On the Selection of On-Chip Ind

uctors for the Optimal VCO Design

Yong Zhan, Ramesh Harjani, and Sachin S. Sapatnekar
Department of Electrical and Computer Engineering
University of Minnesota

Minneapolis,

Abstract— The selection of on-chip inductors is crucial to the
design of low phase noise voltage controlled oscillators (O's).
In this paper, we study the effect of substrate on the inducto
selection criterion for the VCO circuit and resolve the long
lasting argument among circuit designers about whether lage
or small inductors should be used to reduce the phase noise
of VCO’s. Several substrate types including CMOS, SOI, and
substrates with patterned ground shields (PGS’s) are compad,
and we demonstrate that the substrate resistivity plays a ke
role in determining the selection criterion of the optimal an-chip
inductors for VCO design.

I. INTRODUCTION

The voltage controlled oscillator is a key component in marog-
ern communication circuits where up and down frequency esiwn
is needed to effectively transmit the signal. Due to its gpbdse
noise performance and relative ease of implementation, @%CO
has attracted much research interest in the past few yehesmbst
basic form of an LC-VCO, as shown in Fig. 1, consists of an Liikta
with two pairs of cross-coupled MOS transistors used toer@ph the
energy dissipated by the parasitic conductance of the Redpite the
simplicity of the architecture, the integration of the L&® into Si
CMOS technology has posed many challenges to circuit dessgiue
to the semiconducting nature of the silicon substrate, wkiverely
limits the quality factorQ of the tank. Since the on-chip inductor
is usually the most lossy component in the circuit, and thus of
the most significant determining factors of the phase naisany
designers have chosen to take an inductor centered desajegst
where the best inductor is first selected within the desigrstraints
and then other circuit components are sized and optimizeghsisg
the design of the inductor does not change.

Fig. 1. Schematic of an LC-VCO.

In the literature, we can find two conflicting arguments abow
inductors should be selected to effectively reduce the hesse
of VCO’s. Some authors have proposed that the inductorsear.@
tank should be made as large as possible without violatiadithing
range constraints [1][2] while others believe that smaliuctors
should be used instead, provided that the tank amplitudstizint
and the startup condition are satisfied [3]. In this paperextend the
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physical model of on-chip inductors proposed in [4] by inmmating
the well known proximity effect and demonstrate that thelatan

of phase noise with inductande depends critically on the resistivity
of the substrate over which the inductor is fabricated. Thoth pre-
vious arguments about how the optimal inductors should lextssl
are valid butonly apply to some specific fabrication technologies.
We have studied the inductor selection criterion for a bn@adje of
substrate types, including CMOS, SOI, and substrates veittemed
ground shields (PGS’s) [5], and we show that although forhhig
resistivity substrates, such as SOI, larger inductors lavaya better
to reducing the phase noise, the opposite may be true astibraie
resistivity becomes smaller. To the best of our knowledgis, is the
first systematic study of the substrate effect on the indusdtection
criterion in LC-VCO design.
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M ODELING OF THE ON-CHIP INDUCTOR

C

P
Rs

Fig. 2. (a) Schematic of a 3 turn on-chip square spiral instu¢b) Physical
model of the on-chip spiral inductor. (¢) Inductor model lwthe parallel
equivalent substrate network. The circled sub-circuits eguivalent to each
other at the oscillation frequency of the VCO.

On-chip inductors are usually implemented by spiral stmes
fabricated on top metal layers. They can have differentehapch as
square and octagonal; they can be either symmetric or nansymic;
and they can be implemented using either a single metal layer
or multiple metal layers. The analysis of inductors withfetiént
geometries are similar although the equations used to lesdcthe
inductance values may be different. To keep the computaimple
and to be consistent with the structures studied in [3], tiidl be
used in the paper for comparison purposes, we have onlydsmesi
the square spiral inductors here. Fig. 2(a) and (b) showdhersatic
of a square spiral inductor and its physical model as prapos¢4],
respectively. The spiral inductor is characterized by thenber of
turns n, the outer lengthd,,:, the metal widthw, and the metal
spacings. The DC inductancd.s can be computed accurately using
Grover's formula [6] and Greenhouse’s method [7]. Howeirethis
work, we adopt a well verified simple expression [8] to coneplt
which gives
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whered, g = 0.5(dowt + din), 5 = 1.66 - 102, ay 1.33, a0 =
—0.125, a3 = 2.50, s = 1.83 andas = —0.022. Here, the number

of turnsn is assumed to be an integer such that the inner diameter

of the spirald;,, is well defined.



