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Estimation Methods for Quality Factors of Inductors
Fabricated in Silicon Integrated Circuit Process Technologies
Kenneth O

Abstract—By examining uses of quality @) factors for in-  on —Im(y11)/Re(y11) [1], [3]-[9], [11]. The results of this
ductors in silicon integrated circuit design, new methods for comparative study suggest that the commonly used method

estimating quality factors are proposed. These methods extract \nqerestimates) factors, and can lead to improper use and
Q@ factors by numerically adding a capacitor in parallel to timizati fint ted induct
measuredy,, data of an inductor, and by computing the fre- optimization of integrated Inductors.

quency stability factor and 3-dB bandwidth at the resonant

frequency of the resulting network. These parameters are then || DEpINITIONS AND MEASUREMENTS OFQUALITY FACTORS
converted to effective quality factors using relationships for

simple parallel RLC circuits. By sweeping the numerically added ~ There are at least two widely used definitions ¢pfactors.
capacitance value, effective quality factors at varying frequen- The first and probably the most fundamental definition is based
cies are computed. These new techniques, in addition to being g the maximum energy storage and average power dissipation

more relevant for circuit design, provide physically reasonable ) . L ;
estimates all the way up to the self-resonant frequencies of (Faiss) [12] which for simplicity, is referred aggnmax in

inductors. At moderate to high frequencies, the commonly use this paper

definition [-Im(y,,)/Re(y,,)] can significantly underestimate

and can even give unreasonable results. Data obtained using wWinax

the new methods suggest that quality factors remain high and QEMAX = 5. 1)
integrated inductors remain useful all the way up to their self- diss

resonant frequencies, contrary to the behavior obtained using . . . .
—Im(y,,)/Re(y,,). These indicate that the commonly used The w is the radian frequency, and,,.. is the maximum

technique can lead to improper use and optimization of integrated total electrical and magnetic energies stored in the system.
inductors. Unfortunately, as will be discussed later in this section,
Index Terms—ntegrated inductors, quality factor, silicon IC’s. ~ accurately estimating snax is difficult.
The most widely used? definition, which is referred as
Qcony In this paper, is the ratio of a negative of the imag-
|. INTRODUCTION inary part ofy;; and the real part ofy 1 [—Im(y11)/Re(y11)]
ITH the emergence of RF and microwave applicatiorid]. The 1, data are obtained by converting measured
for silicon integrated circuits, integration of spiralparameters of inductors. A common equivalent circuit for
inductors with reasonable characteristics has become an urgsageling integrated inductors in silicon IC processes [2] is
need. In particular, qualityf) factors of integrated inductors shown in an inset of Fig. 1(a). Thg: data are utilized for the
in silicon IC’s are typically low, and the understanding anguality factor computations because they are the admittances
optimization of them have received intense attention [1]-[113een looking into port 1 while port 2 is shorted to ground. This
Despite these efforts, the meaning of report@dfactors is is @ common configuration in which the inductors are used in
still in a state of confusion. This paper examines existirgmplifiers and oscillators.
methods for estimating) factors and their limitations. To  Using simple network theory, it can be shown that
overcome these limitations, new methods, more relevant to
circuit design, and useful up to the self-resonant frequencies Im(y11) 2w(|Wm| — |W€|)
of the inductors, are proposed. These methods extract quality Qcony = {Re(yn)} - Piss
factors as a function of frequency by numerically adding a

capacitor with varying values in parallel to measurgd |\ here W .| and [W.| are the average stored magnetic and

data of an inductor, and by computing the frequency (phasghctrical energies in the system [13]. When port 2 of the
stability factors and 3-dB bandwidths at resonant frequenugauivment circuit model in Fig. 1(a) is shorted to ground,

of the resulting networks. The frequency stability factorW | and [W.| are energies stored in the inductér and

and 3-dB bandwidths are then converted to effective qualify,acitor ¢, respectively. ThisQ) definition involves the
factors using relationships for simple parallel RLC circuitgjitterence between the average stored magnetic and electrical
Quality factors obtained using these methods are compaggth gies rather than the maximum total energy storage. When
to those obtained with the commonly used method basg, average magnetic energy storage is much greater than
the electrical storage, this ratio approach@gwax. For
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- . TABLE |
© Bandwidth MoDEL PARAMETERS FOR 15-nH and 5-nH NDUCTORS

