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Abstract—Spiral inductors fabricated using a 90nm CMOS

process have been characterized and analyzed. The ex-

tracted series resistance increases with frequency and tem-

perature. The extracted resistance temperature coefficient

exhibits a strong dependence on operating frequency. It

gradually decreases with frequency and is different from the

results using DC temperature coefficients. A single π-model

is used to model the measured high frequency characteris-

tics. Two resistors and a transformer are used to model the

observed temperature coefficient. One resistor has temper-

ature coefficient around DC value, while the other one is

less dependent on temperature and connected through the

other side of the transformer. The model shows good fitting

to all parameters, such as series resistance, temperature co-

efficient, inductance, quality factor and s-parameters across

a wide frequency range and from room to high tempera-

ture. Discussion of process variation and corner models is

also given.

Keywords— RF, Spiral inductor, Compact Model

I. Introduction

WITH rapid CMOS technology scaling, transistor high
frequency performance (ft) improves and it offers

opportunity to implement CMOS Radio Frequency (RF)
circuits on chip with low cost and high reliability. For some
RF circuits, passive components, such as on-chip spiral in-
ductor and varactor may limit circuit performance. For
example, in the circuit blocks of Voltage-Controlled Oscil-
lator (VCO) and filters, high performance inductors are key
component. For on-chip spiral inductor, metal series resis-
tance limits quality factor (Q factor). To reduce metal se-
ries resistance, spiral inductors are normally formed by top
thick metal layers. Additionally, the electrically conduc-
tive silicon substrate forms a loss source, which degrades
Q factor. The degradation can increase phase noise for
VCO. To improve the spiral inductor performance, exten-
sive research has been carried out in recent years[1] [2] [3].
A few examples using process to improve inductor perfor-
mance include: (a) patterned ground shield [4], (b) thick
top metal using ”add-on” module [5], (c) using air gap [6]
and a plastic substrate layer[7].

In addition to process solutions, accurate modeling of
spiral inductor helps to gain design margin, maintain good
yield and avoid over design. For a practical design, it is
critical to ensure the corner silicon meets design goal at
high temperature. It is important to characterize the spiral
inductor at high temperature and to correctly predict the
statistical distribution of parameters, so that chip yield is
not compromised due to inductor performance change with
process and temperature.

The authors are with Altera Corporation, 101 Innovation Dr, San
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In this paper, we report the characterization and model-
ing results of a spiral inductor fabricated using a 90nm
CMOS process. The extracted inductor parameters re-
peat the features reported recently by other researchers
[8]. Specifically, the extracted series resistance [9] increases
rapidly with frequency. We found that other features, such
as the high frequency temperature coefficient (TC) of se-
ries resistance, is different from DC TC and has not been
reported before. To model the observed characteristics, a
compact π-model similar to [2] is used. Resistance temper-
ature coefficient is modeled by using two resistors and a
transformer. One resistor uses the temperature coefficient
of sheet resistance of metal at DC bias condition. A less
temperature dependent resistor is connected to the other
side of a transformer to model the smaller temperature
coefficient at high frequency. In terms of topology, this is
slightly different from equivalent circuit shown in [10]. The
model is found more suitable for Cu metal in deep submi-
cron technology. A good fitting is found for all parameters,
such as series resistance (Rs), Rs temperature coefficient
(TC1), inductance (Ls), quality factor and s-parameters
across a wide operating frequency and from room to high
temperature.

Fig. 1. A picture of spiral inductor fabricated using 90nm technology.
G-S-G probe pads are placed side by side to the inductor to allow the
module to fit in scribe-line.

II. Experimental Setup

Spiral inductors were fabricated with a 9-metal 90nm
CMOS process. A patterned ground shield is placed at
metal one layer to reduce coupling from inductor to Si
substrate. High frequency test structures are implemented
using a two port s-parameter structure with G-S-G pads.
Standard open, short and through de-embedding structures
are placed next to the spiral inductors. A picture of the
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Fig. 2. Equivalant circuit of spiral inductor model. A single π-model
is used as the core. A transformer is used to model the measured
temperature coefficient. Rs1 is with temperature coefficient measured
at DC condition. Rs2 has a lower temperature coefficient.

spiral inductor is shown in Fig.1.

S-parameters were measured by using an Agilent E8364A
PNA and Z5623A test set. Suss PA-300 probe station and
SussCal5.0 were used for probing and calibration. ICCAP
2004 was used for model fitting. Power level was set at
0dBm for s-parameters measurement. Chuck temperature
was controlled by Trio-Tech TC 1000.

III. Results and Discussion

The measured s-parameters are de-embedded using
open-short scheme. Different schemes, such as short-open
are compared to open-short schemes. There is very small
difference at high frequency. Below 10GHz, there is no dif-
ference. A through de-embedding structure is also placed
close to the spiral inductor. It is found that the through
de-embedding is not necessary for the frequency range of
interest.

