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ABSTRACT

Facing the increase in frequency of use of analog products,
integrated-circuits designers reach X or upper band and their
own problems, especially in the case of passive components.
This paper focus on inductor design and layout, opposing clas-
sical analog integrated inductors and hyper frequency lines.
After studying separately each solution and pointing out their
limits on an actual SOS 0.5um case, a methodology to solve
this issue is exposed and a choice criterion is supplied.

1. INTRODUCTION

The challenges in the area of radio frequency (RF) and mixed-
signal System-On-Chip (SOC) will become important as low-
cost mobile and high bandwidth products derive across sev-
eral market segments. The increasing performances of silicon
ICs will enable lower cost solutions in the frequency domain
below 10 GHz. GaAs ICs and SiGe ICs are now used for
higher frequency or power applications. Signal integrity and
cost issues become dominant. Considerations were made on
flip chip attachment to package and embedded passives on this
package. But the traditional solution of low inductance and
high-density packages like fine pitch ball grid array (FBGA)
or chip scale packaging (CSP) are always linked to a higher
cost than mono-chip systems. The solution for the future is to
use the same technology for both digital processing and ana-
log part. This can only be done by parallelizing these two
types of research. In the digital electronic and signal process-
ing domain, higher speed analog to digital converters (ADC)
are required, joined to harder data recovering algorithms. For
analog people, the challenge is to find new RF structures in
submicronic digital CMOS technologies or to generalize tech-
nology transpositions. The main point with such an objective
appears instantly : most of high frequency structures use self
inductors either for filter design, DC polarization or resonator
realization. The purpose of this work is thus to take a look at
the evolution and perception of on-chip printed inductors in
order to show limits of this solution on MOS (and especially
SOS - Silicon On Sapphire) technologies and to offer method
of design with a choice criterion between different structures.
First, classical models of printed self-inductors will be ana-
lyzed in order to understand which effects are neglected at
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Figure 1. (a) Natural inductor model and (b) Inductors frequency
behavior

each step. Then, the main other solution that is already classi-
cally used in GaAs technology will be investigated : this is the
one that use microstrip. Third limits of printed spiral induc-
tors will be pointed out by using numerical values of an SOS
technology. Finally a general design method will be exposed,
joined to a choice criterion.

2. PRINTED SPIRAL INDUCTOR SIMPLE
ACCURATE EXPRESSION

When studying the physic of inductors, especially when hav-
ing a look at the frequency behavior (fig. 1-(b)), the classical
model of fig. 1-(a) can be extracted (see [1], [2], [3] and [4]).
In the case of on-chip printed inductors, we cannot neglect
losses into substrate that are modeled by grounded coupling
capacitors in series with resistors that stand for the resistivity
of the substrate (fig. 2 from [5]). Note that this last effect is
power-consuming and thus must be avoided either with a per-
fect insulator (and in this case the return path is a grounded
shield under substrate) or with a perfect conductor that is, for
example a grounded shield over the substrate ([2]). Capacitors
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Figure 2. Lumped inductor model

can only be deleted by having no return path, as, for example
in an SOS technology with no ground layer under the sub-
strate. Concerning model in the printed case, first work was
done by Wheeler in the twenties ([6]). Updating his results
for nowadays MOS integrated technologies, [1] gives us the
following formula, that is claimed to be true at three percent
compared to physical electromagnetic simulators :

2
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with

n : number of turns

w : track width

s : gap between tracks

p = Getzdin - density filling

davg = 1/2(dout + din) : mean diameter

din and d,,; : internal and external diameters of the in-
ductors

K and K> : shape coefficients

Table 1. Shape coefficients for the modified Wheeler formula

Shape | 51 | K, |
Square 234 | 2.75
Hexagonal || 2.33 | 3.82
Octagonal 225 | 3.55

Some other formulas based either on electromagnetic calcula-
tion or on statistical model extraction are given, but since re-
sults have the same accuracy, we will use the modified Wheeler
equation for further works. The other important value that is
to be specified when an inductor is needed is its quality fac-
tor () that is the ratio between the stocked and the lost energy
([71). With our inductor model fig. 2, we can write that :
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3. MICROSTRIP AND COPLANAR WAVEGUIDE

