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Systematic Analysis and Modeling of Integrated
Inductors and Transformers in RF IC Design

Yorgos K. Koutsoyannopoulp$lember, IEEEand Yannis PapanandSenior Member, IEEE

Abstract—An efficient modeling technique and a novel CAD  The advent of SiGe technology has pushed the limits of wire-
tool for the accurate prediction of the performance of inte- |esstelecommunication applications that are implemented in in-

grated inductors and transformers is presented. This generic tegrated form beyond 2.5 GHz. In these cases, low-value high-
and process-independent approach generates lumped-element ision induct d ded i d t t the stri
models that easily plug into the RF IC design flow. Their accu- PreciSion INGUCIances are demancecin oraerto meet the Stin-=

racy is established through comparisons with measurements of 9€nt circuit specifications. The existence of reliable integrated
numerous fabricated inductor structures. This paper intends to inductor models to be used in simulations is very crucial in such
provide answers to vital questions in regard to existing limits designs [2].

and future expectations of the performance of on-chip inductors e industry has already appreciated the benefits of high-
using comprehensive nomographs and quantitative analysis of - . . -
spiral inductor families. A LNA design paradigm depicts how quality mtegrated mducto_rs an_d is W|II|ng to adapt the existing
first-time-working silicon can be achieved when on-chip inductors’ Processes in order to achieve improved inductive elements. The

coupling is taken into account during the layout design process, inclusion of Au or Cu metal layers, the increase of the thickness

minimizing risk, time, and cost. of metal alloys and dielectric materials, the decrease of the di-
Index Terms—inductor modeling, integrated spiral inductors, ~€lectric constant of the dielectric materials, and the increase of
integrated transformers, RF IC design. the substrate resistivity are among the changes that will help to

accomplish quality-factor values of above 15. Hi@hen-chip
inductors can give the opportunity to implement reliable on-chip
passive RF filters on silicon substrates, in the near future. Sig-
N-CHIP inductors generally enhance the reliability angdificant efforts have already been reported [30]-[49] in litera-
efficiency of silicon-integrated RF cells; they can offeture that aim to provide highy inductive structures for critical
circuit solutions with superior performance and contribute toRF applications. All these results might lead to the replacement
higher level of integration. of some of today’s off-chip components, while removing the
In low-noise amplifiers (LNA's), integrated inductors carburden of input/output impedance matching wherever this ap-
be used to achieve input-impedance matching without deterjglies. Silicon-area optimization probably remains the last se-
rating the noise performance of the cell [1]. They can also B®us obstacle toward the extensive usage of integrated induc-
used as loads intending either to improve the gain capability ks in industrial applications.
the amplifier or to reduce its power consumption [2]. The usageFirst-time working silicon is the ultimate target in every
of an on-chip transformer in an LNA circuit has also beerC design. This goal becomes more difficult to achieve as the
reported [3]. In this case, the transformer is used to provide fisquency of operation increases. Moreover, the inclusion of
inductive feedback path aiming to improve the linearity and poorly characterized element as the integrated inductor in a
stability of the circuit. design turns the whole process to an extremely risky matter. The
During the past few years, design efforts have been focusai¢h of this work is to minimize the risk, the time, and cost of
on integrating voltage-controlled oscillator (VCO) cells, inthe inclusion of integrated inductor structures in silicon RF IC
cluding the passivé.C' tank, in a single chip while achieving designs. This is achieved through the systematic presentation of
low phase-noise performance ([4] and elsewhere). To ensttie properties and nature of integrated inductors, as well as the
a very low phase-noise signal, the existence of a high-qualitymerous design cases, parametric evaluation, and nomographs
LC resonator for the VCO is demanded. The quality of thgat will allow the engineer to gain insight in Si inductors.
resonator circuit is dominated by the quality factor of the In this paper, a generic and process-independent model for
on-chip inductor; hence, the design of such passive deviagmulating the performance of arbitrarily shaped and multi-layer
remains of major importance. inductors and transformers on silicon substrates is presented [5].
A multitude of inductor and transformer structures has been fab-
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Fig. 1. Distinct operational regions of a typical integrated inductor over a
low-resistive substrate in terms of its inductance.

Fig. 2. Equivalent two-port for one segment of the spiral inductor.

presented later. The principal objective of this paper is to pro-
vide to the designer answers to vital questions, such as what
to expect from contemporary and future silicon-based technolo-
giesregarding all the characteristics of spiral inductors. The pro-
posed model succeeds in accurately predicting the performance
of on-chip inductive elements in a wide frequency band that ex-
ceeds 10 GHz. Since the low resistivity of the substrate in silicon
processes lowers the first self-resonance frequency of the inte-
grated inductors, this area of operation cannot be overlooked any
more. For the first time, the behavior of the integrated inductorgy. 3. Parallel coupled spiral segments over Si substrate.
in the vicinity of their self-resonance frequency and beyond is

