fig. 3. Comparison between the full structure after open de-embedding and the intrinsic inductor. (a) Mag(S11). (b) Phase(S11). (c) Mag(S21). (d) Phase(S21).

every metal trace. Apparently, the varying metal trace widths
lead to a tradeoff between Qmax and fm. The wider width
contributes a higher Qmax but simultaneously suffers a lower
fm. The simulation reveals a compromised point between 7
and 9 µm, i.e., around 8 µm, and suggests that optimization
can be done through a taper structure. The optimization target
for an inductor design is to enhance Q and maintain fSR to be
sufficiently high. The taper structure with gradual variation of
metal trace widths is proposed to simultaneously increase the
inductance, reduce the coupling capacitance, and minimize the
series resistance.

According to the guideline, taper structures, as shown in
Fig. 1(b), are designed with a total of seven metal traces in
which the trace width varies from 5 to 15 µm by a step of
2 µm between every two adjacent traces. The intertrace space
is fixed at 2 µm, and inner radii with R = 30, 60, and 90 µm
are layout split for Qmax and fSR tuning as well as scalability
verification. The physical inductances achieved at a sufficiently
low frequency are around 0.6–1.9 nH, which corresponds to
R = 30−90 µm. Two parallel metal traces existing in the
full structure [Fig. 1(a)], which started from the signal pads
and ended at the boundary of intrinsic inductors, suggest that
through de-embedding is indispensable and particularly critical
for small inductors.

Note that a guard ring (GR) that is fabricated by metal 1
(M1) was employed in the full structure [Fig. 1(a)] to serve as
a ground cage for the intrinsic device. This GR was removed,
together with the intrinsic device from both open and through
pads [Fig. 1(c) and (d)]. It was assumed that this GR effect on
open and through pads is insignificant. EM simulation was car-
ried out to verify the assumption, and the results indicate very
minor differences in the S-parameters for open and through
pads between those with and without GR (< 2% for open
pads and nearly identical for through pads). As a result, the

EM simulation validates the assumption and the following de-
embedding method.

III. CHARACTERIZATION AND TWO-STEP DE-EMBEDDING

S-parameters were measured by using an Agilent network
analyzer up to 20 GHz for the full structure and dummy
pads with and without intrinsic inductors, respectively. A good
symmetry is justified by the measured two-port S-parameters
with a mismatch between S11 and S22 (magnitude and phase) <
2% for R = 30 µm and < 1% for R = 60 and 90 µm. An even
better symmetry is demonstrated for S12 and S21 (magnitude
and phase) with a mismatch < 0.5/0.4/0.3% that corresponds to
R = 30/60/90 µm over a full range of frequency to 20 GHz.

Two-step de-embedding was assisted by open and through
pads in Fig. 1(c) and (d) to extract the truly intrinsic characteris-
tics for parameter extraction and modeling. Three-dimensional
full-wave EM simulation was performed using the Ansoft high-
frequency structure simulator (HFSS) to investigate the influ-
ence of open and through de-embedding on the high-frequency
characteristics of the fully symmetric inductors. First, the de-
embedding effect was verified by two-port S-parameters. Fig. 3
shows S11 and S21 (magnitude and phase) that are simulated
for a full structure subject to open de-embedding and the
comparison with intrinsic characteristics. The substantial de-
viation suggests that open de-embedding only cannot extract
the truly intrinsic feature. Then, two-step de-embedding that
simultaneously incorporates open and through de-embedding
was carried out. The excellent match demonstrated in Fig. 4 for
S11 and S21 validates the two-step de-embedding.

In addition to the S-parameters, three more key parameters
such as L(ω), Re(Zin(ω), and Q(ω) were verified for rigorous
certification. Fig. 5 presents the simulation results in terms of
L(ω) and Re(Zin(ω)). Consistently, open de-embedding only
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Fig. 4. Comparison between the full structure after two-step de-embedding and the intrinsic inductor. (a) Mag(S11). (b) Phase(S11). (c) Mag(S21).
(d) Phase(S21).

Fig. 5. Comparison between the full structure after open de-embedding and the intrinsic inductor for (a) L(ω) and (b) Re(Zin(ω)) and between the full
structure after two-step de-embedding and the intrinsic inductor for (c) L(ω) and (d) Re(Zin(ω)). EM simulation is done by HFSS for inductors with various R’s
(i.e., 30, 60, and 90 µm).

reveals dramatic deviation from the intrinsic characteristics
shown in Fig. 5(a) and (b), whereas the two-step de-embedding
that involves both open and through pads can fix the deviation
and yield an excellent match with the original intrinsic features
shown in Fig. 5(c) and (d) for the symmetric inductors with
various R (i.e., 30, 60, and 90 µm). More extensive verification
was done in terms of Q(ω). Again, the error suffered by open
de-embedding only in Fig. 6(a) can be effectively suppressed
and recovered to a good match shown in Fig. 6(b) by adopting
the two-step de-embedding. As a result, 3-D EM simulation
justifies that the two-step de-embedding assisted by carefully

designed open and through pads can precisely extract the truly
intrinsic characteristics.

