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Abstract—The structure of the miniature three–dimensional
(3-D) inductor is presented in this paper. The proposed miniature
3-D inductors have been fabricated in a standard digital 0.35-m
one-poly-four-metal (1P4M) CMOS process. According to the
measurement results, the self-resonance frequencySR of the
proposed miniature 3-D inductor is 34% higher than the conven-
tional stacked inductor. Moreover, the proposed miniature 3-D
inductor occupies only 16% of the area of the conventional planar
spiral inductor with the same inductance and maximum quality
factor max. A 2.4-GHz CMOS low-noise amplifier (LNA),
which utilized the proposed miniature 3-D inductors, has also
been fabricated. By virtue of the small area of the miniature 3-D
inductor, the size and cost of the radio frequency (RF) chip can be
significantly reduced.

Index Terms—CMOS RF circuits, inductors, factor, self-res-
onance frequency.

I. INTRODUCTION

W ITH THE continuing reduction of the gate length, the
unity-current-gain frequency of the active devices in

CMOS technology has exceeded 10 GHz. In addition, CMOS
possesses the capability to integrate with the baseband circuits.
Thus, CMOS technology seems to be an attractive candidate
for low-gigahertz ( 5 GHz) radio frequency (RF) applications
[1]–[3]. However, the poor characteristics of the passive devices,
especially the on-chip inductors and transformers, become the
greatest obstacles to realize the fully integrated transceiver in
CMOS technology.

Monolithic inductors are widely used in CMOS RF circuits,
such as the low-noise amplifier (LNA) [4], voltage-controlled
oscillator (VCO) [5], and power amplifier [6]. One of the most
important characteristics of the inductor is the quality factor.
The of the inductor significantly affects the performances of
the RF circuits and systems, such as the gain/power ratio of the
LNA [7], and the phase noise of the VCO [5]. Unfortunately,
the spiral inductors implemented in the standard CMOS process
suffer from poor quality factors due to the lossy property of the
CMOS substrate and the thin metal layers. Therefore, to realize
high- on-chip spiral inductors in the standard CMOS process
is one of the major challenges for CMOS RF researches.

Besides the , the self-resonance frequency is also an impor-
tant consideration for the on-chip inductors. The impedance of
the inductor becomes capacitive if the operation frequency ex-
ceeds the self-resonance frequency. In some cases, such as
the LNA and VCO, the highest useful frequency of the inductor
is much smaller than because the begins to fall off after
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, which is the frequency when maximum occurs, and
equals to zero at . Hence, increasing is necessary while
the frequency bands of the applications are getting higher and
higher. In addition, the planar inductor occupies a large die area
[8] and results in long interconnect lines among the passive and
active devices. Unfortunately, the long interconnect lines cause
excess signal loss due to parasitic resistances and capacitances.
Also, the larger die area raises the cost of the RF IC.

In this paper, a structure of miniature 3-D inductors
is presented and fabricated in a 0.35-m standard n-well
one-poly-four-metal (1P4M) CMOS process. The proposed
miniature 3-D inductor occupies only 16% of the area of the
conventional planar spiral inductor with the same inductance
and . Moreover, the of the proposed miniature 3-D
inductor is also 34% higher than the stacked inductor. The
basic concepts of the spiral inductor will first be reviewed in
Section II. Section III describes the structure of the proposed
miniature 3-D inductor. The analytical equations are derived
to compare the of the stacked and the miniature 3-D
inductors. The simulation result is given and capacitance
distribution models are proposed to elucidate the physical
meanings of the derived expressions. Experimental results of
the proposed inductors are presented in Section IV. A 2.4-GHz
monolithic CMOS LNA, which utilizes the proposed miniature
3-D inductors, is also demonstrated in this section. Finally,
conclusions are given in Section V.

II. BASIC CONCEPTS OF THEON-CHIP SPIRAL INDUCTORS

Fig. 1(a) shows the typical layout of the on-chip spiral in-
ductor. The on-chip spiral inductor can be defined by the de-
sign parameters, which are the outer diameter, the metal width

, the spacing between the wiring metal, and the number of
turns . A common simplified lumped-element model [9], [10]
is shown in Fig. 1(b). and represent the inductance and
series resistance, respectively. models the parasitic capaci-
tance consisting of the overlap capacitance between the spiral
inductor and the underpass metal, and the fringing capacitances
between metal wires. The oxide capacitance between the metal
wire and the substrate is modeled by . and are
used to model the loss of the silicon substrate.