investigated. the experimental results of a subset of the fabricated inductors
To resolve the confusion that exists regarding the peind transformers are compared to simulated models, proving
formance of typical integrated spiral inductors, a generieir accuracy, while Section V gives the design optimization
description will clarify their operating regions, before anghints and guidelines. Finally, it also presents a comprehensive
after resonance frequency. Among the principal quantities thgiradigm of the design of a LNA used as a demonstrator of the
measure performance of an inductor is its inductance @lle - precautions taken when implementing a multi-inductor layout
While an ideal inductive element exhibits a constant inductangesign.
value for all frequencies, every nonideal integrated inductor
exhibits an inductance value that would resemble to the func-|| A NALYTICAL MODELING OF INTEGRATED INDUCTORS
tion of frequency depicted in Fig. 1. In terms of the inductance .
value, Fig. 1 displays qualitatively the three distinct regiorfs: El€ctrical Model
of operation that most integrated inductors, over low-resistive For accurate and fast modeling of integrated inductors, an
silicon substrates, usually reveal. Region | in Fig. 1 comprisetectric-equivalent circuit compatible with SPICE-like simula-
the useful band of operation of an integrated inductor. Insiders has been developed. Remarkable efforts have already been
this region, the inductance value remains relatively constaeported in literature toward the modeling of integrated induc-
and the passive element can be securely used. Region Il istibis. Most of these have proposed lumped element models for
transition region in which inductance value becomes negatisinplicity and speed, such as those presented in [6]-[15]. In
with a zero crossing, which is the first self-resonance frequenoyr approach, each segment of the inductor is modeled with a
of the inductor. Beyond this critical frequency point, the passite/o-port network consisting of lumped elements, as shown in
element starts performing as a capacitor, and operation shokid. 2. Two coupled microstrips in a typical silicon process are
be avoided. The inability to predict the limits of Region Il andirawn in Fig. 3. The geometry characteristics of interest are the
the exact resonance frequency has forced designers to be wegk widthw of the spiral, the distance between two adjacent
reluctant with the usage of on-chip inductors. By applying thegarallel trackss, and the height of the metal tra¢kThe height
modeling method presented in this paper, resonance frequentyhe Si substrate and the Siinsulator arehs; and hgio,,
can be accurately predicted and the spiral inductor can evenrespectively. The main elements of the two-port are the series
used as ar.C-tank, eliminating the need of an area-spendinigductancel, the resistanc& of the segment, and the capaci-
integrated capacitor. In Region 1ll, the integrated elemetursC), formed by the insulating Sigbetween the inductor and
exhibits capacitive behavior and, on top of all, a quality-factdhe Si substrate. All equations referred to hereinafter are listed
value that is almost zero, making it practically useless. in Table I. L is calculated by (1), whild? is given by (2);R.n
Section Il of the present paper describes in detail the propossdhe sheet resistance of the metal track. All lengths are in cen-
modeling technique of on-chip inductors and Section Il givegmeters, while inductance is given in nanohengs.is given
a brief presentation of the developed CAD tool. In Section My (3).
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TABLE |
EQUATIONS OF THEPROPOSEDGENERIC MODEL
Equation Reference
L =21{n[21 /(w+1)]+0.50049 +(w+1)/ 31} 1 [16)
R=R,I/w 2)
C,=&w/h €)
M =2lU ) [16]
K, =M, [JLL, (5)
IM =M s+ M)~ (M5 + M, ;) (6) [16]
M =, +M,,)-(M,+M,) % [16]
M, =2cos ¢[1 tanh™ (-—m—) +m tanh"( / ):| ®) [16]
l+y m+y
Mlm = 2COS ¢l(M/z+l,v+m + M/w)_ (M/I+I,V + Mv+m,/1)— ‘Qiz /Sin ¢] (9) [16]
T Ll dZ cosg+Imsin® [ d,cosd /[ d,cosd
_z z _ z _ z 16
2 2+tan |: d,R, sing ] fan [ lsing J fan [msin¢) (10) [16]
= pgl (whg) (11)
(w+ ) 1/z Y
! —, dw= —l 4 2 17
s 80 rSl’Aw [1+ ,s‘] 2 n{ e/‘/i W/t+11) ] (1 ) [ ]
WL 1 1 A w 8h 4w
G, =6—=,6= h= lg[—+—J (13) [18]
h 0[2 2J1+10h/wj w ok

The mutual inductance among the segments of the spi
plays an important role to the computation of the total ir
ductance. The mutual inductandd between two segments
of the inductor is modeled with a transformer. The comple
circuit of the spiral inductor contains a transformer for every

possible couple of segments. The magnetic coupling coefficient 4

K of these transformers is given by (5), whektg and Lo ~ . ‘/’5\
are the inductance values of the two segments that form the © c m
transformer. b

In order to provide a generic model for all spiral geome:
tries, the classical Grover approach [16] is extended to cover i
possible relative position cases between two segments. Cons
ering segments as simple filaments, the possible configuratio
in space are illustrated in Fig. 4. Two different cases are dic
tinguished here: 1) the segments are parallel [Fig. 4(a) and (b)]
and 2) the segments are at an angle eédians [Fig. 4(c)—(f)]. Fig. 4. Magnetically coupled segments in special configurations.
The mutual inductance of two parallel segments of equal length

[, forming an orthogonal rectangle, is given by (4). All other f the two segments are at an angle [Fig. 4(c)], their mutual
configurations of parallel segments are based on this equatigitiuctance is calculated by (8). This general form is employed
Attention should be paid to th&’ factor in (4).U is calcu- in the calculation of\/ in Fig. 4(d)—(f). In Fig. 4(d) the inter-
lated using closed-form expressions provided by Grover in [1&ection poinP is lying outside the two filaments add is com-

and concerns the various cases of the geometric mean distane@d by (9)2 applies only in the case of nonplanar segments
(GMD) between two conductors of width and height, sep- [Fig. 4(e)] and is given by (10). The most complex case is the
arated byd cm. If the segments are parallel, two distinct casese depicted in Fig. 4(f), where the intersection p&ities upon
may appear. The first is shown in Fig. 4(a) and the mutual ione segment. This case is examined by partition as follows: seg-
ductance is calculated by (6), whéeres positive for nonoverlap- ment CD is divided into CP and PD. Tot#f is calculated as the
ping segments and negative for overlapping ones. In the secauth of M; and M. M, is the mutual inductance of segments
[Fig. 4(b)], the mutual inductanc/,,, between the two con- CP and AB, whileM is that of PD and AB. Both\/; and M,
ductors with lengthé andm is calculated by (7). are calculated as for Fig. 4(d). Mutual-inductance computation
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between inductor segments and image currents on the ground TABLE I
plane under the semiconductor is also incorporated in a similar TECHNOLOGIES ANDTESTED STRUCTURES
manner. . . . Foundry Technology Structure
The coupling capacitances between parallel adjacent seg- Square planar
ments are calculated as proposed in [19], with closed-form ST Octagonal planar
expressions. The computation of the two elements modeling Microelectro | High-speed Bipolar TMult;'-layer
the substrate layers under the insulator is based on (12) for nics ’a‘l‘: ;)““ers
C,, and on (13) forG@,. A comprehensive study presented Sp?it‘;:r
in [18] addresses the calculation of the conductivity per unit SIEMENS | High-speed Bipolar Square planar
length G, and leads to (13), where is the_conduct_lwty of _ ATMEL.ESy | Digital CMOS Square planar
the substrate that behaves as a lossy semiconducting material. - 0.5 um -—é—%ﬂ%—
If a layer exists under the inductor, i.e., n-well in a CMOS SN0 °;§u:re‘;1;:afrs
process, it is modeled with an exté, G’S brgnch 'computed AMS 0.8 um " Multi-layer
also by (12) and (13), and connected in series with@hg, ALCATEL- Analog CMOS Square planar
branch. Finally, the substrate resistaritg,, is computed by MIETEC 0.5um Multi-layer
(11). The skin-effect formulation for both and R employed IBCI}V]IE([:B] SiGe Square planar
in our algorithm is based on the closed-form expressions pre- Marco;ﬁ GaAs Square planar
sented in [19].
B. Full 3-D Capacitance-Coupling Improvement guency of inductors which is one the very critical characteristics