The lumped circuit element€’s, Cy., Rs; and C's; model the power consumed by all the filaments due to eddy currentH(gf =
capacitance between the spiral and the underpass, the caqde- K (7)., where the computation ok '(¢) is given in [10], and recall
itance, and the parasitic resistance and capacitance cfuth&trate, that Ro = —; L —. Then P, 44, (i) becomes
respectively. They can be computed using me

Liw? [ K ()] w? 2

Cs = eozan/tsu 2) Peaay (i) = 12Rn e ©)
Cou = €aslwftos ®) " This is equivalent to an added series resistance: g u?
Rsi = 2/(Gsuplw) (4)  Thus, the totalR, including both skin effect and proximity effect
Csi = (Csuplw) /2 (5) is given by
where ¢,, is the dielectric permitivity of the oxidets, is the I n Liw?[K (3)] 2w
thickness of the oxide between the spiral and the underpasss R, = 5 —~——7n T Z R (10)
the thickness of the oxide between the spiral and the substris owd(1 — e~ tmerat/0) Py o
the total length of the spiral, ar@;., andCs,; are the conductance
and capacitance per unit area of the substrate, respgcfijel
The computation of?; deserves some more consideration because 26 7
of the skin effect and proximity effect that occur at RF fregay 24 |
range. Both effects tend to re-distribute the current arsiiltein
a reduction in the effective cross-sectional area througiichvthe 2.2 1
current can flow. ThusR, will increase as the operating frequency 5 |
of the inductor increases. The following expression wagl usg3] o With proximity effect
and [4] o 1.8 ,-"'f
R I o 16
s =1/(owé(1—e ) (6) o
whereo andt,..:q; are the conductivity and thickness of the metal 4 Without proximity effect
layer respectively, and = +/2/(wpoo). Herew = 27 f where 1.2 1
f is the frequency, and., is the magnetic permeability of free 1
space. Equation (6) takes into account the skin effect diyvever,
as shown in [9], the proximity effect comes into play evenliear 0.8 w w w
than the skin effect, becoming significant in increasing effective 0 1 2 3
resistance of the inductor at frequencies as low as a fewrbkdnd Frequency (GHz)

MHz. As a result, it is crucial to incorporate the proximitijeet into ) )
the inductor model in order to correctly evaluate the penfamce of Fi9- 4. Series resistancg versus frequency.
the device.

P ; The significance of including the proximity effect into theodel
Magnetic Field(i) can be clearly seen in Fig. 4 where3aurn inductor withd,.: =
300um, w = 20pm and s = 10um is simulated. The sheet
resistance and the metal thickness are assumed #0/p€)/0 and
== Metal Trace 1.2um, respectively. The inductor isum above the substrate and
the substrate resistivity is chosen to 1#2-cm. The DC inductance
is found to bel, = 2.95nH, and the effective series resistarite
measured in terms of the DC series resistaRgg is plotted against
Eddy Loo the_operating frequency of t_he inductor. Without the pragymeffect,
/ R is approximately proportional to the square root of the sy,
which is a characteristic of the skin effect. When the pragireffect
is included, however, it dominates the skin effect, and thawth
of R, with frequency becomes almost quadratic. This is condisten
with the analysis and observation given in [9] and [10]. Wspalsed
A TIC[11] to find the self-resonant frequency of the inductor, ahhi
is approximately 6GHz. Thus, we conclude that the proxireffect
becomes much more significant than the skin effect well leetbe
self-resonance of the inductor is reached and it must beidmenesi
in any RF circuit design.

Excitation
Currentl g

Fig. 3. Eddy current loop in a metal trace due to proximityeeff

Let B(4) be the magnetic field at thé&" turn of the spiral as shown
in Fig. 3. If we assume that the excitation currént passing through
the inductor is sinusoidal, then the induced eddy currensite at
distancer from the center axis of th&" turn due to proximity effect
is given by

I11. M INIMIZATION OF THE PHASE NOISE
Jeddy (z) = owB(i)x @) ) o )
We assume that the VCO works in the current-limited regime
Thus, the power dissipated in th€" turn due to eddy current can because a voltage limited VCO will either result in a waste of

be computed as inductance or a waste of power [3]. It is shown in [3] that in
the current-limited regime, the phase noisg f,;;} of the LC-
. B l; . 2 VCO shown in Fig. 1 is proportional t@.},,,,9:.,., for a specific

