
An Efficient Modeling Technique with Q-curve Analytic for Design Automation 
 

Chih-Yuan Lee1, Shih-Chun Chang1, Joseph Der-Sheng Deng2, and Chin-Hsing Kao1 
 

1Semiconductor Lab., Dept. of Electrical Electronic Eng., Chung Cheng Institute of Technology, National Defense Univ. 
No. 190, Sanyuan 1st St., Tahsi, Taoyuan, Taiwan, 335, R.O.C. 

Phone: +886-3-390-0119 E-mail: cylee4933@gmail.com 
2 Cyntec Co. Ltd., Hsinchu, 300, Taiwan 

 
1. Introduction 

The development of high performance, low-cost CMOS 
technologies is a driving force behind the realization of 
single chip solutions for the wireless market. However, the 
design of integrated spiral inductors continues to hinder the 
advancing growth of RFIC SoC [1]. In order to promote the 
implementation of integrated inductors, a compact scalable 
physical model that accurately predicts inductor behavior 
with inductor geometries and processes technologies would 
be a useful tool for rapid spiral inductor design and optimi-
zation. In this paper, we propose a compact model that uses 
closed-form formulae to quickly characterize planar induc-
tors. In addition, a systematic design methodology for spi-
ral inductor design automation is also demonstrated. 
 
2. Spiral Inductor Model and Quality Factor 

Our compact inductor model is based on the frequency 
dependent twelve-element model showed in Fig. 1. The 
model with closed-form expressions is developed for the 
inductor configurations such as turns T, inner diameter D, 
line width W, and line spacing S. The series inductance is 
calculated by the physics-based closed-form expression [2]. 
In our model, the Li is equaled to Ls and the M which is 
0.15 times Ls extracted from IE3D. The other parameters Rs, 
Cp, Cox, Csub, and Rsub are calculated by the physics-based 
formulae [3]. Moreover, Ri as 0.19 times Rsub is extracted 
by modeling [1]. Figure 2 and 3 show Q-curve versus fre-
quency and the frequency response of quality factor slope, 
respectively. The quality factor slope is defined by the rate 
of quality factor change. On the both side of the maximum 
quality factor Qmax we can group the slopes into two types, 
low frequency (LF) region with positive slopes SL, and high 
frequency (HF) region with negative slopes SH. There is a 
very interesting picture. The Q-curve is covered by a trian-
gle composed with the LF-line, HF-line, and self resonant 
frequency (SRF) point. Once the circuit requirement is pro-
posed, the slope of SL and SH, and SRF can be decided by 
the required Q and the corresponding frequency. The model 
and the inductor configuration can be exactly determined 
by way of design automation methodology link up the tri-
angle. 

 
3. Model Validation and Design Methodology 

Table I summarizes the design parameters for each 
square, planar spiral inductors were fabricated in TSMC 
0.35μm CMOS process. Figure 4 shows the measured ver-
sus simulated inductance and the number of inductors, in %, 

which exceeds error for our formula. Maximum error that is 
made using the expression [2] is less than 7%. To demon-
strate the validity of our model, we have confirmed the 
simulated S11 and quality factor matched very well with 
the measured, as shown in Fig. 5 and 6, respectively. Be-
side the ones higher than the resonant frequency, they show 
good agreements between the measured and simulated S11. 
Among these inductors, the total error between the meas-
ured and simulated S11 below the SRF is less than 0.71%, 
as shown in Table I. In Fig. 6, no matter what inductances, 
the Q-curve is always confined by the triangle, composed 
with LF-line, HF-line, and SRF-point, as described in sec-
tion 2. Table II shows the verification on characteristics of 
measured and simulated Q-curve to demonstrate the accu-
racy. Among these inductors, the errors of SRF and SH are 
almost lower than 8.7%. Those demonstrate that the sub-
strate loss can be predicted accurately by our model. Al-
though the errors of SL on large inductance ones are larger 
than the other characteristics, but the errors of the maxi-
mum quality factor, the most important parameter, are less 
than 9.2%. Regardless of inductor design on any variation 
of configuration or different inductances, our model shows 
a good validation. Figure 7 shows the number distribution 
of acceptable structures for the criteria of 1.5nH and Q ex-
ceeded 6 at 5GHz versus SRF and SL. Obviously all of the 
acceptable structure is located in the lower right region. In 
addition, there is always a peak appeared at a SRF range for 
each SL range. As the SL diminishing, the peak will move 
toward higher frequency. The working point located at LF 
or HF region of inductor depended upon the SRF. Even the 
working Q value would promote with the higher SL, so the 
SRF shall shift to lower frequency go with larger SL to meet 
the requirement, then the substrate noise shall be also rais-
ing as a consequence of the working point located at HF 
region of inductor. The problem of substrate noise in SoC 
can be disregarded by extra criteria on SRF which must be 
larger than 3 times the working frequency. Figure 8 shows 
the methodology for efficient spiral inductor design auto-
mation. Our design procedure will be very attractive in fu-
ture RFIC SoC applications. 
 