that SISP succeeds to model.

Multi-turn inductor structures sometimes exhibit more than : N
. . . The layout editor of SISP can generate spiral inductor struc-
one resonance frequency in the operating band of the dewgga.

e h h ¢ th deli thod Egs or, alternatively, export layout designs in CIF format. The
‘0 enhance he accuracy of the modeling method present igner should enter the CMOS, BICMOS, or bipolar process
in the previous paragraph above the first resonance freque

. i : ) drameters before creating a layout. A fast segment-by-seg-
a technique that IS analyt|_cally pr_esented In [20]_ has be nt extraction of the equi\g/]alentySPICE subcircugit is exezuteg
employed. According to this technique, an analytical modglihin seconds, while a similar model extraction with any EM
for calculating the full capacitance matrix of a system Qfysyare would take hours. The kernel extracts a two-port net-
multi-layer conductors is developed. The capacitance mat{jk consisting of eleven lumped elements for every segment
contains capacitance values, not only for adjacent spiral igr the on-chip inductors, as presented in Section II. Three
ductor segments, but also for every possible pair of conductgtinct versions of the model are produced to accommodate
segments that belong to all of the on-chip inductors. Iy pical ” “fast,” and “slow” technology variations. Passive el-
ductor-model enhancements are more evident after the secgptbnts may be frequency dependent to incorporate the con-
resonance frequency of the device. ductor skin-effect, if supported by the simulator being used.

Simulations can be initiated through the user interface. The
[1l. AN oveL CAD TooL FOR THEEVALUATION AND DESIGN  software displays simulation results in rectangular, polar, or

OF INTEGRATED INDUCTORS Smith chart plots, against measurement results (fiHipa-

The Spiral Inductor Smulation Program [22] is a custom rameter sets), if any.

CAD tool developed to model planar and multi-layer inductive

elements on silicon, based on the modeling technique given in IV. ON-CHIP INDUCTOR PERFORMANCE

the previous section. SISP, presented in detail in [5] and [21],As Simulation and Experimental Results: Processes and
generic in terms of geometry and technology, efficiently giveStructures

fast answers within seconds to complex integrated inductor--l-he reliability and accuracy of the proposed model and CAD
modeling questions, and adds a new perspective to their Usgjf) has been extensively tested against measurements from fab-
Si-based RF IC’s. Providing technology parameters and layQifated integrated structures. A wide span of technologies and
design through an ergonomic graphical-user interface, it can @gometries is covered, as shown in Table II.

curately model polygonal (i.e., square, octagonal) spiral induc-Nymerous arrays of integrated inductors have been fabricated
tors, both planar and 3-D, transformers, and center-tapped Spiifferent silicon processes. Two of them are displayed in
rals, splitters, and baluns. In addition to the accurate predictip@_ 5(a) and (b). The first is an array of square planar and
of inductance L) and quality factof@), within a range of 2%, two-layer inductors with varying technology layer schemes fab-
SISP can model the coupling among all on-chip inductive elficated in ATMEL-ES2’s ECATO5 digital CMOS process. The
ments, solving the problem of the cell design with more thagecond array contains 3-D inductors and transformers fabricated
two spirals. The reliability of the algorithm has already beein STM's HSB2 high-speed bipolar process. The experimental
established through comparisons with experimental resultsrissults and their comparison with SISP simulations are pre-
numerous silicon-based processes, from bipolar and BICM@&nted in detail in the following paragraphs. For clarity, the pre-
to digital CMOS, as presented in the next paragraph. Finalgentation is categorized in standalone and multi-inductor ele-
emphasis should be put on the prediction of the resonance fireents.
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Fig. 6. Comparison between measured and modeladd() with SISP of a
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Fig. 7. Comparison between measured and modeélaedd( with SISP of a
planar octagonal spiral inductor fabricated in STM’s HSB.

Other definitions of the quality factor are provided in [24] and
a more explicit study is presented in [25]. However, the clas-
® sical definition of¢} given by (15) is sufficient for the compar-
] ) ~isons between measurement and simulation, as well as the per-
Fig. 5. Micrographs of the test structures. (a) Array of planar and multi-lay:

square inductors in ATMEL-ES2’s ECATO5 digital CMOS process. (b) Arraibrmance anaIySIS of the next section.
of planar and 3-D, square, and octagonal inductors in STM’s HSB2 high-speed

bipolar process. D. Stand-Alone Inductor Structures
This paragraph presents comparisons between measurement
B. Measurement Setup and simulation in terms of inductan€é.) and quality factor