IV. 2-T MODEL’S EQUIVALENT CIRCUIT AND MODEL

PARAMETER EXTRACTION FLOW

Fig. 7(a) illustrates the equivalent circuit schematics of the
2-T model proposed for on-chip fully symmetric inductors. A
pair of identical RLC networks represents the symmetric spiral
coils, and a substrate RLC network is commonly shared by
the pair of spiral coils. The capacitances Cox,1,2,3 deployed
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Fig. 6. Comparison of simulated Q(ω) (a) between the full structure after open de-embedding and the intrinsic inductor and (b) between the full structure after
two-step de-embedding and the intrinsic inductor. EM simulation is done by HFSS for inductors with various R’s (i.e., 30, 60, and 90 µm).

Fig. 7. 2-T model. (a) Original equivalent circuit schematics. (b) Reduced circuit block under differential excitation. (c) Circuit block under single-end excitation.
(d) Transformation from (c) for model parameter extraction. (e) Equivalent circuit topology of (d). (f) Topology conversion from the π-circuit of Zdut1, Zox1,
and Zox3 to the T -circuit of ZT1, ZT2, and ZT3.

between the pair of spiral coil networks and substrate network
account for the coupling between the spiral inductors and lossy
substrate underneath. The 2-T model is an extension of our
original T-model for single-end spiral inductors [13]. The major
enhancement is the adoption of one pair of series Rsk and Lsk to
simulate the metal coil proximity-induced eddy current effect,
which is originated from augmented EM coupling between two
closely placed spiral coils. As a result, the physical elements
that compose the spiral coil network increase to six (i.e., RS ,
LS , Rp, Cp, Rsk, and Lsk), whereas those of the substrate
network are kept at four (i.e., Csub, Rsub, Rloss, and Lsub).

The original circuit schematics can be mapped to the topolo-
gies consisting of Zdut1,2, Zox1,2,3, and Zsub shown in Fig. 7(b)

and (c), which correspond to differential and single-end exci-
tations, respectively. Zdut1 and Zdut2 represent the RLC net-
works for the pair of symmetric spiral coils, and Zsub accounts
for the lossy substrate. Zox1 = Zox2 = Zox3 = 1/jωCox act as
the coupling path between Zdut1,2 and Zsub. This 2-T model,
which is as an easy extension of the original T-model for
single-end spiral inductors, is targeted to fit the fully symmetric
inductor under either a single-ended or a differentially driven
operation. For the differential excitation, with the signals being
180◦ out of phase applied at two ports, Zsub and Zox3 can
be neglected, and then the differential input impedance Zd is
simplified to a parallel combination of (Zdut1 + Zdut2) and
(Zox1 + Zox2), as shown in Fig. 7(b). This simplified circuit
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Fig. 8. 2-T model parameter formulas and extraction flow chart.

topology helps reduce the extraction flow and enable extrac-
tion of spiral coil network elements. As for the single-end
excitation, the existence of Zsub and Zox3 in Fig. 7(c) makes
the circuit analysis more sophisticated, which is indispensable
for the extraction of the substrate network elements. Circuit
transformation from Fig. 7(c) and (d) and followed by π-to-
T topology conversion illustrated by Fig. 7(e) and (f) will be
performed to enable the substrate network parameter extraction.

Based on the circuit topology conversion and analysis, the
model parameters can be extracted through the flow in Fig. 8,
which includes equations to derive each model parameter.
Attributed to the symmetric nature, all the elements that appear
at both sides are assumed identical to simplify the problem. In
the first phase, a simplified circuit topology that is valid under a
differential excitation, i.e., Fig. 7(b), was adopted to extract six
elements in Zdut1,2 and Cox in Zox1,2. First, RS and LS can
be extracted from Re(−1/Y21) and Im(−1/Y21) under a very
low frequency, where Cox is negligible. Afterward, proximity
effect elements Rsk and Lsk are introduced in the equations
of Y21 and initially extracted RS and LS for re-extraction,
as well as necessary update to RS and LS through iteration.
Finally, Rp and Cox can be extracted from the equations of
Yd(= 1/Zd), RQ, and LQ (function of RS and LS). In the
second phase, the full circuit topology that is appropriate for a
single-end excitation by incorporating both spiral coil and sub-
strate networks in Fig. 7(c) was employed to extract the remain-
ing circuit elements for Zsub. Following an easy transformation
from Fig. 7(c) and (d) that is succeeded by π-to-T topology

conversion illustrated in Fig. 7(e) and (f), ZT1, ZT2, and ZT3

can be derived from Zdut1, Zox1, and Zox3. Subsequently, Zp =
Zsub//Zox2 can be extracted from the measured Zse = 1/Y11,
as well as the known Zdut1,2 and Zox1,3. Note that Zse is the
input impedance that corresponds to the single-end topology.
To the end, three of the substrate network elements Csub, Rsub,
and Rloss can be extracted from the equations of Re(1/Zp)
and Cox under a very low frequency, provided that ωLsub was
negligible. Then, Lsub can be extracted from the equation of
Im(1/Zp) and the known Csub, Rloss, and Cox.