In CMOS technology, the on-chip inductor suffers from three
main loss mechanisms, namely the ohmic, capacitive, and in-
ductive losses [9], [11]. Ohmic loss results from the current
flowing through the resistance of the metal tracks. Using a wider
metal line can reduce the ohmic loss, however, it also increases
the capacitive loss and can cause a decrease inand re-
sulting from the larger metal-to-substrate capacitance. The dis-
placement currents conducted by the metal-to-substrate capac-
itances and the eddy currents generated by the magnetic flux
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(a)

(b)

Fig. 1. (a) Layout and design parameters of the on-chip spiral inductor. (b)
Simplified lumped-element inductor model.

penetrating into the substrate result in capacitive and inductance
losses, respectively. Design an on-chip inductor involves trade-
offs among various design parameters. For example, increasing
the wiring metal width can improve of the inductor by re-
ducing the resistance of the metal tracks, but this method also
increases the area of the inductor. Moreover, this improvement
method will be limited by eddy current effect and skin effect in
the high frequency, even if the metal width is further increased.
Detail design guidelines of the on-chip inductor can be found in
[5], [9], and [12]. With the aid of CAD tools, such as ASITIC
[13], a nearly optimized inductor can be quickly attained.

The patterned ground shield (PGS) inductor [14], and mul-
tilevel parallel shunting inductor [15] have been proposed to
improve the quality factor at the price of degradation. The
planar spiral inductor often occupies a large die area in the RF
IC, and this causes some limitations on placement and routing.
Using stacked inductors [16] can save the die area, however, this
also sacrifices . Hence, an on-chip inductor with small area,
high , and high quality factor will greatly benefit CMOS RF
integrated circuit design.

Fig. 2. Structure of the conventional stacked inductor.

Fig. 3. Structure of the miniature 3-D inductor.

III. PROPOSEDMINIATURE 3-D INDUCTOR

A. Conventional Stacked Inductor Structure

The conventional stacked inductor, as shown in Fig. 2,
consists of series-connected spiral inductors in different metal
layers. Every spiral inductor in the different metal layers may
have the same or different turns. The wires wind downward
from the top metal layer to the bottom one. A distributed model
of the stacked inductor can be found in [17].

B. Proposed Miniature 3-D Inductor Structure

Our proposed miniature 3-D inductor structure is illustrated
in Fig. 3, and its distributed model is shown in Fig. 4. Every
segment in the distributed model represents a single stacked in-
ductor and models the mutual coupling between the
adjacent stacked inductors whereis the th turn. The miniature
3-D inductor consists of at least two or more stacked inductors
by series connections, and every stacked inductor has only one
turn in every metal layer. For example, if there are two stacked
inductors with different diameters, and one of them is a one-turn
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Fig. 4. Distributed model of the proposed miniature 3-D inductor.

stacked inductor from the metal layer 4 to the metal layer 1 and
the other is a one-turn stacked inductor from the metal layer 1
to the metal layer 3, then the miniature 3-D inductor is formed
by connecting two stacked inductors at the metal layer 1.

C. Derivation of Self-Resonance Frequency

Stacked and miniature 3-D inductors use the multiple metal
layers to achieve the required inductances in the small area. Un-
fortunately, using the lower metal layer also decreases theof
the inductor. In order to investigate the of these two types
of inductors, analytical equations have been derived. For sim-
plicity, the following assumptions are made.

1) In this experiment, the width of the metal tracks (5 m)
is much larger than the metal thickness (0.95 m).
Therefore, even for a small spacing between the adjacent
metal tracks, the capacitances between them are usually
smaller than the interlayer capacitances. Hence, the
first assumption ignores the capacitances between the
adjacent tracks [17].

2) The spacing when calculating the lengths of the metal
tracks is ignored.

3) In the same turn, the voltage potential is equal and is de-
termined by averaging the voltages of the previous turn
and the next one.