Measurements have been carried out with a probe station {¢&t @s defined by (14) and (15). Four spiral inductor struc-
bed that mainly consists of a HP8753D network analyzer afigfes are analyzed: a pl_anar square, planar octagonal, two-,
a Karl Suss probe station with Picoprobe’s GSG pattern pra?d three-layer one. All figures contain bathand¢) values
betips. An open-circuit pad structure, identical to the one thgemparing meas_urement and simulation of models extrac;ed
the inductor is connected to, including all the metal paths th2Y SISP- Fig. 6 displays the results of a three-turn square spiral
are needed to reach the spiral, is placed near the inductor urdgHCOr 0f245 x 245 um? outer dimensions, track width of 13
test. The measured-parameters of the open circuit are supiM and track spacing ofﬁm. F'gj 7 dl_splays the performance
tracted from those of the inductor structure in order to de-emb@[ﬂa 12-turns octagonal spiral with diameter of 68, track

the parasitics inserted by the probes, in a certain degree.  Width of 16 um and track spacing of gm. Inductor perfor-
mance prediction with SISP models is successful and accurate

for both inductance and quality-factor values, as well as the

critical resonance frequency. In particular, the relative error for
Inductance L) and quality factof?), that are typically used poth 7, and@ values is below 2% at the useful frequency band,

to characterize the performance of inductors are given by (Ahich is far below resonance frequency, but it can reach 40%

C. Inductance and Quality-Factor Definitions

and (15), respectively at frequencies wher& and @ exhibit their maximum values.
On the other hand, the relative error in the prediction of the
L =Im(1/Y11)/2r f (14)  first self-resonance frequency is usually below 5%. Multi-layer

Q) =Im(1/Y11)/Re(1/Y11). (15) inductor structures consist of planar spiral inductors laid out
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on different metal layers in a multi-level interconnect tech- 100
nology, one overlapping the other. The relative current flow 0 1 10
of the spirals is displayed in Fig. 8. The main benefit of this Frequency (GHz)

configuration is the cqnsiderable increase of the overall ipi—g. 11. L and Q of a three-layer, metal 3-2-1, four-tum spiral
ductance value, sometimes by more than 600%! From anothtctor—STM’s HSB2 (area250 x 250 pm?, track width 14 pm,
point of view, keeping the inductance value constant, thereagd track spacing #m).
an area reduction by the same high percentage, contributing to
an overall area reduction for the whole RF IC. with the same geometrical characteristics would be around 7.5
Spiral inductor segments in different layers, which are clogéd, which means that there is an increase in the valuetbht
to each other, according to Fig. 8, have positive mutual indugxceeds 300%!
tance between them because current flows to the same diredds an extension of the concept of multi-layer inductor
tion. On the other hand, segments that have negative mutualgtuctures, a three-layer inductor has been fabricated and tested.
ductive coupling are relatively far. Therefore, this negative cofrig. 11 presents the performance (measurement and simulated
pling does not affect the total inductance significantly. OveraISP model) of such an inductor with the following geometrical
the positive mutual inductance between the two spirals is mueharacteristics: area @b0 x 250 m?, track width of 14,m,
higher than the negative one, resulting in the significant increagd track spacing of 4m. A planar spiral inductor laid out
of the total inductance value of the multi-layer structure. ~ on the third metal layer would exhibit no more than 6 nH of
In Fig. 9, two kinds of two-layer inductors are displayed. Botiductance. In this case, there is an increase of more than 600%
inductors consist of two spirals: one on the first metal layer afd in other words, area savings of the same percentage.
one on the third. Both layers are of Al/Ti alloy. The geomet- Unfortunately, the elements presented above demonstrate
rical characteristics of the inductor on the left are: are2eafx ~ very poor quality-factor. This is due to the fact that the
281 um?, track width and track spacing ofim. The spiral that first metal layer is very thin compared to the second metal
is laid out on the third layer is slightly shifted diagonally andayer, which could easily be used instead in such a structure.
partially overlaps the spiral that is underneath. The charactéwo-layer inductor structures, consisting of spirals on the third
istics of the inductor on the right are: area2s x 286 ym?, and second metal layer, exhibit quality-factor values around
track width of 14;m, and track spacing of Am. In this case, @ = 4.5. Another important remark is that multi-layer induc-
the top layer spiral exactly overlaps the lowest layer sprial. Alors in general, exhibit very low resonance frequencies, a fact
though the total capacitance between the two layers is smaffeat is predicted accurately by SISP. Therefore, during circuit
for the inductor on the left, the fact that the track is narrowdtesign, extreme attention should be paid to that frequency point
leads to a lower quality-factor value. On the opposite, the widethere the inductor starts behaving as a capacitor.
track of the inductor on the right introduces a higligvalue
and approximately the sanfevalue. E. Integrated Transformers and Coupled Inductor Structures
Fig. 10 displays the performance of the two-layer inductor Despite being critical elements in many RF circuit topologies,
on the right of Fig. 9 in terms of. and @ (measurement and integrated transformers have not yet been widely utilized in Si
simulation). Simulation results come from the distributed mod#C’s. One of the main reasons that has prevented designers from
extracted from SISP. The inductance of the single layer spitading them is their inadequate modeling. Fig. 12 displays on the
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Fig. 12. Micrograph and layout representation of a transformer—primary and o . L
secondary in different shades—STM’s HSB2 (a2@& x 295 pm?, five turns, Fig. 14. Die micrograph of the test structure of adjacent spiral inductors.
track width 7um, track spacing 1 m).
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Fig. 15. Measurement versus simulation of the coupling between adjacent

Fig. 13. Measurement versus simulation of the insertion and return lossesnfchip inductors—S,; of the structure shown in Fig. 14.

the planar transformer that is shown in Fig. 12.

left the micrograph of a planar transformer, and on the right &
simple layout. Both the primary and the secondary coils of an
integrated transformer can be laid out on the same or differen
metal layer.

The geometrical characteristics of the transformer displayec 2 .
in Fig. 12 are: primary and secondary are five-turn spirals Iaid‘_ GND _>
out on the third metal layer, with an area2sfs x 295 um?, a @)
track width of 7m, and a track spacing of J&m. This trans-
former has been measured and modeled with SISP and the re-
sults for the insertion and return losses are presented in Fig. 1
In Fig. 25, the equivalent transform raticof the transformer is
plotted and will be commented later.

