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Abstract: A distributed capacitance model for monolithic inductors is developed to predict the equivalently parasitical

capacitances of the inductor. The ratio of the self-resonant frequency ( fsg) of the differential-driven symmetric in-

ductor to the fsg of the single-ended driven inductor is firstly predicted and explained. Compared with a single-ended

configuration, experimental data demonstrate that the differential inductor offers a 127% greater maximum quality

factor and a broader range of operating frequencies. Two differential inductors with low parasitical capacitance are

developed and validated.
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1 Introduction

A monolithic inductor is an important compo-
nent in highly integrated radio frequency circuits
(RF ICs) for wireless communication systems. But
a monolithic inductor has a low quality factor Q
due to metal ohmic loss and conductive silicon sub-
strate loss. Many researchers found quite a few
methods to improve the Q of the monolithic induc-
tor'. The Q and fs (self-resonant frequency) are
the two most important parameters of the mono-
lithic inductor. The lower parasitical capacitance
the inductor has,the higher Q and f« are.

It should be noted that the differential circuits
(amplifiers, mixers, and oscillators) are commonly
used in monolithic transceiver designs because of

their robustness and superior noise rejection prop-

Article ID: 0253-4177(2005)06-1077-06

erties (e. g. power supply noise rejection). A sym-
metric inductor consumes less chip area as com-
pared to single-ended equivalents when used in a
typical circuit. A symmetric inductor that is excited
differentially (also called a differential inductor)
can realize a substantially greater factor without al-
tering the fabrication processt,

The distributed capacitance model (DCM) for
monolithic inductors, which is for a single-ended
inductor but not for the differential inductor has
been studied in recent years-~*.

In this paper, from the view of the parasitical
capacitance of the inductor, the reason for a differ-
ential inductor with both a higher Q and fg is ana-
lyzed and firstly interpreted by DCM. Two differ-
ential inductors with the low equivalently parasit-

ical capacitances (C,, ) between the two terminals

are developed and validated.
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2 Distributed capacitance model

Inductors that are driven differentially or sin-
gle-ended (See Fig. 1) have different equivalent
parasitic capactiances (C,). The equivalent capaci-
tance of the spiral inductor can be expressed as™™

Cao = Com T Cas (D
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Fig. 1 Planar monolithic inductors with the same track
(a) Differential-

driven symmetric configuration (DSPD) ; (b) Single-en-

width, space. inner, and outer radius

ded-driven symmetric configuration (SSPI); (c¢) Single-
1,2,3,4,5,and 6

are current flow direction in inductor, i. e. AC signal

ended spiral configuration (SEPD)

voltage profile or half-turns serial number;Capacitances
are the equivalently parasitical capacitance of the mono-

lithic inductor.

The DSPI can be regarded as two single-ended pla-
nar inductors having same the C, ., whose connec-
tion point is signal ground and whose C,, , are in se-
ries. The C, ,, of the DSPI are partly in series con-
nection and partly in parallel as shown in Fig. 2
(a). The C, ,, of the SSPI are partly in series con-
nection and partly in parallel and its C,, , are in par-
allel as shown in Fig. 2(b). The C,, .. of the SEPI
are in series connection and its C, . are in parallel.
Voltage profiles of three inductors are different as

shown in Fig. 2.
2.1 Assumptions and definitions

To accurately quantify the C,, ,, and C, . in in-
ductors,the DCM can be used to analytically calcu-
late them rather than qualitatively approximate.

The DCM is validated by the previous papers™*.
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Fig. 2 Voltage profile and distributed capacitance
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model of the n-turn planar inductor (a) DSPI;(b)
SSPI; (¢) SEPI

This paper also applies the same method for the
differential inductors. The fundamental assump-
tions of the DCM can be derived from the voltage
distribution over the inductor, which is called volt-
age profile""!. For the conveniences of calculation
and analysis, the following assumptions are made.
(1) The same layer metal traces of the induc-
tor have the same resistivity p,current, metal track
width w (at least in the same half-turn) ,and metal

thickness ¢;
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(2) Voltage distribution is proportional to the
lengths of the metal tracks'" ;

(3) The kth unit voltage difference between
the adjacent half-turns is regarded as a constant
and is determined by averaging the beginning volt-
age and the ending voltage of the half-turns, re-
gardless of the type of the inductor.