Peaay (i) = [ RD@(J‘“B(Z)'T “lmetarde) (®) Tpias, WhereLiq i, andg.ani are the equivalent tank inductance and

conductance, respectively.

where Ry is the sheet resistance of the metal layer 4rid the total To assist the circuit analysis, it is advantageous to toansfthe
length of the:i'" turn. The integral in (8) is obtained by meshingsubstrate circuit in Fig. 2(b) to its equivalent parallgrfoin Fig. 2(c).
the metal trace into filaments with widdw each and summing the The shunt resistancg, and the shunt capacitancg, are given by



14+[wRsi(Cgi+Cos)]®

Ry = w2Rg; 02, (11)
_ Coutw?R%,(Csi+Cos)CsiCon
Cp= 1+[w§s1(0sl'+0,,.r,.)]2 12)
Hence for the VCO circuit in Fig. 1, the tank inductance an
conductance can be computed using
b 2
Ltank = 2LS + (ZZ:?;L)S (13)
~ g = 1 1
Gtank ~ JL — m 2R.+w2(2L.)2/(2R.) (14)

where, as in [3], we have assumed that the tank loss is phndue
to the inductor.

Since the phase noise is proportionalltp, ., g2,...., we formulate
the following optimization problem

minimize  Nyco (1, dout, w, 8) = L2k 97ank
subject to 2nw + 2(n — 1)s < dout

0 < dout < dmax
n IS an integer

(15)

n,w,s > 0,

where dmq. IS the maximum allowed outer length of the inductor

Here, the first constraint is to ensure that the sum of met@ithsiand
spacings does not exceed the outer length of the inductore&ah
inductance valud.; ranging from 1nH to 8nH with an increment of
0.25nH per step, we perform the optimization to obtain theimmiim
Nyeo. Then we plot the minimumV,., againstl.; to see whether
larger inductors or smaller inductors are better to redytie phase
noise. In this work, the minimumv,., at eachl; is obtained through
enumeration, where we loop through d,.:, w, ands, pick out all
the designs whose DC inductance is withli error of the expected
L, and find the one that has the minimu€,.,.

IV. EXPERIMENTAL RESULTS

The inductor is assumed to be fabricated using a metal lajtar w

sheet resistanc&o = 20m£2/0 and restssum above the substrate.
Three types of substrates with different resistivitiessitelied in this
work:

« 10Q-cm (lightly doped CMOS and BiCMOS)
« 2009Q-cm (SOI)
10Q2-cm with PGS

The effect of the PGS is to eliminate the electric couplingnfrthe
inductor to the substrate and it will mak@, go to infinity in the
ideal situation. According to [9], the eddy current losshie substrate
can be safely ignored for resistivities aboM@?-cm.

Fig. 5(a) and (b) show the minimurh?,, , g7, ..., obtained from
solving the optimization problem, versus the series inaluog L, of
each spiral at the intended oscillation frequency of 2.4@htk 5GHz,
respectively. Note that for any particuldr,, the optimal design at
the 2.4GHz frequency may be different from that at the 5GHe. on
In the optimization loopda. is set to300um, andn, D, w, s are
incremented byl turn}! 1m, 0.5m, 0.5um each step, respectively.

Recall that?,, . g2, is proportional to the phase noise, we can

see that when the substrate resistivity @§2-cm, the minimum phase

noise increases with, as a general trend, which suggests that the use *

of small inductors in the design provides the best solutitowever,
when the substrate resistivity #0Q-cm or when a PGS is inserted
between the inductor and the substrate with a resistivity0si-cm,
the minimum phase noise decreases With which makes the large
inductors the preferred choices. The minimiid ., g2, ., VersusL,
curve is not very smooth because the number of ture$ the spiral
is assumed to take only discrete values as pointed out alaowk,
whenever one more turn is needed to realize a spetifiovalue,

1This choice is made because ifig,, term in the approximate inductance
formula shown in Equation (1) is well defined only for integarmber of
turns.
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Fig. 5. fank t? . VversusL, with different substrate resistivities and
oscillation frequencies (a) 2.4GHz (b) 5GHz.

