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Abstract—A modification of stacked spiral inductors increases Il. DEFINITIONS OF THEQUALITY FACTOR
the self-resonance frequency by 100% with no additional pro- . .
cessing steps, yielding values of 5 to 266 nH and self-resonance Several definitions have been proposed for the quality factor.
frequencies of 11.2 to 0.5 GHz. Closed-form expressions predicting Among these, the most fundamental is
the self-resonance frequency with less than 5% error have also
been developed. Stacked transformers are also introduced that energy stored
achieve voltage gains of 1.8 to 3 at _multigigahertz_ frequencies. Q=2r- energy loss in one oscillation cycle (1)
The structures have been fabricated in standard digital CMOS
technologies with four and five metal layers.

The above definition does not specify what stores or dissipates
Index Terms—Inductors, oscillators, quality factor, RF circuits,  the energy. However, for an inductor, only the energy stored in
self-resonance frequency, stacked spirals, transformers, tuned am- the magnetic field is of interest. Therefore, the energy stored
plifiers. is equal to the difference between peak magnetic and electric
energies.
|. INTRODUCTION If an inductor is modeled by a simple parallRLC tank, it

ONOLITHIC inductors have found extensive usage ifan be shown that [2]

RF CMOS circuits. D.eSpite their rela.tively |OW quallty B peak magnetic energy peak electric energy
faetor (Q) such inductors still prove useful in providing gain Q=2m- energy loss in one oscillation cycle
with minimal voltage headroom and operating as resonators

2
in oscillators. Monolithic transformers have also appeared in  _— Ry 1= <i)
CMOS technology [1], allowing new circuit configurations. Lw wo
This paper introduces a modification of stacked inductors that Im(Z2)
increases the self-resonance frequefagyby as much as 100%, = Re(Z2) @)

a result predicted by a closed-form expression that has been de-

veloped forfsg. Structures built in several generations of starwhereR,, andL are the equivalent parallel resistance and induc-

dard digital CMOS technologies exhibit substantial reduction tdnce, respectively, is the resonance frequency, a#ids the

the parasitic capacitance with the technique applied, achievingpedance seen at one terminal of the inductor while the other

self-resonance frequencies exceeding 10 GHz for values as higgrounded. Although definition (2) has been extensively used,

as 5 nH. The maodification allows increasingly larger inductandeis only applicable to the frequencies below the resonance be-

values or higher self-resonance as the number of metal layersdause it falls to zero at the self-resonance frequency.

creases in each new generation of the technology. On the other hand, if only the magnetic energy is considered,
The paper also presents a new stacked transformer tthan (1) reduces to

achieves nominal voltage or current gains from 2 to 4. Fab-

ricated prototypes display voltage gains as high as 3 in the O =2r peak magnetic energy

gigahertz range, encouraging new circuit topologies for low- energy loss in one oscillation cycle
voltage operation. _B 3)
Section Il reviews the definitions @p. Section Ill provides Lw

the mo_tlvat|on for h|ghjva|ue mductors_, and summarizes the Definition (3) has two advantages over (2). First, it can be
properties of stacked inductors. Section IV deals with tfna

. o ed over a wider frequency range. Second, it can more explic-
theoretical derivation of the self-resonance frequency of sueﬁ

inductors and Section V exploits the results to propose t expressk,. It should be noted that at low frequencies, the
o : in 2) an r ite cl he ener
modification. Section VI presents the stacked transformeg’gS obtained by (2) and (3) are quite close because the energy

. L - ored in the electric field is much smaller than that stored in the
and describes a distributed circuit model used to analyze thlg-%*{([j1 o
. . X . gnetic field.
behavior. Section VII summarizes the experimental results.