Coming from the GaAs hyper frequency technologies, mi-
crostrip is another way of doing components, named distributed
ones. They can be of a lot of types, from actual microstrips
(fig. 3-(a)) to striplines (fig. 3-(d)) passing by coplanar waveg-
uides (CPW) (fig. 3-(b)) and slotlines (fig. 3-(c)) the latter two
with or without ground. If one can see each type of line as a
particular layout of self inductor with less than one turn, the
traditional point of view, coming from physical cable, tends to
use different approach and calculus method. First of all, let us
consider the characteristic impedance of the line of fig. 3-(b)
that is perfectly usable with SOS technology and write, even
for X band ([8] issued from the quasi-static model of [9]) :

30w K'(k)
©= e K 3)
where w
- w + 28 )

and K (k) is the complete elliptic integral of the first kind.
The literature with [10] gives an accurate expression of the
ratio K'(k)/K (k) that s :

K(k 1 1 k
) _ Ly + vk, )
K'(k) © 1-vVk
forv2<k<1
K(k) _ ™ ©)
K'(k 1+VE
(k) in(210k)
for0 <k <+2and k' = 1 — k2
Finally, results from Bahl in [11] give :
e+ 1
re — & 7
ere = = @

when there is either no or far away ground plane. The next
step is to remember that for any lossless transmission lines
the telegrapher formula leads to (8).

__ Zr+jZtan(pl)
- TZ.+ jZptan(pl)
where [ is the length of the line, Z is the charge impedance
and 8 = w/v with v = ¢//€,. the actual speed. Eventually,

as in the case of inductors, the definition of @) in (2) is still
valid.

Z(1) ®)

4. ANALYSIS OF PERFORMANCES ON AN
SOS0.5p:M TECHNOLOGY

The main point in (2) is that we need R;. The easiest way to
have it is to use the direct formula that gives :
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Figure 3. Different kinds of striplines

where o is the conductivity of the metal layer for a given sec-
tion. Then one must be aware that the main point in inte-
grated inductor design is the area : from an industrial point
of view, interest of inductors is linked to their quality to cost
ratio. Thus let us assume that we have a fixed area, that is d
is a fixed value. Moreover, for the square inductors of fig. 4,
we can write that the £*" turn from outside has a diameter
d(k) = dout — 2k(w + s). This leads to both

din = dout — 2(” - 1)(711 + 5) (10)

and
(11)

where [ is the total length of the path, the latter equation com-
ing from a recursive formula based on the fact that one turn
length is 4(d(k) —w) (fig. 4), neglecting input and output path
effects. Thus, (1) can also be written as :

= 4(n(dout —w) = 2w+ S)M)

_ Ki1pon?[dowt — (n — 1)(w + )]

Lmw (12)
n—1)(w-+s
L+ KQ—dou(t—(n)—(l)(w)—}-s)
And (11) can be solved in :
1
= 57 |Qou + ou 2— 1
n 2(w+s)[d i+ 5+ (dowt +8)2 —1(w+s)| (13)

Fig. 5 is the graphical solution for system (12) and (13) in
[ (that is equivalent to R and thus @) for L from 100pH to
about 1nH, w = 5um and s between 1um and 50um which
are classical values on CMOS substrate. Fig. 6 shows that
for a given d,,; the quality factor cannot be extended to us-
able values for extremely low inductance L or at high fre-
quencies, where s must be large enough to minimize C and
to make the inductor stay in the "L area" of fig. 1. On an
SOS0.5um technology, as it is explained in previous section,
another solution for layouting self inductors is to use copla-
nar waveguides (CPW) under the hypothesis that there is no
ground plane under the sapphire substrate (e, = 10.5). Us-
ing (8) with w = bum, s = 30um and Zrp = 0, we have
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Figure 4. Square integrated inductor
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Figure 5. [ versus L and s for square inductors
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Figure 6. L /I versus L and s for square inductors



Z(l) = Z.pl if the frequency is high enough to consider that
Bl < 1. Thus, we have the following formula for [ depending

onl:
cL

- Zc\/ €re

Trying to make an inductor of 200pH is feasible and leads to
I = 2564m which use less area than classical square inductors
of higher values.

l (14)