there is a discontinuous change in the effective seriesteggieRR;

of the spiral due to the proximity effect. However, thesekkirare

relatively minor and the overall trend is easily visible @tk curve.
An explanation of why the selection criterion of the optimal

inductors should depend on the substrate resistivity iobens:

« When a PGS is inserted between the inductor and the substrate
R, goes to infinity in the ideal situation. Thus, for an inductor
with reasonableQ, we have Lo =~ 2L; and giank =~
7ary7s Which implies thatZ.?,, .g2..x iS proportional to

(Rs/Ls)?. Although largerZ, usually results in largeR;, R,

does not increase as fast As. Hence, the overall phase noise

of the circuit will decrease a&; increases, which is shown by

the curves marked (3) in Fig. 5.

When the substrate is involved,/(2R,) will be added to

gtank- The substrate resistande, will generally decrease as

L, increases because a larger inductor implies a larger gverla

area between the metal winding and the substrate. As a result

R, tends to increase:..r as L, increases. When the substrate

resistivity is very high 200Q2-cm), R, will be very large. This

can be seen from (11), wherB, tends to infinity asRs;

tends to infinity. In this casey...r iS completely dominated

by the term involvingR, and we will observe the same trend

as when the PGS is present, i.e., the phase noise decreases as

L increases (curves marked (2) in Fig. 5).

When the substrate resistivity i9Q-cm, however, the effect

of R, can no longer be ignored. Although the overgl .



still decreases ad., increases, it decreases at a slower ratef 2.4GHz. A slicing of Fig. 6 atl,,.. = 300um and parallel to the
Thus, the overall phase noise increased.asncreases (curves L, axis will give the curves marked (1) and (3) in Fig. 5(a). Ihdze
marked (1) in Fig. 5). seen that although,,... has some effect o2, , g2, ,... the basic
The phase noise is lower when the VCO is designed to oscillatend of the minimum phase noise verdusis maintained regardless
at 5GHz rather then 2.4GHz becaugg.,, which is approx- of the choice ofd,.... Specifically, in Fig. 6(a), the general trend
imately given byﬁ% + wgé% decreases as the frequencyf phase noise increases with for any particulard,,q., while in
increases. This is in agreement with the result obtained1f [ Fig. 6(b), it reduceshass ianeaSES-h  whether |
; P ; ; To summarize, the answer to the question of whether large or
As a comparison, we also show in Fig. 5(a) the simulationltesu ; X .

using the n?odel p’roposed in [4] andguséd) by [3], which do all inductors should be used in VCO.deS|gn de.pendslon the su
not include the proximity effect in the spiral. It can be clga Strate property and many other factors in the design andctin

seen that using this simplified model, the phase noise isrelgve

underestimated while the advantage of using small indsctsr
significantly overestimated, i.e., a more than three tineglsiction in
phase noise whef, changes from 8nH to 1nH. Both of these tw
observations can be explained by the fact that the serietarseR

technology. A general rule of thumb is that when,.;. is dominated

by R, large inductors are usually preferred, while when thectffe
of R, starts to become significant, small inductors may be used.
Thus, before a designer can select the inductors for the V&O,

0. X & - e ;
simulation/optimization run similar to that shown in thiager will

is underestimated if the proximity effect is ignored, whielads to be very helpful.

an underes@imation of tth.«+W2(2}u)?/(2Rx) w222Rzl > term in
the expression of:...x. Since the significance of the proximity effect
has been well demonstrated in the literature, we believieotirawork
provides a more accurate guidance for the selection of todsién
an LC-VCO design.

~

V. CONCLUSION

In this paper, we first extended the physical model of on-chip
inductors proposed in [4] by including the important proitineffect.
Then we used the enhanced model to study the selectionianitef
on-chip inductors for the optimal LC-VCO design. We resdhthe
long lasting question among circuit designers about whd#rge or
small inductors should be used to minimize the phase nois&C@
by showing that the selection of optimal inductors dependially
on the substrate resistivity and whether a PGS is used indbigrl

As a future work, we will study the optimal selection critarifor
inductors fabricated over low resistivity substrates, aiihtypically
have a resistivity in the order ®01Q-cm to 1Q2-cm. One complica-
tion that may arise in this situation is that the substragyezirrent
loss can no longer be ignored, which will affect both the affe
Ltank and giank. The modeling of substrate eddy current has been
discussed in [11] and [12], and it will be used in our study o t
low resistivity substrates.
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