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ABSTRACT

The performance of stacked and miniature three-dsm@al spiral inductors is analyzed and compacedtandard
planar coils. For this purpose, nine of these neuctires have been fabricated in a Oud®four-metal SiGe process.
According to the measurement results, some of tispgsed stacked inductors occupy only 48% of tlea af a
conventional planar inductor with the same inductamalue and work frequency. The area reductioavien more
significant with the miniatue 3-D structures, which occupy only 22% in someesasnd translate the inductor self-
resonance frequency to higher values than the ciovaal stacked inductors. In spite of this areduntion, these new
structures employ metal levels close to the sutestrahich significantly degrades the quality fact8o the standard
planar coils continue to be the best choice if designer requires high-quality inductors. Howewtacked and 3-D
miniature structures could be a better solutigdhéfarea saving is the circuit major priority.
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1. INTRODUCTION

At the present time, the efforts of RF designeesearcouraged to reduce the cost and the power imgtisun of wireless
access devices, extended to every facet of moderrOne of the most effective proposals to th&uesis increasing the
level of integration, so silicon-based processespaeferred. However, silicon is a low resistivesttate, and obtaining
high-quality integrated inductors becomes a chghen

The final performance of voltage controlled ostifa (VCOs) [1] [2], low noise amplifiers (LNASs) [3matching
networks and distributed amplifiers depends strpogl the inductor behavior [4]. Besides this, ngpearing standards
tend to use higher frequency range.

However, inductor performance at high frequencgeasgously degraded by several phenomena such askitheffect
and the eddy currents in substrate and metal trdd¢esefore, as the required inductance value amd Wequency for
radio frequency integrated circuits (RFIC) increabe design of standard high-quality factor industbecomes more
and more difficult.

Many studies have tried to solve this problem amgrove the inductor quality by employing toroid&l [6] and
solenoidal [7] structures or removing the silicarder the spiral [8] [9] for example. However, dlltbem make use of
unconventional processing or post-processing teciasi not suitable for large-volume production.

On the other hand, there are a number of recedicafipns where the most important requiremenhis area saving,
more than the inductor quality [10]-[15]. Hencemnen-chip structures with small area, high perfonoe and no
additional processing steps would greatly bendfitQRdesign.

In this paper, some of these new structures arl/zeth Section 2 revises the basics concepts obthehip spiral

inductors. Recently appearing inductive structuaes then presented and evaluated. Section 3 istetbvo stacked
inductors and Section 4 to miniature 3-D structuFésally, results are discussed in Section 4, wlsgrme conclusions
are exposed.
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2. STANDARD ON-CHIP SPIRAL INDUCTORS

The conventional approach to design an integratéddtor on silicon is to layout a simple metallgral directly on the
substrate (see Fig. 1). At least two metal levalstrbe available, because an underpass is reduiigide access to one
of the inductor’s port. The challenge is to chodse,a given technology with fixed metal propertiéise optimum
combination of the number of turns)(the metal widthw), the spacing between traclks 4nd the external radio)(to
provide a specific inductance and optimum quabkistdr at the work frequency.

Underpass r

Fig. 1. Layout and geometric parameters on an gmsgiral inductor.

As said in the introduction, this task is disturtschigh frequencies by the eddy current effectsubstrate and metal
turns and skin effect in the metal conductor. Hosvean optimized inductor can be quickly obtainethwhe aid of a
selector tool. We presented in previous works amatric model that predicts accurately the induptformance from
the geometric and technological coil parameter$. [ABo, an inductor selection tool named IMODELsneplemented
based on this model [17]. The algorithm runs a gwafeall inductor geometrical parameters and th&t bew, s andr
combination to maximize the quality factor is paed for an inductance value and a work frequendye ol is
technologically scalable, and the foundry processaumeters are configured by a text file.

The inductors studied in this work are designedgisi 0.35um SiGe Austrian Mikro Systems (AMS) process [18]. |
provides four metal levels, three of them are simiWith equal thickness and conductivity, and titye metal level is
thicker and more conductive. Inductors are desigmitid this metal, thick and conductive enough tesent a low coil
resistance, and far from substrate enough to wohigh frequencies.

After analyzing carefully the inductors given by @NDEL, it can be concluded that the quality factbthe provided coil
decreases and the occupied area grows up as thieeceinductance and frequency increase. Therefanme authors
recommend stacked [19] and 3-D [20] inductors a®lation to reduce the inductor area and increhserésonant
frequency and quality factor.