All the model parameters that were extracted through the
first run of flow just serve as the initial guess for further
optimization through best fitting to the measured S-parameters,
L(ω), Re(Zin(ω)), and Q(ω).

V. BROADBAND ACCURACY, DIFFERENTIAL MODE Q
IMPROVEMENT, AND SCALABILITY

The broadband accuracy and the scalability of model param-
eters have been extensively verified and will be presented
in this section. Furthermore, the improvement of Q and fSR

that is realized by a differential topology compared with the
single-end counterpart will be analyzed through our 2-T model
equivalent circuit analysis.

A. 2-T Model Broadband Accuracy

The 2-T model that was developed for fully symmetric
inductors has been verified by comparison with measurement
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Fig. 9. Comparison between the 2-T model and the measurement for S11 and S21 of fully symmetric inductors with various R’s (i.e., 30, 60, and 90 µm).
(a) Mag(S11). (b) Phase(S11). (c) Mag(S21). (d) Phase(S21).

Fig. 10. Comparison between the 2-T model and the measurement for fully symmetric inductors under a single-end excitation. (a) L(ω) = Im(Zin(ω)).
(b) Re(Zin(ω)).

in terms of S-parameters, Re(Zin(ω)), L(ω), and Q(ω) for
both single-end and differential excitations over wideband up
to 20 GHz. Fig. 9(a)–(d) indicates the comparison for S11 and
S21 between the 2-T model and the measurement subject to
two-step de-embedding. A good match is achieved for all coil
radii. It is even better matched as compared with EM simulation
before dedicated calibration. More extensive verification has
been done by comparison of three key parameters for spiral in-
ductors, i.e., L(ω)(= Im(Zin(ω)/ω), Re(Zin(ω)), and Q(ω)].
The quality factor Q(ω) is defined by ωL(ω)/Re(Zin(ω)).
All three parameters are frequency dependent, which is criti-
cally related to the spiral conductor loss and Si substrate loss.
Fig. 10 illustrates the excellent fit to the measured L(ω) and
Re(Zin(ω)) under the single-end excitation for all inductors
operating up to 20 GHz. The transition from inductive to
capacitive mode at f > fSR is accurately reproduced for the
largest inductor (fSR = 16 GHz for R = 90 µm). Moreover, the
model can exactly capture the full band behavior of Re(Zin(ω))
even beyond self-resonance, such as the dramatic increase prior
to resonance, peak at resonance, and then sharp drop beyond
the peak.

Regarding the differential excitation, the 2-T model accu-
racy is again certified by a good match with the measure-
ment in terms of Re(Sd), Im(Sd), Ld = Im(Zd)/ω, and
Re(Zd) shown in Fig. 11(a)–(d). The equations to derive Sd

and Zd from two-port S-parameters can be referred to the
extraction flow in Fig. 8. Both Re(Sd) and Im(Sd) reveal
significant dependence on the coil radii. The smallest induc-
tor with R = 30 µm indicates good linearity with respect
to frequency, whereas the larger ones (R = 60 and 90 µm)
exhibit a nonlinear feature with an obvious peak followed by
a falloff that accounts for the occurrence of self-resonance.
Furthermore, Fig. 12 presents a promisingly good predic-
tion to the impedance of the pair of symmetric spiral coils,
i.e., Zdut1 and Zdut2, for different dimensions of inductors
(R = 30, 60, and 90 µm). The results justify that the proposed
2-T model can capture the broadband behavior subject to both
single-end and differential excitations over frequencies up to
20 GHz. Again, all the measured parameters are intrinsic ones
that are extracted through the proven two-step de-embedding.

Note that the larger deviation that appears in Im(Zd) for the
largest inductor (R = 90 µm) in very high frequencies beyond
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Fig. 11. Comparison between the 2-T model and the measurement for fully symmetric inductors under differential excitation. (a) Re(Sd). (b) Im(Sd).
(c) Ld = Im(Zd)/ω. (d) Re(Zd).

Fig. 12. Comparison between the 2-T model and the measurement for fully symmetric inductors under differential excitation. (a) Re(Zdut1). (b) Im(Zdut1).
(c) Re(Zdut2). (d) Im(Zdut2).