¢ Phase Stability

A Maximum Energy
T-Im(yy4)/Re(yq4) 4 Inductor 1 Inductor 2

L 152 nH 4.8 nH
R, 28 Q 10.7 Q
Cpy 0.26 pF 0.44 pF
Cpy 0.26 pF 0.42 pF
Ram 104 Q 373Q
O Roubz 120 Q 351Q
O0q # of turns 8, Metal 2 6.5, Metal 1 & 2

DDDDDD Inductor Trace 10 pm (W) 5.0 pm (S) | 10 um (W) 2.0 um (S)
IS 'S Width & Space

1.0 15 20 2.
Frequency (GHz) Outer Area 310 x 310 ym? 140 x 140pm?
(@

5.0 . . : .

€0

) 5.0

Fig. 1(b) shows the average stored magnetic and electrical
energies as well as the maximum energy storage for the 15-
nH inductor as a function of frequency. At low frequencies,

] the total energy is dominated by the magnetic energy and
() factors estimated using-Im(y11)/Re(y11)] (Qcony) are
close to Q@pmax. However, as frequency is increased, the
electrical energy storage increases, and the difference between
the average stored magnetic and electrical energies decreases,
i which in turn increases the difference betwa@sonyy and
Qrnmax. As a matter of fact, since the self-resonant frequency
of an inductor occurs near a frequency where the difference
between the average stored magnetic and electrical energy is
zero, or where the imaginary part @f; is equal to zero,
i % from (2), @ factors extracted usingIm(y1;)/Re(y11) become
0 1.0 Freti?d%ncy (GHz)glO 4.0 zero near the self-resonant frequency. This result, of course,
is physically unreasonable. The quality factor should not be
(b) zero at the self-resonant frequency.

Fig._l. €) _Qua_lity factor versus frequency plots of a 1_5-nH indu‘ctor_._An Lastly, it was stated earlier that accurately estimating
equivalent circuit commonly used to model integrated inductors in silico

IC’s [2] is shown in an inset. The quality factors are extracted utilizing thee EMAX is difficult. Th.iS is dPe to problems \_Nith representing
commonly used measurement technique, one based on the maximum enp@tasitic as well as inductive element(s) in the model, and
itr?rage using the eqyivalsntl CirC_uitlmodel, and newly ngpr?sed methods. éRtracting their values from measurements. Related difficulties
€ average magnetlc and electrical energy storages, and the maximum en . . .
storage as a function of ffequency for the 15k inductor. M&ude the distributed nature of the model elements and their
frequency dependence. The equivalent circuit model at best
is rough. These problems are exacerbated by the fact that
the model parameters are extracted usjfgarameters which
. ! eé)end on the difference between the average magnetic and
calculated based on the maximum energy storage using . : .
. T . electrical energies rather than on the maximum total energy
equivalent circuit model@ gnax), and using the newly pro- .
| . : . storage. Hence, the use of an extracted equivalent model for
posed methods discussed in Section Ill. Modeling paramet%[)sm utation of the maximum energy storage (ag )
for the inductor as well as its geometry data are given I ch))ne to erTors ay 9 MAX
Table I. The inductors in Table | are fabricated on as2@m P '
p-type substrate [6]. Th& conyv and Qevax are computed
by applying a sine wave to port 1 of the equivalent circuit IIl. EFFECTIVE QUALITY FACTORS
and by computing the voltage across the capacitéy X and OF INTEGRATED INDUCTORS
current flowing through the inductorl] as a function of  Before going further, an examination of reasons behind
time. The energies are computed as a function of time usiimgerests for quality factors is in order. For microwave and
the energy formulas for capacitors and inductors [14]. THeF applications, their importance arises from the fact that, for
energies are averaged over time to obtg#,,| and |W.|. matching networks() factors are related to loss, while for
These time-dependent energies are also added to computebtimedpass filters, they are related to the 3-dB bandwidths [15].
total energy storage as a function of time, which is in tur@Quality factors are also related to the phase or frequency sta-
used to extract the maximum energy storayé. (). There bility, and phase noise (through the bandwidth) of oscillators