Another issue of major importance in RF IC design is the;
electromagnetic crosstalk between neighboring on-chip indut
tors. Accurate modeling of the coupling among inductors en &
sures a first-time working silicon. Toward this target, Fig. 14 ,
displays the test structure that has been fabricated to mea{kﬁl‘?ig{-crg?) ISubstrate contacts placement and resonance-frequency relation.

p layout for the quantitative analysis of the phenomenon.
the coupling between two adjacent five-turn induct@%0( x

250 pim?). o . inductor and the distance between the ground pads and the spiral
Measurement results along with simulation results from SIS cture itself. As the ground pads are moved farther from the
models are presented in Fig. 15, exhibiting an accurate predigira| inductor, the resonance frequency tends to increase. There

tion of the isolation between the two inductors both for the mags 5 certain distance from the inductor structure that this in-
nitude and for the phase. The isolation beyond 1 GHz does Rease of the resonance frequency reaches a saturation value and
exceed 30 dB. does notincrease anymore. The case described in this paragraph
. is presented graphically in Fig. 16(a). Fig. 16(b) displays the
F. Dependence of Resonance Frequency on the Position of |5yt of four inductor structures designed to demonstrate the
Substrate Ground Contacts above effect. As the ground reference is moved farther from the
All of the fabricated inductors presented in Fig. 5(a) and (iiductor, the equivalent resistor that models the substrate be-
have very close to them a surrounding metal track filled withavior, R, in Fig. 2, grows rapidly affecting seriously the reso-
contacts to the silicon substrate. Research results have reveabutce frequency,s. Thus, in order to avoid any undesirable per-
certain dependence between the self-resonance frequency ofdhneance variation of the inductor, extreme attention should be

f

A/

G

Quatity facior
el h e = omow s w

E+B 1E+9 1E+10
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paid to the position of all the substrate ground contacts that amed a multi-turn spiral inductor laid out on a second layer as the
placed near a spiral inductor for different reasons such as thgsenary coil. Typical amplitude and phase imbalances are dis-
contacts that are placed near MOS transistors to connect th@@tyed in Fig. 23. The geometrical characteristics are: primary
body to a dc voltage. One safe rule of thumb is to keep closeisoa seven-turn spiral, with an area2s0 x 250 zm?, laid out
inductive elements ground substrate contacts, as the ones showsecond metal layer, a track width of.@& and a spacing of

in Fig. 16(a), to have the resonance frequency precisely defirgm; secondary comprises two four-turn spirals, in an area of

and predicted by the proposed modeling technique. 250 x 250 pm?, laid out on third metal layer, with a track width
of 7 um and a spacing of 13@m. The performance of the sim-
V. DESIGN AND OPTIMIZATION OF ON-CHIP INDUCTIVE ulated balun iS Satisfactory up to 3 GHZ, Whel’e the amplitude
ELEMENTS: HINTS AND GUIDELINES imbalance does not exceed 0.1 dB and the phase imbalance de-

viates less than°lfrom 180C.

For the process engineer, significant benefits in inductor per-

The following figures (Figs. 17—19) display the way in whicHormance can be achieved by making metal lines and/or insu-
the quality factor, inductance, and resonance frequency relktor layers thicker, by employing less resistive conductive ma-
to essential technological parameters such as conductor thigdals, or by making the substrate more resistive. The benefits
ness(t) and resistancéR,y, ), insulator thicknesgh;,s), and in terms of@ can be reaped by increasing the thickness
substrate resistivityR..1,), as well as to geometrical paramethe conductor, as exhibited in Fig. 18(d). Quality-factor rela-
ters such as number of turiis), spiral track width(w), and tion to conductor thickness at three specific frequencies is dis-
track spacings). The analysis consists of two parts: the firsplayed in Fig. 18(e), a comparison that has derived from the
part [Figs. 17(a)-18(c)] depicts the relation bfand @ only analysis of Fig. 18(d). Fig. 18(f) displays the decreasing rela-
to geometrical parameters, while the rest of the figures displagn of the low-frequency inductance valgé), with respect
the relation to technological parameters. The characteristicstofmaximum quality-factof@,,. ), at varying conductor thick-
the inductor family under test are clarified by insets. The infoness. This relation reveals that as the conductor thickness in-
mation extracted from these graphs and summarized concisalgase fromt = 0.8 ymto¢ = 3.2 um, L changes within a
in Table Ill, can be used to provide useful on-chip inductor deange of 7%, whilg) changes within a range of 50%! Similar
sign guidelines. For the RFIC designer, it is shown that tradgualitative conclusions can be drawn from Fig. 18(g) and (h),
offs exist between the inductance value and the quality facterhich prove how crucial the selection of the conductor mate-
when increasing the area, adding more spiral turns or reducitig is to the maximunt} value of the inductor. Standard mate-
the track width(w). Fig. 17(a) and (b) display the inductanceials used for the metallization layers, such as Al/Ti alloy, Cu,
and quality-factor values related to frequency of a family of siand Au, are explicitly indicated. The dependence of the quality
square planar spiral inductors that have the same characterigcsor and the resonance frequency on the thickness of the insu-
except the number of turns. As this number varies from 3 lator between the spiral inductor and the substrate is illustrated
to n = 8, the inductance value increases and quality factor de-Fig. 19(a) and (b). Remarkable is the fact that the variation
creases, while resonance frequency decreases, too. The saintbe insulating material affects not only the resonance fre-
type of case study for a family of two-layer structures is detuency, but also the maximum quality-factor. Finally, substrate
picted in the next couple of figures, Fig. 17(c) and (d). Qualresistivity seriously affects resonance frequency and maximum
tative results forl and@ are similar. However, the inductance? values, as shown in Fig. 19(c) and (d). In the latter case, a
value of two-layer structures of the same footprint as their planainimum in Q.. with respect to substrate resistivity calls for
counterparts is more than 300% higher. Equivalently, the qualitgreful process tuning. A generic trend that can be traced from
factor is reduced by more than 50%. The summary resultskify. 19(c) is that as the substrate resistivity increases the reso-
both cases are displayed in Fig. 17(e)foand Fig. 17(f) fory, nance frequency increases, too, making much safer the usage of
comparing planar and two-layer structures. The next two figursgiral inductors in a wider frequency band.
[Fig. 17(g) and (h)] display as a function of frequency forboth  The analysis presented in this section, apart from providing
planar and two-layer square spirals when outer dimensions designers with an insight to the relations among geometrical
varied, while all other characteristics are kept constant. Conclhnd technological parameters of spiral inductors, aims to sug-
sions from this analysis are depicted in Fig. 18(a), (b), and (c),dgest a clear heading to process engineers in order to alter tech-
whichlow-frequencyL, Q....., and f;.; are given related to the nology profiles and improve integrated inductors. For example,
total spiral footprint area. The conclusion drawn is that as tlitds inferred that typical digital CMOS processes can hardly be
area occupied by the spiral inductor increases, the inductamsed for pure analog RF cells when integrated inductors are em-
value increases, while the value @f and the resonance fre-ployed, due to their low-resistive substrates. However, there are
guency decrease. In general, two-layer structures are preferredain alterations that can be made to the substrate doping or to
for their higherl. values while their planar counterparts are prehe top metal layer that will significantly refine the performance
ferred for their increased and higher resonance frequencyof on-chip inductive elements.
Therefore, in terms af) losses and total area, the most econom- Serving the main objective of this paper, which is to give a
ical way to increase the inductance is to employ extra inductibrorough insight of the performance of integrated inductors,
layers. With the aid of SISP, several novel structures can be a-family of square spiral inductors has been selected as a
troduced. Among these is the balanced-to-unbalanced (balomans to illustrate how the quality factor and the inductance
transformer. A balun is constructed with a planar transformef such structures depend on their outer dimensions and their