5. DISCUSSION ABOUT DESIGN METHOD AND
CHOICE CRITERION

As shown in previous section, layout of low value inductors
using the classical square spirals under industry conditions
leads to low @ or cannot be done. The alternative way consists
in layouting a kind of striplines depending on the technology.
The choice criterion (C'C') consists in computing :

o lfor spiral inductor

B lfm’CPW

cc (15)

using (12), (13), (3) and (14). In the case of CC < 1 the
analog solution must be used and a square inductor layouted.
Otherwise, microwave line has to be drawn. The main point
here is the choice of which values have to be fixed and which
must be a variable. From an integrated-circuit industry point
of view, external physical dimensions must be chosen prior
to any calculus. Note that it implies, in the CPW case, the
maximum value of w + s in order to stay under infinite border
ground plane hypothesis (we should have (w + s) < doyt). $
is generally fixed in order to have a resonant frequency higher
than the one of use while design rules are checked. Then, it
depends on what is needed : we can either fix L and search for
n or do the opposite. For example, let us choose typical values
of s = 10um and w = 5um for dyyy = 200pum. Comput-
ing CC gives fig. 7. This result shows first that value under
500nH can’t be reached with square spiral under that condi-
tion, and thus CPW is the best solution, whereas for higher
values, the classical printed spiral inductor gives a higher Q.

6. CONCLUSION

In this paper, we have pointed out an issue that can occur when
trying to layout printed integrated inductors. The problem
has clearly been shown with characteristics of an SOS0.5um
technology : in an industrial way, in which each area has high
cost, some low inductance high @ inductors cannot be lay-
outed using classical printed spirals. Thus a method has been
proposed in order to detect such a problem early in the design
process and an alternative solution with formulas for perfor-
mances comparison was given.
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Figure 7. Inductor layout choice criterion

7. REFERENCES

Sunderarajan S. Mohan, Maria del Mar Hershenson, Stephen P.
Boyd, and Thomas H. Lee, “Simple accurate expression for
planar spiral inductances,” IEEE Journal of solid-state circuits,
vol. 34, no. 10, pp. 1419-1424, October 1999.

H. Rhote and W. Dahlke, “On-chip spiral inductors with pat-
terned ground shields for si-based RF ic’s,” IEEE Journal of
solid-state circuits, vol. 33, no. 5, pp. 743-752, May 1998.

Paul Leroux, Johan Janssens, and Michiel Steyaert, “Influence
of novel MOS varactors on the performance of a fully inte-
grated umts vco in standard 0.25 pm CMOS technology,” IEEE
Journal of solid-state circuits, vol. 37, no. 7, pp. 953-958, July
2002.

Chih-Chun Tang, Chia-Hsin Wu, and Shen-Iuan Liu, “Minia-
ture 3-d inductors in standard CMOS process,” IEEE Journal
of solid-state circuits, vol. 37, no. 4, pp. 471-480, April 2002.

Ali M. Niknejad and Robert G. Meyer, “Analysis, design, and
optimization of spiral inductors and transformers for Si RF
IC’s,” IEEE Journal of Solid-State Circuits, vol. 33, October
1998.

H. A. Wheeler, “Simple inductance formulas for radio coils,”
Proc IRE, vol. 16, no. 10, pp. 1398-1400, October 1928.

H. Feng, G. Jelodin, K. Gong, R. Zhan, Q. Wu, C. Chen, and
A. Wang, “Super compact RFIC inductors in 0.18uum CMOS
with copper interconnects,” in RFIC Symposium, 2002, pp.
443-446.

E. Yamashita and K. Atsuki, “Analysis of microstrip-like trans-
mission lines by nonuniform discretization of integral equa-
tions,” in IEEE Transaction, MTT-24, 1976, pp. 195-200.

C.P. Wen, “Coplanar waveguide : A surface strip transmission
line suitable for non-reciprocal gyromagnetic device applica-
tion,” in IEEE Transaction, MTT-17, 1969, pp. 1087-1090.

W. Hilberg, “From approximations to exact relations for char-
acteristic impedances,” in IEEE Transaction, MTT-17, 1969,
pp. 259-265.

I.J. Bahl, “Design considerations for coplanar waveguides and
coplanar strips,” Elect. Eng. Dept., Indian Institute of Technol-
ogy, vol. 78.



	MAIN MENU
	Front Matter
	Table of Contents
	Author Index

	Search CD-ROM
	Search Results
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	CD-ROM Help


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