are significant differences between e.onyv andQenvax. using parallel RLC circuits. The frequency stability factor of

40}

3.0}

20|

Energy (pico Joules)

Fig. 1(a) shows(@ versus frequency plots of a 15-nH
inductor extracted with the conventional techniq@e-6nv ),



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 33, NO. 8, AUGUST 1998 1251

an oscillator ) is 4.0 ' ' .
O Bandwidth
Sp = —w il = —w 4 [atan<|m(yll)>} 35+ +Phase Stability |
= ° = o A i
dw e, dw Re(yll) . Maximum Energy

30t o-Im(yy1MRe(y11) |

wherew, is the resonant frequency [16]. Actual parameters 5 g
of interest are the loss, bandwidths of resonant circuits, and
frequency stability factors of oscillators. o 20r
Since the bandwidth and frequency stability factor are
defined only at the resonant frequency, measyiediata can
be used to extract them at the self-resonant frequency of an 1.0
inductor. These, however, are not typically of great interest
because using an inductor in circuits requires adding parasitic
or intentional capacitances and resistances in parallel with the 095 55 15 s
inductor. Once a capacitor is added, the resonant frequency ' ’ Frequency (GHz)
is lowered from the inductor self-resonant frequency, and the
bandwidth and stability factor are also changed. Unfortunatefy9- 2- Quality factor versus frequency plots of a 5-nH inductor.
these cannot be obtained directly from the measyiediata.
An obvious way to estimate these is to fabricate a set of teferit for estimating and comparing usefulness of inductors,
structures consisting of an inductor and a capacitor connectfése effective values are still quite useful. Because of their
in parallel with varying capacitance values, and to charagfose ties to circuit applications, these effective quality factors
terize the structures at their respective resonant frequencigtfould also be more useful and relevant figures of merit than
This of course requires large numbers of test structures ang., .. An important feature of the effectiv@ extractions
measurements. is that they do not require an equivalent circuit model. This
Luckily, the fabrication and measurements of the test strugtiminates the modeling and model parameter extraction errors.
tures are not necessary. Instead, a bandwidth and a frequerigy extraction routines are implemented in Matlab [17], and
stability factor at a resonant frequency different from the irthe routines are around 30 lines long and straightforward.
ductor self-resonant frequency can be obtained by numerically
adding a capacitor(,,..,,«j) in parallel to the measureg ; IV. DISCUSSION
data, and by computing the parameters at the resonant fre-
quency of the resulting RLC circuit. The resulting bandwidth ' 0rder to compar€ gy andQps to Qcony[=Im(yi1)/
and frequency stability factor represent the smallest bandwidtgv11)] as well as toQpyvax (based on the maximum
and the highest stability factor which can be achieved using?3€r9y storage consideratio;y- and (ps are extracted
given inductor at the resonant frequency, since in real circuits'"9 the equivalent circuit model _parameters given in Table 1.
adding a capacitor cannot be accomplished without addiﬁ{?s' 1(a) and 2 show t.hese quall'Fy factors for the 15_-nH and
resistance or increasing the loss. To compute these parameteps! inductor, respectively. In Fig. 1(@2cony deviates
over a range of frequencies of interest, the resonant freque elflcantly fromQemax, While Qcony deviates relatively

N h v de
must be swept, which can be accomplished by sweeping i€ (10-15%) for the 5-nH inductor in Fig. 2. For the 15-
added capacitance value. nH inductor, Qconv also deviates significantly fror) gy