4) Voltage distribution is proportional to the lengths of the
metal tracks [17].

Supposing a 2-layer stacked inductor with inner radius, metal
width , and turns in each layer, the voltage profile across the
inductor is shown in Fig. 5 and the self-resonance frequency can
be derived as follows.

The ratio of the metal length for every turn can be expressed
as

(1)

where is the metal length of the th turn. The beginning
voltage of the th turn in the top metal layer is

(2)

Fig. 5. Voltage profile ofn-turn 2-layer stacked inductor.

The ending voltage of the th turn in the top metal layer is

(3)

Hence the voltage of the th turn in the top metal layer is

-

(4)

Using the same method, the voltage of theth turn in the
bottom metal layer can be calculated as

(5)

So, the voltage drop between the top and the bottom metal layer
of the th turn is

(6)
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Assume represents the metal-to-metal capacitance per
unit area, then the electric energy stored between the top and
the bottom metal layers of theth turn is

(7)

Therefore, the equivalent capacitance between the top and the
bottom metal layers of the th turn is

(8)

In addition to the metal-to-metal capacitance, the capacitance
between the bottom metal layer and the substrate is also con-
sidered. Assuming that represents the metal-to-substrate
capacitance per unit area, the equivalent metal-to-substrate ca-
pacitance of the th turn is

(9)

Fig. 6. Voltage profile ofn-turn 2-layer miniature 3-D inductor.

Thus, the total equivalent capacitance of the-turn 2-layer
stacked inductor is shown in (10) at the bottom of the page.
Now, calculate the total equivalent capacitance of the miniature
3-D inductor, which has all the same design parameters as the

-turn 2-layer stacked inductor. The voltage profile across the
miniature 3-D inductor is shown in Fig. 6. After the tedious
derivations, the total equivalent capacitance of the miniature
3-D inductor can be calculated as shown in (11) at the bottom
of the page.

D. Simulation Results and Discussions

Table I tabulates the total equivalent capacitances, calculated
by (10) and (11), of the 4-turn 2-layer stacked inductor and
miniature 3-D inductor with different inner radii, and wiring
metal widths . It shows that the equivalent capacitances of the
stacked inductors are larger than those of the miniature 3-D in-
ductors. Because the self-resonance frequency of the inductor
can be defined as , where and
are the equivalent inductance and capacitance, respectively, the
analytical analysis indicates that the miniature 3-D inductor has
a higher than the stacked inductor.

According to (8)–(11), Fig. 7(a) and (b) shows the accumu-
lated metal-to-metal, metal-to-substrate, and the accumulated

(10)

(11)
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TABLE I
TOTAL EQUIVALENT CAPACITANCES OF THESTACKED INDUCTOR AND

THE MINIATURE 3-D INDUCTOR WITH DIFFERENT INNER RADII AND

METAL WIDTHS

(a)

(b)

Fig. 7. Accumulated metal-to-metal, metal-to-substrate, and total equivalent
capacitances of 4-turn 2-layer (a) stacked and (b) miniature 3-D inductors.

equivalent capacitances of 4-turn 2-layer stacked and miniature
3-D inductors with 30-m inner radius and 10-m wiring metal
width, respectively. In Fig. 7(a), the accumulated metal-to-metal

, metal-to-substrate , and the ac-
cumulated equivalent capacitances increase with
an increased number of turns. This result can be explained by

(a)

(b)

Fig. 8. Capacitances distribution models of (a) stacked and (b) miniature 3-D
inductors.

the capacitances distribution model, as shown in Fig. 8(a), of
the stacked inductor. While increasing the turns of the stacked
inductor, more and more metal-to-metal and metal-to-substrate
capacitances are generated and parallel connected. Thus,
the accumulated equivalent capacitances become larger and
larger. Hence, the self-resonance frequency of the stacked
inductor decreases while the number of turns increases. As
shown in Fig. 8(b), the capacitance distribution model of the
miniature 3-D inductor is used to elucidate the results shown
in Fig. 7(b). First, while the number of turns increases, more
and more metal-to-metal capacitances
are generated and series connected. It results in smaller and
smaller accumulated metal-to-metal capacitance. Second, the
metal-to-substrate capacitance is larger
than that of the stacked inductor because the voltage drops
between the bottom metal layer and substrate may be larger
than of the miniature 3-D inductor but always smaller
than in all turns of the stacked inductor. In Fig. 7(b), the
accumulated equivalent capacitance is much
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TABLE II
TECHNOLOGYPARAMETERS OFTSMC 0.35-�m 1P4M CMOS PROCESS