The length of each half-turn can be defined as
Lisly syl sly, (n is the half~turn number, sequen-
tial m represents current flow direction in the in-
ductor) ,and the total length is defined as [, (=1,
“+/1,+-++1,). The AC signal voltage of one ter-
minal of the inductor is V., , while that of the other
is V.u. By assumptions, AC signal voltage at the
end terminal of the mth half-turn inductor [V

(m)] can be expressed as
mt1
20

Vend(7n> = = (Vbeg 7V&:nd) (2)

tot

The AC signal voltage at the beginning termi-
nal of the mth half-turn inductor [V (m)] equals
Vm(| (m— . V},Pg (O) :V[,eg.

2.2 Equivalent capacitance formula

The lowest layer metal track of the mth half-
turn inductor is equally divided into £ units (i—
o), According to assumption (2), the voltage of

the 7th unit is V;,

V. = Vi (m) —kiavmm (3)

h>oo
where AV, (1) = (Vi () = Viy ). There-
fore, the electrical energy stored in the capacitor
between the ith unit metal and the substrate can be

expressed as

AE () = £-CG) (AV,)?

= 3 WX [ Vi) —Vm(m))T D
where C,, represents the capacitance per unit area
between the mth half-turn and the substrate. The
electrical energy stored in the equivalent capaci-
tance between the metal tracks of the L, . (m) and

the substrate can be derived"”

- %cuz Vi + Vi + Vi Vo) (5)

Whatever the structure of the inductor is, the en-

Ec,m_s

tire E..,. . can be figured by adding all the E,., .
(m).
The two terminal voltages of the DSPI are +

%Vs and —%VS ,respectively. Hence

1 1 1 2
E(».m;m = K3 X EcmsWZ W Vi = 7Cmisidiﬂv.:
So.,
C -m:lc L o (6)
m_s_di 12 ms o

where C, 4« is the equivalent capacitance between
the metal track and the substrate of the DSPI.
The signal terminal voltage of the SEPI is V,

and that of the other terminal is 0,hence

S U DT DR
Ec.ms;iarr - 2 X 3 Cswl o Vs 2 Cmisevs
So,
1
Cmisise - ?Cmsu'l (7)

where C, . . is the equivalent capacitance between
the metal track and the substrate of the SEPI.
According to Egs. (6) and (7) ,under the same
equivalent-area between the metal track and the
substrate, we can get the following equation

Le . (8)

Cmidarf = 7

2.3 Equivalent capacitance C,, , formula

The voltage difference between the ith and jth
half-turn can be expressed as
P2

AV, =V, =V, =X (V,,

The electrical energy stored in the equivalent

- Vend ) ’

capacitance between the metal tracks of the ith

half-turn and jth half-turn can be expressed as

1
2

2n—2

Ec.mim(i’j) - EAEC.mJn(k) - ><
k=1

CmmJjW(Zl + l]) ( E Zk )2
k=it1 (Vbeg

2[2 7Vend)2 (10)
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where C,,, ; 1s the unit capacitance between the ith
and jth adjacent half-turns of the inductor; W is the
metal tracks width w of the inductor when the ith
half-turn and jth half-turn are stacked or metal
thickness ¢ when the ith half-turn and jth half-turn
are in the same layer.

Regardless of the structures (stacked, spiral,
symmetric, etc. ) , and driven modes (differentially
or single-ended) ,the electrical energy stored in the
equivalent capacitance between the metal can be
expressed as the sum of the electrical energy stored
in the equivalent capacitance between the metal
traces at the same layers and at the adjacent layers.

Different C,, ,, formulas can be derived from Eq.
(10) and E..,,, = %cm_mmeg — V.. We define

the C, . of the DSPI as C, . x> the C, .. of the
SSEI as Cm_m_diﬁ_sea and the Cm_m Of the SEPI as
Cm_m_se_spiral- ThUS N

Cmimidi{f = Cmimidiﬁ?se

n—1 2

) N wll ) L
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3 Experiment and discussions

In order to verify accuracy,the inductors have
been fabricated in a 0.35um two-poly four-metal
CMOS processes as shown in Fig. 3. The prototype
chips also include the de-embed layouts to calibrate
the on-wafer testing wiring and pads'”!. The S pa-
rameters are measured by a network analyzer and
Cascade Microtech Probe Station using coplanar

ground-signal-ground probes.
3.1 Ratio of self-resonant frequency

The equivalent capacitance of the inductor can

Y

Fig. 3 Die photos of the inductors in 0. 35m CMOS

processes (a) and one inductor with probes (b)

be calculated when the inductance is gotten. Ac-
cording to previous equations,the self-resonant fre-
quency ratio of the optional two inductors with e-
quivalent inductance L., L.; and the equivalent

