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Abstract  —  Conventional non-symmetrical spiral
inductor, which is commonly used in GaAs technology, has
limited achievable quality factor when wsed in silicon LC
tanks circuit. As a result, the research of symmetrical,
arbitrarily-shaped spiral inductor for silicon technology
becomes very important and challenging. However, the
detailed mechanism of how the symmetrical, arbitrarily-
shaped spiral inductor can achieve a high quality factor is
still a mystery. In this paper, we attempt to give a detailed
explanation on how the symmetrical, arbitrarily-shaped
spiral inductor helps to improve the overall quality factor
over that of a traditional, non-symmetrical arbitrarily-
shaped spiral inductor. Experimental results are presented to
verify our theory. It is hope with this new understanding,
alternate forms of symmetrical spiral inducter of high quality
factor can be derived.

1. INTRODUCTION

At radio frequency (RF), the usage of on-chip silicon
spiral inductors in LC tanks circuit is limited by the
achievable quality factor ((0). The quality factor is
seriously affected by three major components. They are
the crossover capacitance, the capacitance between the
spiral and substrate, and lastly, the substrate capacitance.
In the physical modeling of an inductor [2], [3], [5], [7],
the series feed-forward capacitance accounts for the
capacitance due to the overlap between the spiral-and the
center-tap underpass [1], [4]. To increase the overall Q-
factor of the silicon spiral inductor, one usually has to
resort to the use of symmetrical spiral inductor, instead of
the conventional, non-symmetrical spiral inductor, which
is commonly used in GaAs technology. The detailed
mechanism of how the symmetrical, arbitrarily-shaped
spiral inductor can achieve a high (-factor is still a
mystery. In this paper, we attempt to provide a
comprehensive explanation on how the symmetrical,
arbitrarily-shaped spiral inductor helps to improve the Q-
factor characteristics over that of the corresponding
conventional, non-symmetrical spiral inductor, It is hope
with this new understanding, alternate forms of
symmetrical spiral inductor can be derived.
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II. THEGRETICAL ANALYSIS

4. The Change in C,

Fig. 1 shows the difference between a symmetrical and
non-symmetrical spiral inductor on a silicon substrate. For
the ease of explanation, the circuit dimensions
corresponding to both types of inductors are assumed to
be equal. A typical equivalent circuit model for the non-
symmetrical spiral inductor is presented in Fig. 2. In this
model, the series branch consists of the spiral inductance,
L., the metal resistance, R and the series feed-forward

capacitance, C,. For most practical inductors, it is

sufficient to model C, as the sum of all overlap

capacitances, which is equal to [5]

C, =n-w B (0

ox

where # is the number of the overlaps, w is the spiral line-
width, ¢ and ¢ denote the dielectric constant and

thickness of the oxide layer between the spiral inducter
and the underpass.

e

overlap
: {a) (&)
Fig.1. (@) A non-symmetrical, spiral inductor. (&) A
symmetrical, spiral inductor.

Fig. 1 illustrates that for the same inner dimension,
width, spacing, and number of turns of a spiral inductor,
the symmetrical spiral inductor needs one less overlap
than the traditicnal, non-symmetrical spiral inductor. As
such, intuitively, the capacitance, C_, caused by the

5?
overlaps in the symmetrical spiral inductor, will be 1/n
times smaller than that in the non-symmetrical spiral
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inductor. In [1], Yue had expressed the Q-factor of a
typical spira] inductor as

o, R,

Q R, R +[(ad, /R) +1]R,
T-riCc, +C )L, - L (C, +C,))]
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Fig. 2. A typical circuit model for a non-symmetrical spiral
inductor.
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Fig. 3.  (a) A non-symmetrical, octagonal spual mductor (b)Y A
symmetrical, octagonal spiral inductor.

In this equation, the values of RP and CF are

irrelevant with respect to C_. It is obvious that if C,

decreases, the last term
h-R¥C, +C,)/L, = &L (C, +C,)| in equation
(2) will increase. This will eventually result in an
enhancement on the overall quality factor of the spiral
inducter. This conclusion is also valid for an arbitrarity-
shaped, symmetrical spiral inductor and as an example,
the octagonal symmetrical splral inductor is referred in
the next section.