Ill. L ARGE INDUCTORS WITHHIGH SELF-RESONANCE
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Fig. 1. (a) Low-noise amplifier and (b) mixer with high IF. (b)

Fig. 4. (a) Decomposing a spiral into equal sections. (b) Distributed model of

Vop a two-layer inductor.
% L L %

~ ~ and later used in CMOS technology as well [4]. From the circuit
c I © Vjg o 11 c model of Fig. 3, it can be seen that the input impedance of this
pI | X | I p structure is
= M EI E M =
Veont J’ ¥ !ss whereL; andL, are the self-inductance of the spirals avids

the mutual inductance between the two. In a stacked inductor,
the two spirals are identical{ = L, = L) and the mutual cou-
Fig. 2. Representative VCO. pling between the two layers is quite strodd é&+/L, Ly = L).

The total inductance is therefore increased by nearly a factor of
lent parallel resistance of the inductdt,() must be maximized. 4. Similarly, for ann-layer inductor the total inductance is nom-
From definition (3) of the&), R, can be expressed as inally equal ton? times that of one spiral. With the availability

of more than five metal layers in modern CMOS technologies,

Ry = Q- Lw. (4) stacking can provide increasingly larger values in a small area.

Therefore, to maximize?,, the productof ¢ and L must
be maximized. Since th€ of on-chip inductors in CMOS IV. DERIVATION OF SELF-RESONANCEFREQUENCY

technology is quite limited, it is reasonable to seek methodsstacked structures typically exhibit a single resonance fre-
of achieving high inductance values with high self-resonanggency. Thus, they can be modeled by a lumRe€ tank with
frequencies and a moderate silicon area. fsr = (27 /Lereq)*l, whereL., andC., are the equivalent

If amethod of reducing the parasitic capacitatteof induc-  inductance and capacitance of the structure, respectively. While
tors is devised, it also improves the performance of voltage-cafie equivalent inductance can be obtained by various empirical
trolled oscillators (VCOs). In the topology of Fig. 2, for ex-expressions [5], [6], Greenhouse’s method [7], or electromag-
ample, reduction ofC, directly translates to a wider tuningnetic field solvers [8], no method has been proposed to calcu-
range because the varactor diodes can contribute more vhtie the equivalent capacitance. We derive an expression for the
able capacitance. Simulations indicate that the inductor modapacitance in this section.
fication introduced in this paper increases the tuning range ofFor fsg calculations, we decompose each spiral into equal
a 900-MHz CMOS VCO from 4.2% to 23% for a2varactor sections as shown in Fig. 4(a) such that all sections have the
capacitance range. same inductance and parasitic capacitance to the substrate or

A candidate for compact high-value inductors is the stackélke other spiral. This decomposition yields the distributed model
structure of Fig. 3, originally introduced in GaAs technology [3llustrated in Fig. 4(b). In this circuit, inductive elemedts ;'s
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The above equation states that if the voltage across a distributed
+ capacitor changes linearly from zero to a maximum valge
then the equivalent capacitance is 1/3 of the total capacitance.

Vo G * Since(; sustains a maximum voltage &} /2, its electric en-
Vo ergy is equal to
- (%) T 2
- 1 G (V)P
E === = 12
I ey 2 () a2
B 1 C
. . . =-. 22 (13)
Fig. 5. Voltage profile across each capacitor. 2 12

From (11) and (13), the total electric energy stored in the in-
represent the inductance of each section in Fig. 4(a) and they @ietor is

all mutually coupled. The capacitance between the two layers is

modeled by capacitor§; ; and that between the bottom layer Ee =FEc c, + Ee c, (14)
and the substrate by capacit@rs ;. To include the finiter of 1 40+ Gy V2

’ : - =5 "5 V0 (15)
the structure, all sources of loss are lumped into parallel resistor 2 12

elementsk; ;. Also, we neglect trace-to-trace capacitances gfe|ding the equivalent capacitance as

each spiral. The validity of these assumptions will be explained )

later. Ceq = 15 (4C1 + Cs). (16)

