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Abstract—In this paper, the characterization of spiral
inductors and the design of a novel spiral inductor based on low
temperature co-fired ceramics (LTCC) is described. Due to the
semi-stacked nature of the inductor, a peak quality factor
(Qmax) Of 43.3 and an effective inductance L« of 14.41 nH has
been obtained. Our novel spiral inductor occupies a smaller
area when compared with the conventional planar inductor of
similar inductance.
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I. INTRODUCTION

There is a continuous need for increasing the packaging
density in radio frequency (RF) devices leading to
continuous interest and research in the development of
materials, their design and manufacturing techniques. It is
well known that inductors occupy large space in radio
frequency integrated circuits (RFICs). Therefore, in inductor
design, it isimportant to reduce the area occupied.

Spira inductors are important components of RF circuits
such as RF amplifiers, impedance matching networks and
voltage-controlled oscillators (VCOs) [1]. Some RF front-
end building blocks such as power amplifier often require
off-chip matching and biasing components [2], [3], sinceit is
difficult to accommodate them on-chip due to their Q factor
and current handling capability limitation. Low temperature
co-fired ceramics (LTCC) technology offers one of the
solutions to this due to its packaging capabilities.

In inductor design, quality factor (Q) and self resonance
frequency (Fsy) are the two most important parameters of
the spiral inductor [4], [5]. Therefore in inductor design, it is
important to enhance the Q and Fgy of an inductor in a small
area by lowering parasitic effects such as skin effect,
coupling capacitance and line resistance. In order to improve
the performance of spiral inductors, many approaches have
been applied. Thick metal or stacked layers can increase the
Q factor by reducing the metal losses (series resistance) [6]
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and by reducing the number and area of overlapping layers; the
Fst can be improved by reducing parasitic capacitance. It is
difficult to improve Q and Fg; a the same time. Thus the
designer is faced with making trade-offs between performance
(Q, Fsat), inductance (L), and area.

By taking the advantage of the multilevel interconnects
available and shunting several metal layers, an effective thicker
metal is achieved which helps to reduce inductor loss [6], [7].
The simple stacked spiral inductor structure [8] with vertical
series of monolayer-spiral inductors is an effective way of
achieving smaller inductor area but this comes at the expense
of degrading the Fg as a result of the parasitic capacitance
between the upper and lower metd lines.

Sometimes it is difficult to design inductors with high
inductance while till maintaining a high Q-factor and Fgy
within a small area. Therefore, in this paper, we propose a
novel small area high inductance semi-stacked spiral inductor
structure with high Q factor.

Three single-ended spiral inductors have been fabricated and
characterized in order to validate the proposed inductor
structure.

1. QFACTOR DEFINITIONSAND |NDUCTOR M ODEL

A. Q factor definitions

The quality factor, Q of an inductor constitutes a very
important figure of merit in discussing the performance of
spiral inductor. The quality factor is defined as

energy stored
Q=2 24 &)
energy in one cycle

Two different definitions are often used for an inductor's Q
factor which basically depends on how we define the energy
stored. Equation (1) also defines the Q factor of an LC tank.
For an inductor, the energy stored in the magnetic field is of
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more importance than the energy stored in the electric field
as parasitic capacitances. This Q factor can be represented as
QL asshownin (2).

_or. peak magneticenergy— peak electric energy

Q .
energylossin onecycle
)
Which can be obtained from measurements to be:
Im(Y,,) Im(Z,)
QL [ 11 — 11 (3)

Re(Y,,) ReZ,)

where Y1, and Zy; represent the admittance and impedance
of the inductor, respectively, when one terminal is connected
to the ground [9], [10]. Im and Re respectively represent the
imaginary and real components of the admittance or
impedance.