3. STACKED INDUCTORS

Stacked inductors were originally introduced in Gaéchnologies by Geen [21], and later used in C\d@f8esses by
Soyuer [22] and Merrill [23]. As it can be seenFig. 2 (a), consists of series-connected spiraliétats in different
metal layers. Since the spirals are identical, itftRictance value of each spiral separately willthe same. Spiral
inductor segments in different layers, close tche@ber, have positive mutual inductance betweemthecause current
flows to the same direction. So, the total inducéavalue of the structure will increase due tosttneng mutual coupling
between them, and it can be achieved high induetamsmall area. However, the use of more metarkayakes the
capacitive parasitic effects amplify, because & thetal-to-metal new capacitance and the incresbeometal-to-
substrate oxide capacitance. Thus, the stackedtodsuffers from the low self-resonance frequency.

In order to reduce the equivalent capacitance ofieotional stacked inductor, modified stacked itdisare proposed
(see Fig. 2 (b)) [19]. The structure is similardonventional stacked inductor, but it is implements using non-



sequent metal layers. Studies about the influerfcthe oxide thickness between metal layers on st@hdkductor
performance conclude that the quality factor imgglightly and is shifted to higher frequenciesifgreasing the
thickness [24].

M-th layer

M-th layer =

(M-2)-th layer, i : ; (M-2k)-th layer

a) b)

Fig. 2. Structures of stacked inductors: convetig¢a) and modified (b).

Five square stacked inductods « dexr) were fabricated in the 0.38n SiGe AMS process to test its performance. The
main geometric parameters are summarized in Tabldd measurement system used for the inductoactaization
consists of the HP8720ES Vector Network Analyzet e Summit 9000 Probe Station. To calibrate teasurement
system, the short-open-load-through (SOLT) methad applied. Finally, the four-steps de-embeddinthote[25] was
followed to remove the parasitic effects introdubgdhe measurement structures.

Table 1. Main geometrical parameters of the falbeitatacked inductors.

Inductor dext w S n Metal layers
SI1 90 um 6um 2um 3 M4 and M2
SI2 90 um 12um 2um 2 M4 and M2
SI3 90 um 12pm 2um 2 M4 and M3
Sl4 100um 6um 2um 2 M4 and M2
SI5 100pum 6um 2um 3 M4 and M2

Fig. 3 compares SI2 and SI3 performance, only wiffeed by the employed metals. We can see thanthetance
value is the same because the lateral dimensiensearly two orders of magnitude greater than #rdoal dimensions.
Unfortunately, the employed VNA provides measurathdup to 10 GHz, and the SI2 quality factor displaent to
higher frequencies cannot be noted. Neverthelessgam infer from inductance curves that the resofraquency is
lower for SI3 inductor. Momentum simulations predfat it is nearly 10 GHz higher for SI2.

Table 2 recaps the performance of the fabricatédddtors: the inductance value) (the maximum quality factoQuax),
and the frequency at which it is reach&gifx). In order to compare stacked and standard indsictieese measured data
are used to look for the optimal standard indufdothe same application as the stacked inductsuiisble. The values
of L andfguax in Table 2 are the input data for the inductoestbn tool IMODEL.
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Table 2. Performance of the fabricated stackeddtuts.
Inductor L (nH) Quiax fowax (GHz)
SI1 3.0 4.4 4.9
SI2 0.9 5.7 7.8
Sl4 2.0 5.7 5.9
SI5 3.6 4.4 4.1
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. 4. Quality factor and inductance for fabrichgtacked coils and provided by IMODEL standardscoi



Fig. 4 compares the main parameters of the meastaiekled inductors (Sl) and the standard indu¢tM®D) provided
by the software IMODEL. It can be seen that theliuéactor is considerably higher for the standarductors. This
improvement is less significant as the inductanaleier goes up (see Table 3). In the same mannegrézesaving in
stacked inductors is also smaller for low inducémdn the case of the 0.9 nH inductors (S12 an®IN), the quality
factor in the standard structure is 10 points bétten the stacked one, and the occupied areashi@her (400Qum?
silicon saving). However, in the case of the 3.6in#ictors (SI5 and IMODS5), the quality factor bktstandard coil
improves 5 points and the occupied area is 69%ehnifp00um? silicon saving).

Table 3. Main parameters of stacked (SI) and standslOD) inductors in Fig. 4.