_ The simple circuit model of F|g._4(b) still does not easily lend The foregoing method can be applied to a stack of multiple

itself to current and voltage equations. However, we can use the . . .
. - spirals as well. For an inductor with stacked spirals, (6)

physical definition of resonance. The resonance frequency can

be viewed as the frequency at which the peak magnetic and e lé%?:;{ rseﬂ}i:etng \;?Iffeag t:ggggysﬂls\,/tgiidaarr:g;%tjhme 32:2'2
tric energies are equal. In other words, if we calculate the tot ! Y P 9

electric energy stored in the structure for a given peak volta 2Vo/ " Wrtf reas tr;te t;ot;cim-laé/er dzgpaiganczle stu.sﬂaavia. f
Vo and equate that t6., V2/2, then we can obtaity.,,. ow, using the result of (11) and adding the electric energy o

To derive the electric energy stored in the capacitors, we fi%q layers, we have

compute the voltage profile across the uniformly distributed ca- 1 o Wo\2 1 C, (Vo2
pacitance of the structure. Assuming perfect coupling between E. =2 Z =) +=- == (7)
. o 2 4 3 n 2 3 n

every two inductors in Fig. 4, we express the voltage across each i=1
as nl

2 N 1 4‘ 1Ci + G

J —-.=1  y2
VL, IL,m — ; EJWIk,nLk,nv (6) - 2 3n2 VO (18)
B and hence

wherel; ., is the current througli; ,,, andN is the number of

the sections in the distributed model. Equation (6) reveals that all 1 i
inductors sustaiequalvoltages. Therefore, for a given applied Ceq = 3n2 <4 Z Ci + Cn) ) (19)
voltageVp, we have =1
Vo The simplified model used to derive the equivalent capaci-
Viim= oON’ (") tance is slightly different from the exact physical model of a
From (6) and (7), it follows that the voltage varies linearly fronstacked inductor. The following three issues must be considered.
Vo to 0 across the distributed capacitaidgeand from O tol /2 1) We have assumed that all inductors in the distributed
acrosC (from left to right in Fig. 5). model are perfectly coupled. However, the coupling be-
Having determined the voltage variation, we write the electric ~ tween orthogonal segments of a spiral or different spirals
energy stored in theith element(' ,,, as is very small. Nonetheless, if we assume that the inductor
Eoc,. = %Cl,m[(Vo — Vi1 m) _mVLJ’m]Q' ©) elements that are on top of each other are strongly

coupled, then they sustain equal voltages. Therefore, the

The total electric energy iy is therefore equal to total voltage is still equally divided among the spirals.

. N ) Furthermore, since each spiral is composed of a few
Eoc,=3% Y Com(Vo—2mVL i m) 9) groups of coupled inductors, the linear voltage profile is
m=0 a reasonable approximation. To verify the last statement,
As mentioned earlier, all sections are identical, i@, = a two-turn single spiral has been simulated. The spiral
C1/(N+1),andif we substitute (7) in (9), define anew variable  has been divided into 20 sections (twelve sections for the
z =m/N, and let\ go to infinity, then we obtain outer turn and eight sections for the inner turn). Then,
L , 1 5 inductor elements in the same segment and parallel
Ee,o =511 /0 (1—a)dz (10) adjacent segments are strongly coupled while there is no

1 G, magnetic coupling between other segments (orthogonal
=373 Vo (11) and parallel segments with opposite current direction).
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Fig. 6. Simulated voltage profile of a single spiral.

Fig. 6 shows the voltage profile for this structure. As
seen in this figure, the actual profile is relatively close to
the linear approximation.

2) We have neglected the electric energy stored in the
trace-to-trace capacitan€grr (the capacitance between
two adjacent turns in the same layer). Supported by the
experimental results in Section VII, this assumption can
be justified by two observations. First, the width of theig 7. wmodification of two-layer stacked inductors.
metal segments is typically much greater than the metal
thickness. Therefore, even for a small spacing between ) o ) )
the segments'pr is usually smaller than the ime”ayerfrequency of the inductor in Fig. 7(c) is almost twice that of

capacitance. Second, the adjacent turns in the safi§ inductorinFig. 7(a). , _
spiral sustain a small voltage difference. Noting that the Note that the value of the inductance remains relatively con-

electric energy is proportional to the square of voltagéta”t because the lateral dimensions are nearly two orders of
we conclude that the effect étpr is negligible. magnitude greater than the vertical dimensions. By the same