4. Conclusions 

We developed an efficient modeling technique to ana-
lyze spiral inductors and an optimization methodology for 
design automation. The accuracy of model has been proved 
by comparison with measurement for any configuration of 
inductors. We proposed a strategy, which Q-curve corre-
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lated to triangularity, to design the spiral inductor. The per-
formance of the design does not only meet the circuit 
specification, but also rapid completion of the optimization. 
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L 
(nH) 

Inner D. 
(μm) 

Turns Width 
(μm) 

Spacing 
(μm) 

S11 total 
error (%) 

1.4 233 1.5 20 3 0.71 
2.7 179 2.5 17 1 0.54 
3.0 184 2.5 9 2 0.2 
4.3 250 2.5 8 1 0.66 
6.1 197 3.5 6 4 0.67 

Total error : 2 2( ) 100 meas sim meas
⎧ ⎫⎪ ⎪= ⋅ −⎨ ⎬
⎪ ⎪⎩ ⎭
∑total freq
freq

S S S S Nε  

L (nH)
SRF 

(GHz)
Error 
(%) 

LF 
Slope

Error 
(%) 

HF 
Slope 

Error 
(%) 

Max. 
Q 

Error 
(%) 

1.4 15.7 4.9 2.46 6.9 -0.8 8.7 7.12 0.2 
2.7 10 2.0 3.0 5.4 -0.99 4.5 5.97 8.5 
3.0 12.4 2.4 1.90 3.6 -0.9 4.4 5.66 0.6 
4.3 8.7 0 1.91 16.1 -1.08 7.6 4.4 9.2 
6.1 8.3 1.2 1.69 14.2 -0.98 3.5 3.71 8.1 
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Fig. 1  A twelve-element model that in-
volved the EM losses of a spiral inductor on 
lossy Si-substrate. 
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Fig. 2  Characteristics of frequency re-
sponse on quality factor. 
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Fig. 3  Characteristics of frequency re-
sponse on quality factor slope acquired by 
differentiating Q-curves. 
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Fig. 4  Measured versus simulated inductance 
and the number of inductors, in %, which ex-
ceeds error for our formula. 

Table I.  The configuration of square, planar spiral inductor in 0.35μm CMOS 
processes. 

Table II.  The measured and simulated Q of square, planar spiral inductor in 
0.35μm CMOS processes. 
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Fig. 5  Measured S11 and simulated of 1.4 and 
3.0 nH of the 0.35μm square, planar inductors. 
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Fig. 6  Measured Q value and simu-
lated of 1.4, 3.0, and 6.1 nH of the 
0.35 μm square, planar inductors. 
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Fig. 8  The methodology for efficient spiral 
inductor design automation. 

11

11

23

34

46

57

23

10 11 12 13 14 15 16 17
3.1

2.8

2.5

2.2

1.9

1.6

1.3

1.0

>
>16

<1.3

LF
 S

lo
pe

 (G
H

z-1
)

Self Resonant Frequency (GHz)
<

Acceptable Structure #

Structure Conditions:
Inner D. < 300 μm, Width: 6~30 μm 
Spacing : 1~6 μm, Turns: 1.5~5

Design Criteria:
L0 = 1.5 nH, fwork = 5 GHz, Qwork > 6

Fig. 7  The number distribution of 
acceptable structures for the criteria of 
1.5nH and Q exceeded 6 at 5GHz 
versus SRF and SL. 

1
2 LCπ

-899-