TABLE III
INDUCTORSUSED TO INVESTIGATE THE EFFECTS OF THEDIFFERENT

INNER RADII , SPACINGS, AND WIDTHS UPON THE INDUCTANCES

AND QUALITY FACTORS

smaller than that of the stacked inductor, and this means the
miniature 3-D inductor has higher self-resonance frequency.

To further verify the improvement of our proposed minia-
ture 3-D inductor before fabrication, one miniature 3-D inductor
and one stacked inductor, with 2-turn 4-layer 35-m inner ra-
dius, 10- m metal width, and 5-m spacing, were simulated
by the EM simulator Microwave Office 2000.1 Results of the
EM simulator show that the inductances of these two inductors
are the same: 7.8 nH. However, the of the miniature 3-D
inductor is 8.6 GHz and of the stacked inductor is 6.2 GHz.
EM simulation results prove that the proposed miniature 3-D
inductor indeed improves the of the conventional stacked
inductor.

IV. EXPERIMENTAL RESULTS AND APPLICATION

The proposed miniature 3-D inductors have been fabricated in
a 0.35- m standard n-well 1P4M CMOS process. The process
parameters are tabulated in Table II. A 2.4-GHz CMOS LNA has
also been fabricated in the same process to verify the functions
of the miniature 3-D inductors.

1Applied Wave Research, Inc. [Online.] Available: http:// www.mwof-
fice.com

(a)

(b)

Fig. 9. (a) Inductances and (b) quality factors of the miniature 3-D inductor
with different inner radii.

A. Measurement Results of Miniature 3-D Inductors

Table III lists the fabricated 2-turn 4-layer miniature 3-D in-
ductors to assess their characteristics. Fig. 9(a) shows that the
inductance with the larger inner radius has the larger inductance
due to larger magnetic flux, but it also suffers from low quality
factor and self-resonance frequency, as shown in Fig. 9(b). In
this experiment, the different spacings did not have much influ-
ence on inductance, as shown in Fig. 10(a). Fig. 10(b) shows
that the inductor with the larger spacing has the higher quality
factor in the high-frequency range, and this result coincides with
[13]. Fig. 11(a) and (b) should be carefully examined to avoid
incorrect conclusions. The wider metal width did not improve
the quality factor in this experiment due to the higher resistance
of the larger outer diameter. In this case, the miniature 3-D in-
ductor with 20- m metal width has a higher quality factor below
2.5-GHz than the one with 15-m metal width. In the high-fre-
quency range, the wider metal width does not help reduce the re-
sistance due to the skin effect; moreover, the wide metal width
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(a)

(b)

Fig. 10. (a) Inductances and (b) quality factors of the miniature 3-D inductor
with different spacings.

contributes more energy loss through the larger metal-to-sub-
strate capacitance. Thus, the quality factor of the miniature 3-D
inductor with 10- m metal width is higher than the one with
15- m metal width in the high-frequency range.

A miniature 3-D inductor consists of two or more series-
connected single-turn stacked inductors, and thus the coupling
should be generated between the adjacent stacked inductors.
For a 2-turn 4-layer miniature 3-D inductor, the inner and outer
stacked inductors were fabricated and measured to extract the
coupling factor. represents the inductance of the inner
stacked inductor with 40-m inner diameter and 15-m metal
width, and represents the inductance of the outer stacked
inductor with 56- m inner diameter and 15-m metal width.
According to the following equations

(12)

(13)

where is the measured inductance of the 2-turn 4-layer
miniature 3-D inductor, is the mutual inductance, and the
extracted coupling factor is 0.3.

(a)

(b)

Fig. 11. (a) Inductances and (b) quality factors of the miniature 3-D inductor
with different metal widths.