3) Presenting all of the loss mechanisms by para||e| res@ken, the loss through the substrate remains UnChanged. Both
tors in the distributed model introduces little error in th@f these claims are confirmed by measurements (Section VII).
calculation of the self-resonance frequency. For metal re- The idea of moving stacked spirals away from each other so
sistance and magnetic coupling to the substrate, parafélto increasgsr can be applied to multiple layers as well. For
resistors are a good modelGf > 1. example, the structure of Fig. 8(a) can be modified as depicted

It is important to note that measurements indicate that (18)F19- 8(b), thereby raisingsr by 50%.
provides a reasonable approximation far, of a singlespiral
as well, though the focus of the paper is on stacked spirals. VI. STACKED TRANSFORMERS

Monolithic transformers producing voltage or current gain
V. MODIFICATION OF STACKED INDUCTORS can serve as interstage elements if the signals do not travel off

For a two-layer inductor, (16) reveals that the interlayé&hip, i.e., if power gain is not important. Such transformers
capacitanceC; impacts the resonance frequency four time&n also perform single-ended-to-differential and differen-
as much as the bottom-layer capacitadée In addition, for tial-to-single-ended conversion.
two adjacent metal layers}; is several times greater tha®y. A particularly useful example is depicted in Fig. 9, where a
Therefore, it is plausible to move the spirals farther from eadf@nsformer having current gain is placed in the current path
other so as to achieve a higher self-resonance frequency. #ban active mixer. Here, the RF current produced My is
example, in a typical CMOS technology with five metal layerggmplified byT; before it is commutated to the output By,
Crro—nm, = 40 aFjum? and Cyy, —sup = 6 aFjum?, whereas and M. The current gain lowers the noise contributeddy
Chr,—n, = 14 aFjum? andCyy, s = 9 aFjum?. It follows  and A5 and it is obtained with no power, linearity, or voltage
that for the structure of Fig. 7(ae,, » ~ 14 aFjum?, whereas headroom penalty.
for Fig. 7(b), Ceq,s = 5.4 aFjum?, an almost three-fold  Fig. 10(a) shows the 1-to-2 transformer structure. The pri-
reduction. mary is formed as a single spiral in metal 4 and the secondary

Equation (16) proves very useful in estimating the perfors two series spirals in metal 3 and metal 5. The performance
mance of various stack combinations. For example, it predid&the transformer is determined by the inductance and series
that the structure of Fig. 7(c) has an equivalent capacitan&sistance of each spiral and the magnetic and capacitive cou-
Ceq,c = 4 aFjum? becauseCy,_p, = 9 aFjum? and pling between the primary and the secondary. To minimize the
Chp,—suwv = 12 aFjum?. In other words, the self-resonancecapacitive coupling, the primary turns are offset with respect to
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Fig. 8. Three-layer stacked inductor modification.

Fig. 9. Example of using a transformer to boost current in an active mixer.

Fig. 10. Transformer structure.
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Fig. 11. Transformer model.

of turns in each spiral also impacts the voltage (or current) gain
at a desired frequency because it entails a tradeoff between the
series resistance and the amount of magnetic flux enclosed by
the primary and the secondary. For single-ended-to-differential
conversion, two of the structures in Fig. 10(a) can be cross-cou-
pled so as to achieve symmetry.

To design the transformer for specific requirements, a circuit
model is necessary. Fig. 11 illustrates one section of the dis-
tributed model developed for the 1-to-2 transformer. The seg-
mentsL; and R; represent a finite element of each spi@E}'s
denote the fringe capacitanc€s, models the capacitance be-
tween M5 and M3, and C, and C3 are the capacitances be-
tween the substrate atid; and M, respectively. The values of
L; and R; are derived assuming a uniformly distributed model
and a@ of 3 for each inductor. The capacitance values are ob-
tained from the foundry interconnect data. Fig. 12 depicts the
simulated voltage gain of two transformers, one consisting of
eight-turn spirals with 7:m-wide metal lines and the others
consisting of four-turn and three-turn spirals with.8-wide
metal lines.