A. Stand-Alone Inductor Structures



KOUTSOYANNOPOULOS AND PAPANANOS: SYSTEMATIC ANALYSIS AND MODELING OF INTEGRATED INDUCTORS AND TRANSFORMERS 707

30 AT, M3 t=3 um turns (n)
25 + 320x320 um™2 -8
w=14um -7
20 | s=4um -6
+5
15 o4

3

Inductance (nH)
s

5
0 L
5+
-10 L
0 1 10
Frequency (GHz)
@
125
turns (n)
100 -8
75 b =7
— 6
E 50 . -5
& ]
g 25 3 o
= -3
S 0fF---- I TR T ]
2
o -25 F
S M3-M1 Al/Ti
-50 320x320 um”2
w=14um
75 s=4um
-100
0 1 10
Frequency (GHz)
(©
80
AT
F 320%x320 um"2
w=14um
60 Fs=4um
o
jus)
A
[0
%40 - ~planar
=
S -~ 2-layer
=]
S0 |
0 N S S S SR
2 3 S 6 7 9
turns (n)
(®
14 L Area (um”2)
12 | - 180x180 %
P -=-220x220
10 —260x260
= = 300x300
8 8 [ =3400340
S [ -=-380x380
";\ 6 [ ——420x420
2 4| -o-460x460
2
2 X
< AUTi, t=3 um
0 ¥ AR, )
[ w=14um
2 i $=4um
4 -
0 1 10
Frequency (GHz)
169]
Fig. 17.

12

Quality Factor
S

turns (n)
-3
-0-4
-3
*-6
*7

et

AT, M3 t=3um
320x320 um”2
w=14um
s=4um

0
2
0 1 10
Frequency (GHz)
(b)
5
LN
3 A
o
o _
8 2
25
oy Wi F ;
=3 b e f §
] M3-M1, AITi W S
o4 g W=l4um b
-5 g S=4um L
g 320x320 “
-3
-8 .
0 1 10
Frequency (GHz)
()]
14
L AlTi
5 320x320 um”2
gy w=14um
{}3 i s=4um
210
—5 L
&8
g 6 b —+ planar
£ - 2-layer
é -
= A\A\h\"\ﬁ\n
5 T
2 3 4 5 6 7 8 9
turns (n)
®
10
5
=
b=y
g 0
3
2 Area (um”2)
I -5 ——420x420
= —-380x380 Al/Ti, M3-M2
O [ -340x340 n=4
210 } =<300x300 w=14um
~260%260 g =4um
I -0-220x220
- 180x180
-15 .
0 1 10
Frequency (GHz)

()

(a)L versus frequency of planar inductors for varying number of turnsi)(brsus frequency of planar inductors for varying number of turnsL(c)

versus frequency of two-layer inductors for varying number of turnstXdprsus frequency of two-layer inductors for varying number of turns. (e) Comparison
of L versus number of turns for planar and two-layer inductors. (f) Comparis@h.@f. versus number of turns. (g) versus frequency of planar inductors for

varying area. (h¥) versus frequency of two-layer inductors for varying area.