The quality factor is still a useful figure of merit thattNd @prs. @sw and @ps differ from Qpnax by 10-35%
provides means for quickly estimating circuit performanc@etween 1.5 and 2.5 GHz, which is significantly less than the
The 3-dB bandwidth &) of simple RLC circuits [15], and 40-80% deviation of)co nv. The smaller differences among

the frequency (phase) stability factor of oscillators [16] usingfo’\"” Qpw, Qps, and@pyvax for the 5-nH inductor are

simple parallel RLC circuits, are related to the quality factor byU€ t0 the fact that the average magnetic energy storage is
Substantially larger than the electrical energy storage in the

15 §

05+ J

8.0 10.0

W,

Q=—"=Qpw (4) examined frequency range. There also exist some differences
?w between@Qgw and Qps, although they are small. Figs. 1(a)
Q= TF = Qps. (5) and 2 clearly illustrate tha@gw and Qps better estimate

Qrwvax, although significant differences can still exist. For
As seen in the equivalent circuit model of Fig. 1(a), the RL@esigning filters, tuned amplifiers, and oscillatoikzy and
circuit resulting from numerically adding a capacitor to th€) s should be completely adequate.

equivalent circuit is not a simple RLC circuit. Despite this, Fig. 3(a) and (b) shows plots of)conv, Gew, and
using (4) and (5), effective quality factor@gy- (based on @ ps for 2.6- and 12-nH inductors. These quality factors are
the bandwidth) and?ps (based on the phase stability) carextracted directly from measurefl-parameters rather than
be defined. It should be emphasized that these are effectigng extracted model parameters. For both inductors, at low
values. In addition, as mentioned earlier, integrated inductdrequencies, quality factors based on different techniques are
fabricated in silicon technologies in general have loyv approximately the same. However, at high frequendigsy
factors, and this makes the validity of the bandwidth-basead Qs are consistently higher tha@conyv. Gcony Can

Q factor definition questionable [15]. However, as figures dfecome zero or even negative, whilssy and Q ps remain
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parallel with measureg;; data, and extractions of the 3-dB
bandwidths and frequency stability factors. Implementations
of extraction routines require simple numerical manipulations
of measureds-parameters. At low frequencies, quality factors
from the new and convention&hIm(y1)/Re(y11)] methods

are approximately the same. On the other hand, at moderate
to high frequencies, the conventional method can significantly
underestimate quality factors which is caused by the fact that
the imaginary part ofy;; is related to the difference between
the average magnetic and electrical energy storage rather
than the maximum total energy storage. The conventional
() definition can lead to improper use and optimization of
integrated inductors.

(@)
(1

© Bandwidth . *
* Phase Stability o0 ©° °
a-Im(ys1)/Re(y11) °q 2]

2.0 (3]
1.0 l

A (5]

2 (6l

0Q. 1.0 2.0
Frequency (GHz)
(b)

Fig. 3. (a)and (b) Plots @®conyv, @sw, andQ ps versus frequency for  [7]
2.6- and 12-nH inductors. Quality factors are extracted directly from measured
S-parameter data.

(8]

well above the zero all the way up to the self-resonant
frequencies of the inductors. This, of course, is physicall ol
more reasonable. For instance, the 12-nH inductor in Fig. 3(b)
has a self-resonant frequency of 2.9 GHz. At this frequency,
Qsw, Qps, and Qcony are 2.6, 2.4, and 0, respectively.

In addition, frequency dependence &fgw and Qps at
high frequencies is less than that &f-ony. These data [10]
indicate that inductors remain useful all the way up to their
resonant frequencies, which is contrary to that suggested [by]
quality factors extracted using the conventional technique. The
Qps data are more scattered because their extraction involyes
computations of derivatives. (23]

V. SUMMARY [14]

Through an examination of uses for quality factors, neyys;
methods for estimating quality factors of integrated inductors
for RF and microwave applications are proposed. These mektf
ods involve a numerical addition of varying capacitance in7
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