A simple π-model is used to fit the measured parame-
ters. The equivalent circuit is shown in Fig. 2, where Ls is
inductance, Rs1 is series resistance, Rs2 is series resistance
modeling skin effect and the substrate loss, Cs is coupling
capacitor between two ports, C1 and C2 are coupling ca-
pacitors between the inductor to substrate, R1 and R2 are
resistance depicting the substrate coupling current.

Assuming the spiral inductor can be modeled by a
lumped π circuit, the parasitics of the spiral inductor
can be extracted [9]. Series resistance is extracted from
Re(|y−1

12 |), while inductance is extracted from Im(|y−1
12 |). A

different extraction scheme of excluding Cs has been eval-
uated. The extracted parameters show the same frequency
dependency for Rs and Ls regardless of whether or not Cs is
excluded. A possible reason for the frequency dependence
is the distributed nature of coupling capacitor, resistance
and inductance. Therefore, for simplicity, the y-parameter
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Fig. 3. Extracted series resistance at room temperature and 125◦C.
Series resistance increases with frequency.

scheme is used. Q-factor is extracted using Im(|y11|)
Re(|y11|)

.

Fig.3 shows the extracted total series resistance. The
resistance value increases with frequency and temperature.
The feature of increase with frequency is similar to the re-
sults in [8], in which the steep increase of series resistance
is considered beyond the frequency dependence of the skin
effect. For Cu metal, a few factors, such as skin effect, the
current crowding at high resistive liner layer and surface
scattering of Cu, may lead to such a steep increase in re-
sistance. As expected, the extracted resistance is higher at
125oC. To examine the temperature dependence, a linear
temperature coefficient is calculated using:

Rs(125oC) − Rs(25oC)

100 · Rs(25oC)
(1)

The extracted temperature coefficient (TC1) is shown in
Fig.4. It is clear that the temperature coefficient decreases
with frequency. This is different from a simple resistor mea-
sured at DC bias, which is a dark solid line. To evaluate
the equivalent high frequency temperature coefficient when
metal resistors are assigned with the DC temperature coef-
ficients, a conventional, single π-model without the second
resistor and transformer has been tried to best fit the mea-
sured data, such as s-parameters, Ls and Rs. The single π

model can roughly fit those parameters. However, the ex-
tracted high frequency Rs temperature coefficient clearly
differs from the high frequency temperature coefficient ex-
tracted from S-parameters. It is unsuccessful to fit both
room and high temperature. Using the new π-model in-
cluding the second resistor and transformer, the frequency
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Fig. 4. Extracted temperature coefficient vs frequency.

dependence and temperature coefficient of the series resis-
tance are well depicted. For reference, the temperature
coefficient measured at DC condition is also plotted in the
figure as a thick solid line. The results show π-model with
transformer closely follow Si results, while single π model
without second resistor can not accurately model the mea-
sured silicon data.

Quality factor is one of the important parameters deter-
mining LC oscillator phase noise performance [12]. The
total Quality factor can be written as:

1

Q
=

1

QRp

+
1

QL

+
1

Qc

(2)

Here Q is the total Q factor, QL is quality factor for
inductor, QL is quality factor for varactor and capacitor.
The single sideband phase noise is inversely proportional to
the total Q factor. In a conventional LC oscillator, the Q
factor of the inductor is the smallest and apparently limits
the circuit performance.

Fig.5 shows the extracted Q factor. At high tempera-
ture, Q factor reduces due to higher series resistance and
more loss from substrate. The Q factor increases with fre-
quency and peaks around 8-9GHz and gradually decreases
with further increase of frequency. The peak of Q factor,
however, is smaller than the conventional π-model predicts.
The new π-model successfully repeats the peaks with the
increase of series resistance at high frequency. It is notewor-
thy that at high temperature Q factor becomes negative.
This feature has been discussed in reference [11] and is due
to the definition of Q factor from Y -parameters. When fre-
quency is close to resonance frequency and the substrate
loss increases significantly, the Q factor can be zero and
negative.
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Fig. 5. Extracted spiral inductor quality factor vs frequency.

Further examination of Q temperature dependence re-
veals that series resistance increase can be evaluated from
the Q slope reduction from low frequency to peak fre-
quency. In this frequency domain, the impact of series
resistance reduces with frequency as more voltage drops
on inductor. From Fig.5, it is clear that series resistance
increases with temperature. At high frequency, the loss
due to coupling to Si substrate gradually increases. As can
been seen from the figure, at high temperature Q factor
reduces more significantly than those at lower frequency.
The reduction of peak Q is about 2, while reduction of Q at
15GHz is close to 4. Compared to the absolute value, this
change is significant. There is a patterned ground shield at
lower metal level to reduce inductor coupling with Si sub-
strate. Si results show that the coupling is getting stronger
at high temperature. This may arise from the fact that Si
substrate resistivity is more sensitive to temperature. The
difference of temperature coefficient between metal layers
(inductor layer and the patterned ground shield layer) is
overridden by the substrate loss at high temperature and
high frequency.