708 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 47, NO. 8, AUGUST 2000

—
1=
S

—_

=~

AT | Al/Ti
n=4 =
80 | w=14um % 12 r
—_ | s=4um ;_f I
10
ﬁ 60 % L
Y 3
Q - —— 8
g planar o
540 | - 2-layer g ~+-planar
g | g6 -2
K| . 2-layer
20 | g [
M”"/ S 4
0 N 1 1 1 I 1 1L 1 2 1 1 L L 1 1 1 1 1 Lol 1 L L L 1 L 1 n 1 i $ 1 L 1 1 I
0.02 0.07 0.12 0.17 022 0.00 0.04 0.08 0.12 0.16 0.20
Area (mm”2) Area (mm”"2)
@ ®
14 14 L conductor
N 12 + AVTi thickness t
E 12 | + n=4 —+—32um
5 | 10 F 250x250 um”2 -24um
~10 F - L w=14um =24 um
? r 2 8 s=4um -2 um
2 g -+ 1.6um
g 8 I [ -0-12um
g ot B 6 ~o-0.8 um
& 6 = 4
B0 g
4 -
g 2
S
S 2 13 YO i —— S
=4 i
0 . : ) 2 . . R
0.02 0.07 0.12 0.17 022 0 F S (GH 10
Area (mm™2) requency (GHz)
© (d)
13 14
r AUTi — t=3.2 um
1+ n=2a g2t
Q
F 250x250 um~2 & F
5 9 L w=14um o 10 +
S L s=4um = L
& <
~ 7L Csy 8 |
il
] E | AT
0 1
5 5F E 6 n=4
F Q@3 GHz 5 [ 250x250 um™2
L 4 =14
3 ~-Q@2GHz =47 w14 um 3.8 um
- -+ Q@1GHz s
1 P N T S S . L . L - L - L
05 1.0 1.5 2.0 25 3.0 35 4.50 5.00 5.10 5.20 5.30
Conductor thickness t (um) Inductance (nH)
25 24 -
L Al/Ti, t=3 um Conductor sheet | thickness t = 3 um
n=4 resistance {ohm/sq) C \ Au AUTi
20 | 2508250 um"2 /)"’“\X 0,045 20 f x
- w=14um S ﬂnf"'““"’ﬂ.;%g --0.032 L *
B =4 3 -+ 0.02. | A
g 15 sTaum /,/:;“p B -+ 0015AUTI ;_0: 16 — Qumax
2 oo, B -0-0.0073 Au g 7
& S | - Q@3GHz
;_510 ] -0 0.006 Cu > 12 -~ Q@2GHz
£ = r -+ Q@IGHz
< <
5035 S 8 r
& < |
0% 4 r
0 F 1 I 10 0.00 0.01 0.02 0.03 0.04 0.05
requency (GHz) Conductor sheet resistance (ohm/sq)
(® B

Fig. 18. (a)L versus area for planar and two-layer inductors.(fh). . versus area for planar and two-layer inductors. (c) Resonance frequency versus area for
planar and two-layer inductors. (d) versus frequency for varying conductor thickness.(eyersus conductor thickness shown at three different frequencies.
() Maximum @ versusL shown for varying conductor thickness. @)versus frequency for varying conductor sheet resistancé&) (@rsus conductor sheet
resistance shown at three different frequencies.



KOUTSOYANNOPOULOS AND PAPANANOS: SYSTEMATIC ANALYSIS AND MODELING OF INTEGRATED INDUCTORS AND TRANSFORMERS 709

12 8
L Al/Ti Insulator thickness
10 b t=2um --6um q
n=4 -5 um s 7 L
s I 250x250 um~2 >e4um )
= i w=14um % =3 um B
% s=4um brs™ oy "u‘?“m % 6 -
S 6 ~o- 1 um =
2¥ g
2, | 2
2y =l AUTi
g F 3 t=2um
=4 2 g n=4
| 541 250x250 um’2
] w=14um
0 I~ s=4um
0 1 10 0 1 2 3 4 5 6 7
Frequency (GHz) Insulator thickness h (um)
(@) (b)
20 17
15 I @3.3GHz4
. : § 15 ‘-@2.4GH2 @2.3GHz
[#] =
I £ 13
5 O 2 2
5 e =
0¥ =
< b, gll L
Srr : L
6 s AUTS, t=3 um : =
S.0 b =!I n=4 3 5 9 - AUTi, t=3 um
3 [ <05 = =4
=01 300x300 um™2 R L n L3GH
as bl o hum g, 300x300 um™2 @1.3GHz @1.3GHz
20 [ —+0.005 s=4um = w= 14 um
| -*-0.001 ' I s=4um
_25 L 1 L L I | : L L L PR 5 ) bl anl ) SRR S L R A a ] L L
0 1 10 0.00 0.01 0.10 1.00 10.00
Frequency (GHz) Substrate resistivity (ohm.m)

©
¢ @

Fig. 19. (a)@ versus frequency for varying insulator material thickness. (b) Resonance frequency versus insulator thickness for square planar in@uctors. (c)
versus frequency for varying substrate resistivity.@q).. versus substrate resistivity at various frequencies.

number of turns, examined simultaneously, in the form of TABLE Il

comprehensive nomographs. Fig. 20 displays the dependence INTEGRATED INDUCTOR PERFORMANCE TRENDS

of the maximum quality-facto(Q) on the aforementioned Qun L T

geometrical characteristics, while Fig. 21 presents the depet - ~

dence of the low-frequency inductan¢g), as defined with ~ Conductor thickness () r = - =

Region | in Fig. 1. The combination of the two nomographs Conductor sheet resistance (Rg) AN = W — —

can be a valuable tool during the selection process of a ) g, .

appropriate spiral inductor that satisfies the silicon-area budge msulator thickness (h) r = -

of the layout. A standard silicon process has been used for tt gupstrate resistivity (p) A o> N — |

modeling of the family of square spiral inductors. The values 3 » .

of some key technological parameters of this silicon proces A r =

are shown in Table IV. Number of turns (n) A > N 2 AV}
Generally, the maximum quality-factor value is more tech- _ 2 3 3

nology than geometry dependent, and hence, the absolute shi Track width (w) r =

resistance and thickness values highly affect the results of th muiti-layer inductor, extralayer AN = N | Y]

respective nomograph. On the contrary, inductance values a - S
. A increase, W: decrease, —: almost constant, M exhibits minimum
more geometry dependent and hence the respective nomograpn

is valid for a wide range of IC technologies. i , )
prove that the isolation between two inductors that are @00-

away (between their nearest sides) can be beyond 55 dB.