Unlike stacked inductors, whose resonance frequency is not
affected by the inductor loss, the transfer characteristics and
voltage gain of the transformer depend on the quality factor
of the spirals. In this simulation, & of 3 has been used for
each winding. As Fig. 12, for the eight-turn transformer, capac-
itive coupling between the spirals is so large that it does not

the secondary turns as illustrated in Fig. 10(b). Thus, the capaaiow the voltage gain to exceed one, while for the four-turn
tance arises only from the fringe electric field lines. The numband three-turn transformers we expect a gain of about 1.8 in the
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N

TABLE |
MEASURED INDUCTORS IN0.254m TECHNOLOGY (LINEWIDTH = 9 um,
LINE SPACING = 0.72 pm)

.% Inductor Metal L Measured | Calculated | Number of
H 7 Layers | (nH) | fsx (GHz) | fsr (GHz) | Turns
© : : : :
] 8Tums : L;(240um)? | 54 | 45 | 092 0.96 7
' ' ' L,(240um)? | 53 | 45 15 1.53 7
L3(240pm)2 | 52 | 45 1.8 1.79 7
i i ; : Ly(240pm)> | 543 | 100 | 07 0.7 7
% 2 ) 6 8 10 +(240pm)
Frequency(GHz) Ls(240pm)* | 53,1 | 100 1.0 1.0 7
Fig. 12. Simulated voltage gain of the transformers.
Ls(200um)* | 53,2 | 50 1.5 1.46 5
L;(200pm)? | 52,1 | 48 1.5 1.54 5
Secondary

2
Frequency (GHz)

Fig. 15. Measured inductor characteristics.

TABLE I
HIGH-VALUE INDUCTORS INO.254¢tm TECHNOLOGY (LINEWIDTH = 9 pm,
LINE SPACING = 0.72 pm, NUMBER OF TURNS FOREACH SPIRAL= 7)

Inductor Metal L | Measured | Calculated
Size Layers | (nH) | fspr(GHz) | fsr(GHz)

(240um)? | 54 | 45 0.92 0.96
(240um)* | 543 | 100 07 0.7
Fig. 14. Die photo. (240pm)? | 5432 | 180 | 055 0.58
(240um)? | 54321 | 266 | 047 0.49

vicinity of 2 GHz. Note that if the secondary is driven by a cur-

rent source and the short-circuit current of the primary is mea-tapje | shows the measured characteristics of some inductors
sured, the same characteristics are observed. fabricated in the 0.2%m process. The) at self-resonance is

The concept of stacked transformer can be applied to mog. o imately equal to 3. As expected from Fig. 7, inductors

layers of metal to achieve higher voltage gains. Fig. 13 showi?’ L, andLs, with two layers of metal, demonstrate a steady

stacked transformer with a nominal gain of 4. In this structurgy

. rease infsg, as the bottom spiral is moved away from the top
Ms forms the primary and the rest of the metal layers are usgﬁe_ Fig. 15 plots the measured impedance of these inductors as
for the secondary.

a function of frequency, revealing a twofold increasgdn. For
the three-layer inductord.{ andL; in Table I), proper choice

VIl. EXPERIMENTAL RESULTS of metal layers can considerably increakg,. To show how

A large number of structures have been fabricated in seveaacurately (19) predicts thgr, calculated values are included

CMOS technologies with no additional processing steps. Fig. &8 well. The error is less than 5%.
is a die photograph of the devices built in a 0,28 process  Table Il shows how adding the number of metal layers can in-
with five metal layers. Calibration structures are also includaemtease the inductance value. In this table, all inductors have the
to de-embed pad parasitics. same dimensions but incorporate a different number of layers.
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Fig. 16. Comparison of one-layer and two-layer structures for a given value 4
of inductance.
5-nH Inductor
1200
N
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N
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Frequency (GHz) 1200
10-nH Inductor ; S r
1200
: N 600
1000.....,...’
N 800 400}
600} 200}
400
0
200 0 2 4 6 8 10
Frequency(GHz)
% 2 10 (c)

4 6
Frequency (GHz)
Fig. 18. Effect of inductor modification o).