B. The Change in R,

The results in [6] showed that the series resistance R,

of the octagonal and circular shaped inductors is smaller
by 10% than that of a square-shaped spiral inductor with
the same inductance value. In comparison with the
square-shaped spiral inductor, from equation (2}, one can
conclude that the quality factor of both the circular and
octagonal spiral inductors will become larger with a
decrease inR .

As shown in Fig. 3, w, s, and d refer respectively to the
width, spacing of the metal trace, and the inner dimension
of the spiral inductor. For the same w, s, d, and number of
turns n, the difference in the total length of the spiral
inductor between the non-symmetrical and symmetrical
spiral inductor is about 0.2(n-1)(w+s). This factor
amounts 1o less than 1% of the total length of the spiral
inductor. As a result of this, with equations (3), (8), and
(9) in [8], the self-inductance for both the octagonal, non-
symmetrical spiral inductor and the octagonal
symmetrical spiral inductor is found to be approximately
the same. Thus, the difference in the measured inductance
value between the two types of spiral inductor is solely
due to the magnetic coupling effect between different
arms, ‘

C. The Change in the Magnetic and Electr:c Center
(MEC)

Fig. 4 shows the simplified lumped element model of a
typical spiral inductor. In here, we let 1, and -

represent respectively the individual inductance and series -
resistance observed at the i* side in the n”* loop of the

spiral inductor. / is the sum of the n" loop self-

inductance at the i side of the spiral inductor and the

mutuat inductance observed at the i side. In the case of
an octagonal, symmetrical spiral inductor, the magnetic
and electric center (MEC) is also the geometric center of
the inductor. As all the sides of the spiral induetor are
equidistant from the MEC, the inter-magnetic coupling
observed can be taken to be the same throughout. In this
connection, it is naturally to assume that all the 7 s

observed on the sides of the spiral inductor will have the
same inductance value.
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Fig. 4.

Comparing to the non-symmetrical, octagonal spiral
inductor, we observe that the non-symmetrical spiral
inductor does not have an ideal geometric center. The
respective MEC of the spiral inductor is off-set to one
side. As such, the magnetic coupling will not be equally
distributed throughout the spiral inductor. The half loop
that is closer to the MEC will result in larger magnetic
coupling and hence, larger values of / s in that

respective half-loop of the spiral inductor. When the
structure is octagenal, one would obtain

e = (=) 12,
L=+ a,), /2,
N

value of the 1* loop in the symmetrical octagonat spiral
inductor, N is the maximum number of turn, and g, is a

©)

where n=12,.. refers to the total inductance

positive proportionality factor which relates the effect
of the off-set MEC to the #" loop symmetrical
octagonal spiral inductor. [ refers to the mutual

inductance value observed by the half n* loop that is
closer to the MEC in the non-symmetrical octagonal
spiral inductor whereas [, refers to the mutual

inductance value observed by the half n* loop that is
further away from the MEC in the non-symmetrical
octagonal spiral inductor,

By representing the spiral inductor as a cascade of
series networks (See Fig. 4) and neglecting initially the
fringing capacitance between opposite side, the whole
input impedance of the n" loop of the non-symmetrical
spiral inductor in terms of the theoretical ABCD-
parameters is described as

2 2r2 252 .2
Z =4, {2 + L@l 20l rc,., +M}
sub (4)

r.rub

sub

+J[2¢d +ae,, (7} —wl y+—= 2d,r, +a'ella ]

whereas for the syrnmetrical spiral inductor, we obtain
Z, =[or, +(rF - @’ 12)ir,, —20%0 r,c

Y sub

+J[2a)1 +ax,, (rl -}y +2al r, I,

sub

5)

The effective quality factor, Q.5 of a spiral inductor
can be calculated from [9] as

_Im[Z, ]

% TR

where Re[Z, ] and Im[Z,,] are respectively the real

and imaginary parts of the input impedance of a spiral

inductor. With equations (4) and (5), we have

(6)

A simplified lumped element model of a spiral inductor.
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. Im{Z’] Im(Z,, ]
= 1™l ——Th . : - in , (7
s =Refz,) <% Re(Z,] )
when
n sﬂb<1r /( sub) +0)l n a‘ub+[ / .!‘ ' (8)

g, and (f, denote respectively the Q-factor of a
symmetrical and non-symmetrical spiral inductor. In
practice, ¢, is always smaller than 1 ir ) In this

connection, the symmetrical, spiral inductor will
provide a larger quality factor as compared to the non-
symmetrical, spiral inductor.