In addition, the model is also examined from other as-
pects. In Fig.6, the extracted inductance vs frequency is
shown. Fig.7 shows s-parameter fitting curve. Good fit can
be found for both cases.

In terms of model corners, a realistic corner methodology
should be enough to cover all the process change, such as
substrate resistivity, metal thickness, dielectric thickness
etc. To determine the corner models, we have evaluated all
process variation window and selected the corners based on
statistical probability for the desired die yield.
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Fig. 6. Extracted inductance vs frequency.

Fig. 7. Smith chart of measured S21 and model simulation results.
A good fitting can be found.

IV. Conclusion

A spiral inductor fabricated using 90nm CMOS process
has been characterized and analyzed. The extracted model
parameters show a rapid increase of series resistance with
frequency. The resistor temperature coefficient decreases
with frequency. A π-model with an additional resistor and
a transformer is used to model the measured data. A good
fitting of Q factor, inductance and s-parameters are also
shown by the model. The impact of the Q factor to LC

oscillator is also been discussed. Finally, the model corner
methodology is briefly described.

References

[1] Niranjan A. Talwalkar, C. Patrick Yue and S. Simon Wong, ’Anal-
ysis and synthesis of on-chip spiral inductors,’ IEEE Trans. on
Electron Devices, vol.52, No.2, 2005, pp.176-182

[2] Daniel Melendy, Pascale Francis, Christoph Pichler, Kyuwoon
Hwang, Gopal Srinivasan and Andrea Weisshaar, ’A new wide-
band compact model for spiral inductors in RFICs,’ IEEE Elec-
tron Device Letters, vol.23, No.5, 2002, pp.273-275

[3] H. Sagkol, S.Sinaga,J.N.Burghartz, B. Rejaei, and A.Akhnoukh,
’Thermal effects in suspended RF spiral inductors,’ IEEE Elec-
tron Device Letters, vol.26,No.8, 2005, pp.541-543

[4] L.F. Tiemeijer, R.J. Havens, N. Pavlovic, and D.M. Leenaerts,
’Record Q symmetrical inductors for 10-GHz LC-VCOs in 0.18-
µm gate-length CMOS,’ IEEE Electron Device Letters, vol.23,
No.12, 2002, pp.713-715

[5] Snezana Jenei, Stefaan Decoutere, Karen Maex, and Bart Nauwe-
laers, ’Add-on Cu/SilkTM module for high Q inductors,’ IEEE
Device Letters, vol.23, No.4, 2002, pp.173-175

[6] C.S Lin, Y.K. Fang, S.F. Chen, C.Y. Lin, M.C. Hsien, C.M.Lai,
T.H.Chou, and C.H. Chen, ’A deep submicrometer CMOS process
compatible high-Q air-gap solenoid inductor with laterally laid
structure,’ IEEE Device Letters, vol.26, No.3, 2005, pp.160-163

[7] L.H.Guo, Q.X. Zhang, G.Q.Lo, N.Balasubramanian, and D-L.
Kwong., ’High-performance inductors on plastic substrate,’ IEEE
Device Letters, vol.26, No.9, 2005, pp.619-621

[8] Narain D. Arora and Li Song, ’Modeling and Characterization of
high frequency effects in USLI interconnects,’ Proceeding of 2005
WCM workshop

[9] Franz Sischka, ’IC-CAP Modeling reference,’ Agilent Technolo-
gies

[10] Rob Groves, David L. Harame, and Dale Jadus ’Temperature
dependence of Q and inductance in spiral inductors fabricated
in a Silicon-Germanium/BiCMOS technology,’ IEEE Journal of
Solid State Circuits, vol.32, No.9, 1997, pp.1455-1459

[11] A. M. Niknejad, R.G. Meyer ’Analysis, design, and optimiza-
tion of spiral inductors and transformers for Si RF IC’s,’ IEEE
Journal of Solid State Circuits, vol.33, No.10, 1998, pp.1470-1481

[12] W.D Cock and M. Steyaert ’A CMOS 10GHz voltage controlled
LC-Oscillator with integrated high-Q inductor,’ Proceedings of
the 27th European Solid-State Circuits Conference, ESSCIRC
2001. Sept. 2001, pp.498-501

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061844 Vol. 3, 2007 677 677 


	0415.pdf
	0415.pdf
	Optimization of Masks for High Aspect Ratio UV-Lithographic Patterning


	0429.pdf
	The Chemical Nano-Sensor Development and Characterization
	ABSTRACT


	0472.pdf
	Nanopoint Inc. 900 Fort Street Mall, Suite A20, Honolulu, HI
	5 CONCLUSION


	0490.pdf
	ABSTRACT
	REFERENCES

	0541.pdf
	Non-standard geometry scaling effects in high-frequency SiGe bipolar transistors
	1 Introduction
	2 Device structures and investigated effects
	3 Simulation results
	4 Discussion
	5 Experimental results
	6 Conclusions