Fig. 17. Measured inductors in Ogdn technology.

increases by 50% with the proposed modification. Tt self-
Using five layers of metal yields an inductance value of 266 ntésonance is between 3 and 5 for the four cases. Note that for
in an area of (24Qum)2. Accommodating such high valuesthe 5-nH inductor resonating at 11.2 GHz, the skin effect is quite
in a small area makes these inductors attractive for integratisignificant. Measured and calculated valueggf [from (19)]
voltage regulators and dc—dc converters monolithically. differ by less than 4%.

Stacking inductors can also be useful even for small values. As mentioned before, with the proposed modification, the in-
Fig. 16 shows two 5-nH inductors fabricated in a @i®-tech- ductance remains relatively constant because the lateral dimen-
nology with three layers of metal. The two inductors were daions are nearly two orders of magnitude greater than the ver-
signed for the same inductance and nearly egusl The plots tical dimensions. This is indeed evident from the slopg4jfat
in Fig. 16(b) show that the stacked structure has a higher low frequencies, which is equal fior L (Figs. 15 and 17).
because it occupies less area. The effect of the proposed modification on theis also

In Fig. 17, some other measured results for two pairs of 5-rétudied. For the two 10-nH inductors of Fig. 17, we can derive
and 10-nH inductors in a 0.4m technology (with four layers of the parallel resistand,, as a function of frequency [Fig. 18(a)].
metal) are presented. In this case, the self-resonance frequdhtye ) is defined as in (3), then the two inductors have equal
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Fig. 19. Simulation and measurement comparison.
2

’'s around 5 GHz, and if (2) is used, this are even closer for
frequencies below the resonance [Fig. 18(b)].

Perhaps a fairer comparison is to assume each of the inductors
is used in a circuittuned to a given frequency (e.g., asinaVCO).
We then add enough capacitance to the modified structure so
that it resonates at the same frequency as the conventional one.
Fig. 18(c) shows that the two inductors have the same selectivity
and hence the sang, while the modified structure can sustain
an additional capacitance of 87 fF for operation at 4.5 GHz.

To simulate the behavior of an inductor, we can use the dis-

Voltage Gain

tributed circuit of Fig. 3with a finite number of sections (e.g., 10). %
However, measured results indicate that for tuned applications,
stacked inductors can be even modeled by a simple paralel

4 6 10
Frequency (GHz)

©
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tank. Fig. 19 compares the Slmwa.mc_m results of a parBIléB Fig. 20. Measured 1-to-2 transformer voltage gainder = 0, 50 fF, 100 fF,
tank and the measured characteristics. Here, the equivalentsza-r, 1 pF. (a) Four turns. (b) Eight turns. (c) Three turns.

pacitance obtained from (16) and the measured value of the par-

allel resistance at the resonance frequency are used. These plots
suggest that the magnitudes are nearly equal for awide range and
the phases are close for abétt0% around resonance.

Several 1-to-2 transformers have been fabricated in a
0.25+:m technology. Fig. 20 plots the measured voltage gains
as a function of frequency. The measured behavior is reasonably
close to the simulation results using the distributed model. The
four-turn transformer achieves a voltage gain of 1.8 at 2.4 GHz
and the three-turn transformer has nearly the same voltage gain

N
o

Voltage Gain
[<4]

N

-

over a wider frequency range. The plot also illustrates the effect 0.5
of capacitive loading on the secondary (calculated using the
measuredsS-parameters), suggesting that capacitances as high %

as 100 fF have negligible impact on the gain.

4 6 10
Frequency (GHz)

Fig. 21 shows the voltage gain of the 1-to-4 transformer @f; 51 Measured 1-to-4 transformer voltage gaindor = 0, 50 F, 100 fF,

Fig. 13. This transformer is made of three-turn spirals witbpo fF, 1 pF.
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