B. Integrated Transformers and Coupled Inductor Structures The essential need for transformers in RF circuit design leads
The effect of physical separation on the electromagnetican investigation of the performance of integrated transformers

crosstalk between neighboring inductors can now be prediciederms of insertion and return losses [28]. Three distinct cases

using the modeling technigues presented in this paper, a taskransformer families have been analyzed that illustrate the de-

that—in [26]—required fabrication and measurement. pendence of transformer losses on geometrical characteristics.
Five pairs of identical spiral inductors have been simulatdelg. 24(a) displays the insertid¥; ) and returr(S;; ) losses of

to examine how the isolatiof5»; ) between them varies as theplanar transformers occupying an area&i x 350 pm?, with a

distance between them changes. The results displayed in Figtra2k width of 9um and a track spacing of J2m. The number
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500x500 TABLE IV
\ \ TECHNOLOGY PARAMETERS USED FOR THESIMULATION OF THE STRUCTURES
~ 460x460 UTILIZED IN THE NOMOGRAPHS OFFIGS. 20 AND 21
420x420 _ Technology parameter Value
o
}\ \ \ \ 380x380 <§ Metal 3 sheet resistance 0.017 Ohnv/sq.
\\ e Metal 3 thickness 2.1 um
340x340 § . 2
}9\ \ \ \ \ g Metal 3 to substrate area capacitance 0.008 fF/um
@
\ \ \ 300x300 E Metal 2 sheet resistance 0.036 Ohm/sq.
\ \ \ 260x260 § Metal 2 thickness 1.2 um
=
. 2
220x220 Q Metal 2 to substrate area capacitance 0.015 fF/um
1\ \ \ \ Si — substrate resistivity 0.05 Ohm . m
180x180 . .
\ \ \ Si — substrate thickness 360 um
140x140
n=2 n=3 n=4 n=5 n=6 n=7 n=8 220 . . . . .

Number of Turns
.30 4

Fig. 20. Nomograph of quality-factor dependence on outer dimensions an
number of turns of square spiral inductors.
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of turns varies from three to eight. As the number of turns irfrig. 23. Amplitude and phase imbalance of a two-layer balun.

creases, the insertion loss also increases at lower frequencies,

while this is reversed at higher frequencies. In addition, the re-that is calculated from theZ parameters of the equivalent

turn loss is always greater for transformers with a higher numi#go-port is not unity. Instead, it is a complex quantity that is

of turns. displayed in Fig. 25 for the transformer that was used as an
In Fig. 24(b), both losses are examined for a family of tranexample in Fig. 12. In general, ratio rarely exhibits a mag-

formers that have a constant number of turns, track width, antiude higher than the value of 2, even if the ratio of turns is

spacing but varying outer dimensions. As the transformer growsich higher than 2.

bigger @00 x 400 pm?), the return loss increases. Finally, in L .

Fig. 24(c), the last family of transformers has constant outfr Circuit-Performance Dependence on Coupling Effects

dimensions, track spacing, and number of turns, but the trackThe current trend in 1-2 GHz one-chip RF front-ends dic-

width varies from 9 to 15:m. tates the existence of more than one inductor on the same chip
The transform ratiqn) of a transformer is defined as the([1], [3], [27]). In such a case, the magnetic coupling between

ratio of the number of turns of the primary to that of the seéndividual inductors or in intended transformers can play an im-

ondary coil. Although the number of turns of the two integrategortant role in the performance of the overall system. Therefore,

spiral inductors that form the transformer are equal, the ratioe layout of the circuit drastically affects its electrical behavior.



KOUTSOYANNOPOULOS AND PAPANANOS: SYSTEMATIC ANALYSIS AND MODELING OF INTEGRATED INDUCTORS AND TRANSFORMERS 711

0 . : : : : 0
g ] § 1| rmmmee———
%'10 %-10- ~-220x220
= s = -15 1 = 280x280 |
2 20 ~400x400 |
25 z 25 {do00000g, - 340x340 | §
£ [, e 2
% W* ..................... ¢ é
2 = -1

0 1 2 3 4 5 6
Frequency (GHz)
@ ®
0 T T T T T
o~
)
S 51
& -10 1 /’
g 9
= -15 4 - Iﬂ‘m 1
~&~ 18 pm
-20 4 «15 im
25 T2 F
as
i
g =
=
Z
-12
] 1 3 4 5 6
Frequency (GHz)

©
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Fig. 26. LNA schematic and simplified model of th&”-tank Z .

The modeling technique presented in this paper is capable of
predicting related phenomena, leading to reliable and effectipeoper modeling can lead to a degraded frequency response.
simulations, and thus drastically reducing the design effort. Input-impedance matching arit}; of the amplifier is also af-

The design of a simple tuned low-noise amplifier is used adected by the coupling of the two inductors. Fig. 27 depicts the
vehicle to demonstrate the capabilities of the proposed modelidyA performance variance in terms of gain, under different in-
technique; however, it is by no means optimized in terms dfictor placement schemes, as predicted by SISP. In case A, the
noise, gain and silicon area. The LNA is designed in a digiteho inductors are laid out on the third metallization layer; in
submicron CMOS process and is operated around 1 GHz. Tdese B,L, is laid out on the second layer and partly under the
schematic diagram of the LNA is shown in Fig. 26, where thieductor of loadZ. The diagonal placement of the devices pro-
shaded area represents the on-chip components including leatts the necessary magnetic isolation for the optimum oper-
Z, that is theLC tank, andL,, which is impedance matchingation of the amplifier, at the cost of increased area coverage.
inductor. The designer can select the inductors’ geometry eithidowever, if the gain degradation is acceptable, case B can lead
by using nomographs or by simulation with SISP. to a more compact layout.

The magnetic coupling of the two integrated inductors of To give a more illustrative example of how the performance
the LNA can seriously affect system performance and its inof an inductor is affected by the presence of other inductors in
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numerous fabricated inductor structures. An analytical study of
the performance of various cases of integrated inductors and
transformers has been presented aiming to help designers and
7 process engineers make the right decisions toward the optimiza-
7z E tion of these on-chip elements. Useful design guidelines are pro-

vided, to make the usage of spiral inductors less risky and more
cost effective.

Case A Case B
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