Inductor Quiax area @m?  Inductor Quiax area (um?)
Si1 4.4 90x90 IMOD1 10.5 130x130
SI2 5.7 90x90 IMOD2 16 110x110
Sl4 5.7 100x100 IMOD4 12.4 130x130
SI5 4.4 100x100 IMOD5 9.5 130x130

4. MINIATURE 3-D INDUCTORS

In an attempt to preserve the advantages of stdokiedtor, and at the same time to increase trenegg frequency and
the quality factor, Tang et al. proposed in 20@rtfiniature 3-D inductors [20]. This structure detssof at least two or
more stacked inductors by series connections, aadyestacked inductor has only one turn in everyamiayer. For

example, if there are two stacked inductors wiffedent diameters, and one of them is a one-twokstd inductor from
the metal layer 4 to the metal layer 1, and theroth a one-turn stacked inductor from the metatidal to the metal
layer 3, then the miniature 3-D inductor is fornfigdconnecting two stacked inductors at the metakIgig. 5 shows.

Port 2

Fig. 5. Structure of the miniature 3-D inductor.



Four square 3-D inductors were fabricated to verify performance. Table 4 summarizes the main gearak
parameters and the number of stacked inductorssagtture is formed by.

Table 4. Main geometrical parameters of the faketaniniature 3-D inductors.

Inductor dext w s stacked n°
3DI1 80um 6 um 2um 2
3DI2 100um 6 um 2um 2
3DI3 100um 6 um 2um 3
3DI4 100um 10pum 2um 2

In the same way we proceed for the stacked indsictoiniature inductors are compared to standardcimgls obtained
from IMODEL. For this purpose, measured inductaandfomax 0f 3-D inductors, shown in Table 5, are employed a
input data in the inductor selection tool. Notetthaniature 3-D structures were carefully designedbtain higher

inductance values than the provided by the falwttatacked inductors.

Comparison results are summarized in Table 6 apwishn Fig. 6. We can see that standard inductoosiged by

IMODEL do not reach quality factors as high as éhosFig. 4. This is due to the input inductanckues, which are
higher than in the case of stacked inductors. Ad #a the introduction, the more inductance is iesp for a

conventional coil, the lower is the quality factddevertheless, the quality of standard inductorstinoes to be
significantly better than in the case of 3-D stawes. On the other hand, the latter occupy onlween 22% and 39% of
the area occupied by the conventional coils, witigblves silicon saving up to 225@6n°.

Table 5. Performance of the fabricated miniatui2 iductors.

Inductor L (nH) Qumax fowax (GHz)
3DI1 4.4 3.5 3.9
3DI2 6.6 3.0 2.9
3DI3 10.2 25 2.0
3DI14 4.6 3.6 3.0

Table 6. Main parameters of 3-D (3DI) and standdvDD) inductors in Fig. 6.

Inductor Qwiax area @um?  Inductor Quiax area (um?)
3DI1 35 80x80 IMOD1 8.3 170x170
3DI2 3.0 100x100 IMOD2 7.1 180x180
3DI3 2.5 100x100 IMOD4 6 180x180
3Dl4 3.6 100x100 IMOD5 8.4 160x160




Tang et al. compare in [20] conventional planar a#d inductors with the same inductance value &edsame quality
factor at the work frequency. In this case the aaang would be more than usually higher by usSHg structures.
However, this comparison may not be suitable bec#use make the quality of both structures agthe,standard coil
is forced to diminish the quality factor by occupyia bigger area. Authors state in the same papeéttieir proposed
miniature structure has the advantages of not smigll area but also better quality factor. This kvproves that this
assertion is not true, provided that standard itatacare designed carefully to be optimum for egmplication.
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Fig. 6. Quality factor and inductance for fabrichstacked coils and provided by IMODEL standardscoi

5. DISCUSSION AND CONCLUSION

It can be derived from results that inductor go@dndepends on the requirements of the circuit wiésegoing to be
employed. Designers should analyze the tradeoffdet quality and occupied area.

Table 7. Suitable inductor depending on the requérds.

Main requirement Suggested structure
Maximum quality factor Standard planar inductor
Area saving Stacked/3-D
Very high inductance value or frequency Stacked/3-D

Maximum self-resonant frequency 3-D




As said in the introduction, there are applicatiai®ere the most important constraint is the areangamore than the
high quality factor. In these cases stacked andi@dDctors are a good choice. Selecting the foronéhe latter depends
on the required self-resonant frequency, whichviggs higher in 3-D structures.

However, when the most important requirement ischality and the needed inductance value and freyuare not
very high, it is possible to find a suitable stamdeoil with the help of a reliable selector toslIMODEL.

On the other hand, the quality factor of the optimaonventional inductor goes down for applicatiavigh high

inductance value and work frequencies (higher thatH and 6 GHz for inductors designed in the emgdofoundry
process). Again, new inductive structures wouldabgood solution for these requirements. Table 7nsarzed these
conclusions.
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