15 GHz [Fig. 12(c)] was generated through the calculation from
Sd to Zd following the equation Zd = 2Z0(1 + Sd)/(1 − Sd)
in Fig. 8. For Sd as one of the target parameters for fitting,
a good match is achieved in both Re(Sd) and Im(Sd) with
an error below 6 for all inductors (R = 30, 60, and 90 µm)
over a full range of frequency to 20 GHz. However, for
Zd derived from Sd, the computation of (1 + Sd)/(1 − Sd)
may amplify the error due to the opposite sign of error in
the denominator and numerator. Model parameter tuning with

an increasing weighting factor on fitting Zd can solve this
weakness.

B. Differential Mode Q Improvement

Eventually, Q(ω) is the most critical parameter governing
RF integrated circuit performance such as power, gain, and
noise figure. Fig. 13(a) and (b) demonstrates a promisingly
good match with the measured Q(ω) for both single-end and
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Fig. 13. Comparison between the 2-T model and the measurement for fully symmetric inductors for (a) Qse and (b) Qd. Comparison of Qse and Qd between
(c) the measurement and (d) the 2-T model.

Fig. 14. 2-T model parameters in the spiral coil network versus coil radii. (a) LS . (b) RS . (c) Cp. (d) Cox.

differential topologies, i.e., Qse and Qd, over broadband of
20 GHz. However, a somewhat bigger deviation is revealed
by the smallest inductor (i.e., R = 30 µm) in which the mea-
sured Qd suffers an abnormal increase at a higher frequency.
It suggests the challenge in precise de-embedding for the
miniaturized devices. Fig. 13(c) and (d) indicates the com-
parison of Qse and Qd between the measurement and the
2-T model, respectively. It is interesting to note that Q keeps
nearly independent of the single-end or differential excitation
in lower frequencies below that corresponding to Qmax, i.e.,

f < fm. Getting into a higher frequency region (f > fm), Q
improvement that is attributed to a differentially driven opera-
tion becomes significant and increases with raising frequencies.
The improvement of Qmax by around 20%–30% is presented
by Qd compared with Qse for all coil radii. Q improvement
is even better than 100% over a broader bandwidth beyond
fm(Qmax). Note that simple formulas for Zse and Zd under
very low and very high frequencies can be derived from the 2-T
model equivalent circuit analysis. In this way, the enhancement
of Qd over Qse and its frequency-dependent feature can be
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Fig. 15. 2-T model parameters in the spiral coil network versus coil radii. (a) Lsk. (b) Rsk. (c) Rp. (d) Cp.

Fig. 16. 2-T model parameters in the substrate network versus coil radii. (a) Csub. (b) 1/Rsub. (c) Lsub. (d) Rloss.

consistently predicted. As a result, it is proven that a single set
of model parameters can be realized by our 2-T model to fit
both single-end and differential operations.

C. 2-T Model Scalability

Another important feature is the good scalability with respect
to dimensions for all model parameters. Fig. 14 presents a good
match with a linear function of coil radii R for four of the
model parameters in the spiral coil RLC network, i.e., LS ,

RS , Cp, and Cox. All four parameters increase with R. Fig. 15
demonstrates the results for other three parameters in the spiral
coil RLC network, i.e., Lsk, Rsk, and Rp. Note that Rsk and
Rp increase with the coil radius following a linear function,
whereas Lsk decreases according to a parabolic function of R.
The larger Lsk that is associated with the smaller R suggests
that the smaller inductors with smaller coil radii may suffer a
worse proximity effect due to the magnetic field coupling of
the closely placed coils in the fully symmetric inductor. Fig. 16
indicates the excellent fit by a linear function for the following
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substrate network-involved model parameters: Csub, 1/Rsub,
Lsub, and Rloss. The proven scalability suggests that this 2-T
model can be used for prelayout simulation and optimization.

VI. CONCLUSION

A broadband and scalable 2-T model has been developed
for accurate simulation of on-chip fully symmetric inductors.
A single set of model parameters can fit both single-ended
and differentially driven operations. The broadband accuracy
is proven by a good match with S-parameters, L(ω), Re(Zin),
and Q(ω) over frequencies up to 20 GHz. The scalability is
justified by good fitting with either a linear or a parabolic func-
tion of coil radii. This 2-T model consistently predicts Qmax

enhancement by 20%–30% for the symmetric inductors under
a differential operation. This Q improvement is even better
than 100% over broader frequencies beyond fm(Qmax). The
scalable model can facilitate an optimal design of symmetric
inductors through model parameters that are relevant to various
geometries. Furthermore, the broadband accuracy proven by
both single-end and differential excitations can improve RF
circuit simulation accuracy that is demanded by a broadband
design.
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