260,
NS, w=Bings=16um

e
2
1.5} = Non-gyMmelics Caie |
\ M =2 Syomemon Coy N=5 w=8ms=Gm
1 2 3 4 5 L] T a 9 0
F mqrency (GHz)
Fig. 5. Comparisons of the quality factors between the

symmetrical and the non-symmetrical spiral inductors.

III. EXPERIMENTAL RESULTS

Fig. 5 describes the measured results of the O of two
inductors, symmetrical and non-symmefrical, with 5
turns, 260- gm outer dimension, 8- um line-width, and
16- ym spacing on the silicon substrate.

We have designed several symmetrical, octagenal
spiral inductors having different number of turns or
outer dimensions, Except for Inductor_1 to Inductor_3,
which have 3 turns each, all the other inductors have 5
turns. The outer dimensions of these inductors,
numbered from Inductor_] to Inductor_7, are 200- g,

250- zom , 300- gm , 150- gm, 200~ om, 250- pom , and
300- som , respectively. All these inducters have 8- yom
line-width and 4- tam spacing between the turns, and

* they were fabricated on two layers of semi-conductors.

The thickness of the upper 5i0, layer is 20- gm, and
the thickness of the lower silicon layer is 50- zzm . The
S-parameters are measured up to 10 GHz with IC-CAP.

Fig. 6 shows the measured quality factors of our
inductors. Within the group of inductors with the same
number of turns, the maximum quality factor observed
belongs to the smallest spiral inductor, which has a
shorter length of metal trace. With C, remained



relatively unchanged within the group, this high quality
factor is mainly due to the lower R value observed for

smaller spiral inductor.
At low ftequency (particularly lower than 2 GHz), the
O-factor can be well described by @l /R as the last

two terms in equation (2) have values close to unity [1].
From Fig. 6, it is noted that with an increase in the
length of the spiral inductor within the group of same
number of turns, the inductance values increase faster
than the series resistance. Moreover, with a larger outer
dimension, the inductance value, L_, is higher. With an

increase in frequency, the eddy currents [10] will
become larger and hence, the resistance, R , will also

increase. With this, the overall (-factor becomes
progressively smaller at relatively high frequencies.
From Fig. 6, we also noted that in case of the same
number of turns, the measured resonant frequencies
decrease with an increase in the outer dimensions (from
Inductor_1 to Inductor_3, and from Inductor 4 to
Inductor_7). With an increase in the outer dimensions,
more overlaps are resuited and thus, the effect due to
the capacitance (| becomes pre-dominant. The

theoretical resonant frequency, derived from the last
term of expression (2) is

r _ L LJ—Rj(Cx+CP)_
oy LG, +C)
®

This expression shows that with an increase in ¢, the
overall resonance frequency will decrease. Within the
group of same outer dimensions, the capacitance, ( ,

wilt become larger when the number of turns increases.
As a result, this usually constitutes a decrease in both

the maximum quality factor and the f,_ (See Fig. 6).
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Fig. 6. Quality factors for various spiral inductors,

262

IV. CONCLUSION

Compared with the non-symmetrical structure,
symmetrical octagonal spiral inductors can reduce the
coupling. capacitance from the overlaps of the spirals.
Furthermore, the EMC of the symmetric case may be
the accurate geometric center of the spiral inductors
that may balance the effect of inductance coupling
between different parts of the spiral. All these aspects
will provide high quality factors and resonance
frequencies of the inductors. The number of overlaps
will reduce the O in high frequency domain. However,
in low frequency domain, the prominent factor which

- influences @ is the outer dimension which affects more

on the increasing of inductance than the resistance in
case of the same number of turns.
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