B. Comparisons of the Planar, Stacked, and Miniature 3-D
Inductors

Fig. 12(a) shows one planar inductor and one miniature 3-D
inductor. The sizes of the planar inductor and miniature 3-D in-
ductor are m m and m m, respectively.
In this example, the miniature 3-D inductor uses only 16% of
the area to achieve the same inductance as the planar inductor,
and the higher compares to the planar inductor, as shown
in Fig. 12(b). The planar inductor can use the narrower metal
line to achieve the same inductance with the smaller die area,
and its will occur at a higher frequency. However, using
the narrower metal line may decrease theand even due
to the larger resistive loss. In most applications,significantly
determines the performances of the circuits, and therefore it is
not acceptable to minimize the occupied area withdegrada-
tion.

In order to compare the self-resonance frequency of the
stacked and the miniature 3-D inductors, a 2-turn 4-layer
stacked inductor has also been fabricated in the same process
with 40- m inner diameter, 10-m metal width, and 1-m
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(a)

(b)

Fig. 12. (a) Die photo of the planar inductor and a miniature 3-D inductor. (b)
Measured inductances and quality factors of the planar and the miniature 3-D
inductors.

Fig. 13. Measured inductances and quality factors of the stacked and the
miniature 3-D inductors.

(a)

(b)

Fig. 14. (a) Schematic and (b) die photo of a 2.4-GHz CMOS LNA.

spacing. Fig. 13 displays the inductance and quality factor of
the stacked and miniature 3-D inductors with the same area.
The miniature 3-D inductor increases self-resonance frequency
by 34%, from 11.8 to 15.8 GHz, with only 8% degradation
of the quality factor. The measured equivalent capacitances of
the miniature 3-D inductor and the stacked inductor are 24.4
and 36.5 fF, respectively. If we extend (10)–(11) to-turn
4-layer, then the predicted equivalent capacitances, which are
25.2 and 36.8 fF, respectively, are very close to the measured
ones. That means our derived equations can be used to quickly
and accurately estimate the of the multilayer multiturn
inductor.

Compared to the planar inductor, the miniature 3-D inductor
has the advantages of not only small area but also better
quality factor. The stacked inductor also can use a smaller
area to achieve the required inductance, but it suffers from
low self-resonance frequency. Although a modified version of
the stacked inductor has been proposed in [17], it needs more
metal layers to move the spirals away from each other in order
to increase . The miniature 3-D inductor is a new proposed
structure to improve the self-resonance frequency without
enlarging the area and requiring additional metal layers.

C. Application

On-chip inductors are often used in RF circuits, such as the
LNA. The schematic of a single-stage fully monolithic CMOS
2.4-GHz LNA and its die photo are shown in Fig. 14(a) and (b),
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Fig. 15. Measured performances of 2.4-GHz CMOS LNA.

respectively. This LNA utilizes two miniature 3-D inductors,
one used in the input matching network and the other being the
loading. The measured is 14 dB, is 8 dB, and is
3.7 dB at 2.4 GHz with 10 mW power consumption, as shown in
Fig. 15. The area of the CMOS LNA is only 350m 280 m
and is almost equal to the area of one planar spiral inductor. This
experimental result verified the functions and also emphasized
the small area of the miniature 3-D inductor.

V. CONCLUSION

In this paper, a miniature 3-D inductor structure is proposed
and several test keys have been fabricated in a 0.35-m standard
1P4M CMOS technology. The miniature 3-D inductor saves
about 80% area, which is required by the conventional planar
spiral inductor with the same inductance. We derive analytical
equations to estimate the of the miniature 3-D inductor and
the stacked inductor and also propose capacitance distribution
models to prove that the miniature 3-D inductor has a higher
self-resonance frequency than the stacked inductor.

Owing to the advantages of the small area and high self-res-
onance frequency, the proposed miniature 3-D inductor is very
suitable for RF applications. Moreover, the miniature 3-D in-
ductor is fabricated in the standard CMOS process; thus it will
not require any process modifications resulting in additional
cost. Finally, the proposed structure is not only for CMOS tech-
nology but also can be applied to SiGe or Bipolar process.
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