B. Inductor Model

The inductor model consists of three different spiral
inductors with two and half (2.5), three and half (3.5), and
four and half (4.5) turns respectively. The inductors have
three different line widths with a constant spacing of 0.16
mm. They have two layers with the second layer used for the
under-pass. Fig. 1 shows a high frequency two-port electrical
model of inductors based on LTCC [11].
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Figure 1. Two-port electrical model of LTCC inductors

From Figure 1, Lg models the effective inductance; R
models the loss in the metal lines (which is also the real part
of the series impedance of an inductor); C; and C, are the
combined coupling effect between the port pads and ground
plane, and also between the inductor lines and the ground
plane; C is the coupling capacitance between the inductor
lines and the underpass and between neighboring (adjacent)
inductor lines. Rs models the resistance due to skin effect at
very high frequencies. At low frequencies, this can be
neglected in the model. One way to increase the effective
inductance, L is by moving the ground plane far from the
inductor plane [12], thereby reducing the shunt parasitic
capacitances, C,; and C,. Keeping the ground plane close to
the inductor plane reduces Lg due to the negative mutual

coupling caused by the current flowing in the ground plane in
the opposite direction which is in the opposite direction to the
current flowing in the inductor [13]. Figure 2 shows the
photograph of three fabricated inductor structures which were
measured to obtain their Ly , Q, and Fgy,. Further, keeping the
inductor plane on the surface layer helps to minimize dielectric
loss by maintaining part of the inductor field propagating in the
air [12].

©

Figure 2. Photographs of the fabricated (a) 2.5 turns (b) 3.5 turns, and (c) 4.5
turns inductor structures

Figure 3, Figure 4, and Figure 5 show the measured and
simulated S-parameters and quality factors of the three
fabricated planar inductor test structures.
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Figure 3. Measured and modeled (a) S-parameters and (b) quality factors of
the 2.5 turns inductor
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Figure 4. Measured and modeled (a) S-parameters and (b) quality factors of
the 3.5 turns inductor
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Figure 5. Measured and modeled (a) S-parameters and (b) quality factors of the
4.5 turns inductor

The three inductor structures occupy a surface area of 1.93 mm
X 3.61 mm, 29 mm x 4.39 mm, and 4.06 mm x 56 mm
respectively. The values of Lg, R, Cy, C, Fyi, and Q. for the
2.5 turns inductor are 7.15 nH, 0.59 Q, 0.55 pF, 0.11 pF, 2.33
GHz, and 33.5 respectively and for the 3.5 turns inductor are
12.4 nH, 0.95 Q, 1.2 pF, 012 pF, 1.22 GHz, and 23.1
respectively. The values of the extracted model parameters for
the 4.5 turns inductor are 20 nH, 0.94 Q, 2.43 pF, 0.11 pF, 0.71
GHz, and 22.7 respectively for Lgr, R, Ci, Co Fer, and Q.
Some parameters that influence the behavior and performance
of inductors include the number of turns, N, the width of the
coils or meta lines, W, the inner radius of the spira inductor,
R, and the distance between the inductor and the ground plane,
d [14]. Some of these factors areillustrated in Figure 6.
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Figure 6. An inductor model showing the parameters that influence the
performance of an inductor

A higher quality factor was noticed with the 2.5 turns
inductor when compared to the 3.5 turns and 4.5 turns. The
increasing number of turns increases inductance since the
total inductor length increases as shown in Figure 7.
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Figure 7. The effect of increasing the number of turns, N and width, W on
the inductance of the inductor

The inductance of an inductor is directly proportiona to its
length but inversely proportional to the line width as in (4)
[14].

_ Ml (1,2
L—Zﬂ(lnp 1}, (4)

where d is the distance between the inductor plane and the
ground plane, w is the line width, | is the metal length, W is
the permeability of the medium, and p is afunction of length,
width and metal thickness. Increase in the number of turns
gives rise to a larger rate of increase in the inductance than
the effect of increasing the width. At lower frequencies, the
quality factor of the inductor with a larger number of turns
has almost the same value as that of a lower number of turns
asin Figure 8. Thisis as aresult of reduced series resistance
due to increased line width. At higher frequencies, parasitic
capacitance and frequency dependent resistance come into
play, which tends to have more effect on the inductor with
larger turns and degrades the quality factor. Inductors with
lower number of turns have lower series resistance, lower
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parasitic capacitance, and hence higher Q, at high frequencies.
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Figure 8. The influence of number of turns, N and increasing metal width, W
for spiral inductors with same spacing, S of 0.16 mm