capacitor C,, » C,p » respectively, can be expressed

Ifl L..C )
Ratio,, = 4t :«/; (13)
fSR ~eql “eql

The 1ndUCtance Lunsymmetric equals Lsymmetric ap-

as

proximately,if the current flows in the same direc-
tion along each adjacent conductor of the planar in-
ductors with the same geometric parameters [ such
as Figs. 1(a),(b) ,and (¢)],and the voltage differ-
ence between the adjacent turns of the DSPI and
SSPI is larger than those of the SEPI,s0 C,, m sse1 =
Compset = Comserrs but 4C,  pspr = Co g sser
CmfmeEPI , therefore, S ‘SRJ)SPI > f VSRfSEP > f -SRﬁSPI and
Quspr > Qsepr = Qsspr. This conclusion and Equation
(13) can offer design guidelines for inductor and
circuit configurations.

The self-resonant frequency ratio (Ratio, ) of
the DSPI to the same inductor that is driven single-
ended can be expressed as

. _ Sferam \/ 44+ Com/Ch it
L=< Ratiog, = NTTCo/Coos 2

(14
Figure 4(b) shows that the Ratio,  decreases with
the Cy /Co o aur. The Ratio,  can be predicted and
explained from Eq. (14). Compared with a single-
ended configuration, the experimental data demon-
strate that the differential inductor offers a 127 %
greater Q... and a much broader range of operating
frequencies. In Fig. 4(a) Ratio,  (L,)/Ratio,  (L,)

=1.55. The pn junction is formed at the interface
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between the n-well and p-substrate, and the pn
junction capacitor is in series with the oxide capaci-
tance between the inductor and the silicon sub-
strate, thus the equivalent C, , are greatly reduced,
but the C, . of both inductors are the same,i. e.
Cum/Co s airr 18 variable, which results in the differ-
ent Ratio, . The patterned ground shielding made
of the lowest layer metal reduces the substrate loss
more than the patterned n-well floating does,
therefore, Q7 > Q" at a low frequency and Q" <<
Q" at a high frequency due to f&z > .
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Fig. 4 (a) Q factor as a function of fregnency; (b) Ra-

tio,g, as a function of Ratioc = Cy/Co__anr

3.2 Optimum design o f differential inductor

The lower the total parasitic capacitance is,the
higher quality factor the inductor has. Two kinds
of optimum designs of the DSPI are developed.
Cim air 1s reduced by decreasing the voltage differ-
ence between the adjacent turns in Fig. 5 (a)

through multilevel interconnects and by increasing

the space of adjacent turns with larger voltage
difference as shown in Fig. 5(b). According to Eq.
(6), the C, ,, will be reduced if the lowest metal
tracks layer of the stacked or 3D inductor has the
voltage which is nearer to the signal ground. Com-
pared to the conventionally differential inductor
with the same width and turns, two differential in-
ductors with low C, ,, structures have high Q and

fsr as shown in Fig. 6.

Fig. 5 Two differential inductors with low C, ,, 1,2,

3,4,5,and 6 are current in inductor flow direction,i. e.

AC signal voltage profile. In m; .7 represents metal layer

number.
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Fig. 6 Q and fs of two differential inductors with low

Cww L; is the inductor in Fig. 5(b) and L; is the in-
ductor in Fig. 5(a) ;L, and L; are the conventionally dif-
ferential inductor with the same width and turns as L;

and L; ,respectively.
3.3 Prediction errors

Table 1 is the prediction errors of the induc-
tors with the DCM. The prediction error of fg
with the DCM is less than 10% ,demonstrating the
accuracy of the DCM. The DCM would have higher

accuracy for the different structure inductors if the
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current crowding effects are considered in assump-
tion (2).

Table 1 Prediction errors with DCM
sk Ly Ly Lje Ly Ls.. Lese
Error/ % 6.4 8.2 5.6 7.3 6.7 7.2
sk Liaiee | Learr | Lsar | Laair | Lsare | Leair
Error/ % 8.3 9.2 6.4 9.5 7.8 8.9

4 Conclusion

The DCMs of inductors are developed to accu-
rately quantify the C,, ,, and the C,,, of the symmet-
ric and single-ended inductor. The C, , of the dif-
ferential inductor is only a quarter of the C, , of the
single-ended inductor, therefore, the differential in-
ductor has higher a Q and fszx. The ratio of the
Sskanr to the fsg. are lirstly predicted and ex-
plained. Two optimum differential-inductors with
low C,, ., are developed and validated.
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