The spacing S between inductor metal lines also plays a
role in the performance of an inductor. A larger spacing with
other parameter constants (N, W, and Rin) brings about an
increase in the inductance. This is due to the fact that as
spacing increases, the total length of the inductor increases
which gives rise to more amount of magnetic flux density and
hence a higher inductance. Larger spacing also lowers the
coupling parasitic capacitance between the inductor lines.
Inductors with higher R, have higher inductance when
compared to those with smaler R,. Magnetic field intensity
reaches its maximum at the center of the spira inductor and
thus for inductors with full inner windings (small R), a large
portion of the magnetic field passes through the inner metal
turns thereby inducing in the metal turns a strong current
density, and thus increasing their resistivity [13].

I1l. THE SEMI-STACKED SPIRAL INDUCTOR

The geometry of the semi-stacked spiral inductor is shown in
Figure 9. It has three turns with the outermost and innermost
turns on the top layer. The second turn is embedded in the
second layer, occupying the space between the outermost and
innermost turns. The semi-stacked structure is designed in such
a way that the turn in the second layer does not overlap with
turns on the top layer. Thus, the inter-wire capacitance as well
as the underpass capacitance is significantly reduced [15].

q]

Figure 9. 3-D view and top view of the three-turn semi-stacked spiral inductor
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This architecture takes the advantage of multiple mutual
inductance which occur in the 3-D structure by reducing the
area consumed (by up to 45%) when compared to
conventional spiral inductors. Figure 10 shows the S
parameters of the semi-stacked spiral inductor structure.

$12, 21

S$11, S22

S parameters, dB

Frequency, GHz
Figure 10. S-parameters of the semi-stacked spiral inductor structure

The area improvement does not come at the expense of
inductor performance. Also the longest turn is located on the
top layer with the lowest resistivity can lower the resistance
of the inductor, which will in turn reduce the amount of
degradation in the Q-factor. The spacing between the
adjacent turns in the semi-stacked inductor structure can be
minimized to zero thereby consuming a smaller area than
conventional inductors of the same inductance. This also
increases the mutual and self inductance of an inductor and
thus increases the total inductance of the inductor. The
inductor was designed in an LTCC substrate with dielectric
constant, ¢, of 8.4. The metal lines have athickness of 12 um
with line width of 200 um and inter-layer (between the top
and second layers) gap of 100 um. Table 1 shows a
comparison of the result of the three-turn semi-stacked
inductor structure with conventional stacked and planar
structures.

TABLE 1. SUMMARY OF COMPARED RESULTS OBTAINED FROM THREE
LTCC BASED INDUCTOR STRUCTURES

Parameter Semi- Conventional Planar

stacked stacked (N=3)
(N=3) (N=3)

Fsat (GHZ) 1.83 1.32 1.75

Q 433 474 42.1

L (nH) 14.41 22.8 14.33

Surface 1.11x15 23x18 2.3X

Area (mm) 2.08

The semi-stacked inductor structure showed a higher Fgys
and quite a high inductance while still maintaining the
smallest surface area possible.

IV.CONCLUSIONS

Three inductor structures were fabricated and
characterized. Some of the factors that influence the
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performance of an inductor such as the number of turns, N, the
width of the coils or metal lines, W, the inner radius of the
spira inductor, R, and the distance between the inductor and
the ground plane, d have al been described. Furthermore, a
semi-stacked inductor structure with high inductance value has
been designed which give a better performance and occupies a
smaller surface area when compared with other inductor
structures of the same number of turns and the same inductance
value (for the case of planar type). The inductor library can be
applied in RF monolithic microwave integrated circuits
(MMICs) and high speed ICs.
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