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Abstract—A model for integrated spiral inductors which
incorporates the physically expected frequency-dependent effects
modifying the device’s impedance is proposed. Moreover, it is
demonstrated that the effect of resonances occurring outside
the bandwidth of applicability for the device may considerably
influence the performance around the peak of the Q-factor versus
frequency curve. In this paper, we present the use of cascaded
resonant circuits to represent the additional resonances occurring
in the device to improve model accuracy up to 60 GHz.

Index Terms—Eddy current, ground shield, resonances, skin
effect, spiral inductor.

[. INTRODUCTION

NDUCTORS are among the most important passive com-

ponents used in radio frequency (RF) ICs [1]-[5]. In this
regard, the quality (Q) factor is the typical figure of merit
used to assess device performance [6]. However, this para-
meter strongly depends on the losses associated with eddy
currents originated on the ground path. Thus, ground shields
are used to avoid this effect at the highly lossy substrate
level [1]-[7]. Generally, these shields use metal, polysilicon,
or low-resistivity buried layers close to the silicon surface
and may present either solid or patterned geometry [4], [5].
Bear in mind, however, that the electrical performance of
the inductor is modified by the shield and thus needs to
be considered in the corresponding model. For this purpose,
equivalent circuits are used, most of them based on the
m-model shown in Fig. 1(a) [8]-[15]. These models exhibit
acceptable accuracy up to the frequency of occurrence of the
inductor self-resonance. This frequency is referred to here
as fsrr1. The assumed topology for the z-model, however,
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Fig. 1. Eaquivalent circuits for on-chip inductors. (a) 7 -model. (b) Conven-
tional T-model. (c¢) Proposed T-model. (d) and (e) Subcircuits to represent
higher order resonances.

requires that some elements take values without physical sig-
nificance; especially, for those that present a large separation
of the inductor from the ground shield (k). For instance, when
assuming the topology in Fig. 1(a), the experimental data
associated with the real part of the impedance between the
input and output ports [i.e., Re(1/Yf)] exhibits negative values
within certain frequency ranges, which would require consid-
ering negative resistances to represent ¥ s. This effect is shown
in Fig. 2 for inductors with different /7 and different patterns
for the shield: solid ground shield (SGS) and patterned ground
shield (PGS). In order to overcome this problem, T-models as
the one shown in Fig. 1(b) have been proposed [16]-[19].
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Fig. 2. Re(l/Y £) curves obtained from data measured to different inductors
when assuming the x-model representation. The fact that these curves exhibit
negative value points out that the z-model does not allow for a physically
based wideband representation of all inductor structures.

Nevertheless, these models include a resistance directly con-
necting the input and output ports (Rj,) that allow for the
fitting of experiment with simulated data, but lacking physical
meaning.

In this paper, we show that by accounting for the
frequency dependence of the model elements representing the
self-inductances and series resistances of the device, using Rj,
is avoided. This is achieved by employing the square root of
frequency functions that describe the change in the current
distribution within the cross section of the metal traces due
to the skin effect. Conversely, to previous approaches [14],
skin effect models relying on ladder equivalent circuits are not
necessary, avoiding solving systems of nonlinear equations to
extract the corresponding parameters.

Moreover, it is observed that resonances outside the fre-
quency range around the fundamental inductor resonance may
substantially influence the response within the bandwidth of
applicability. This is due to the fact that a resonance is
a wideband effect that gradually reduces its impact as the
frequency of operation of the device moves away from the
resonant frequencies. However, the effect of one or more of
these resonances may not have completely vanished away
within the frequency range of interest. In fact, in critical
cases, even resonance overlapping may occur. Thus, properly
considering multiple resonances allows representing device
behavior for the desired frequencies in a physical manner.
Here, the model topology for achieving this goal, as well as
a systematic parameter extraction methodology, is provided
and experimentally verified for inductors presenting different
distances from the shield, different shield patterns, and octag-
onal and circular geometries. Excellent model-experimental
correlation is achieved, correctly predicting the Q-factor.

II. PROTOTYPES AND MEASUREMENTS

To develop and verify this proposal, a test chip was fab-
ricated in an RFCMOS process over a 20-Q-cm resistivity
p-type substrate. Micrographs of the fabricated inductors are
shown in Fig. 3, while the corresponding dimensions are
indicated in Fig. 4, and the experimental setup used to measure
the devices is shown in Fig. 5.
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Fig. 3. Photographs of the fabricated inductors. (a) Octagonal with SGS.
(Two devices presenting different separations from the shield were fabricated
for this case.) (b) Octagonal with PGS. (c¢) Circular with PGS.

Fig. 4. Structure and dimensions for the octagonal inductors, which may
present SGS or PGS. The structure for the circular inductor is the same.

Fig. 5. Photograph of the experimental setup showing the probe station,
the VNA, and the camera view with an image of the test chip.

All the fabricated devices are formed by copper traces
with thickness + = 3 um and width w = 7.7 um and
are isolated from the substrate by means of a shield at the
lowest interconnection level made of polysilicon; as detailed
as follows, this shield may be either solid (SGS) or patterned
(PGS). The spacing between adjacent turns is s = 2.8 um,
and the height between the metal trace and the ground shield
is h = 3.0 gm. The apothem of the outer turn for the three
measured inductors i1s a = 200 gm. Notice also in Fig. 3 that
the inductors include aluminum coplanar pads, which are used
to measure S-parameters using ground—signal-ground (GSG)



coplanar probes with a 100-xm pitch. Among these devices,
three present octagonal geometry with three turns and exhibit
the following characteristics: 1) one presents SGS and is
separated from the shield a distance » = 1 pgm; 2) a second
one presents SGS and 4 = 3 pm; and 3) the third one presents
PGS and h =3 pum. A fourth inductor with circular geometry
and two turns was fabricated presenting PGS, a radius of the
outer turn of 200 gm, and h = 3 pm. As shown in Fig. 3(c),
the turns of the circular inductor are joined by means of three
small traces to increase the area for current flow. The analysis
of this circular structure is also presented for comparison, and
since circular inductors present a higher Q-factor [22].

The S-parameter measurements were performed using GSG
coplanar probes presenting a 100-ym pitch. A VNA setup
was calibrated up to the probe tips using an off-wafer line-
reflect-match algorithm and an impedance standard substrate.
In addition, the effect of the pads was de-embedded using
measurements performed on on-wafer “open” and “short”
dummy structures as described in [20]. Furthermore, since
Z-parameters are used throughout the proposed methodol-
ogy, the corresponding transformation from S-parameters was
applied [21].

III. MODELING AND PARAMETER EXTRACTION
METHODOLOGY

The T-model proposed here includes two main impedance
blocks enclosed in dashed boxes in Fig. 1(c); one associ-
ated with the impedance between ports 1 and 2 (Zj2),
and the other accounting for the impedance that is common
to ports 1 and 2 (Zy3). The subcircuits representing these
impedances are discussed as follows. For the case of Zj2,
there are two branches. The first one establishes the main
path of current flows through the coil from port 1 to port 2 and
includes the intrinsic inductance of the coil (Lipg) and the par-
asitic series resistance associated with the metal traces (Rind).
Notice that these elements exhibit frequency dependence due
to the skin effect. Furthermore, an equivalent representation
for the coupling between turns using a mutual inductance
was presented in [16], and it is also used here. In addition,
the impact of the eddy current loops occurring in the shield is
represented with effective parameters: L., R, which are the
eddy inductance and resistance, respectively, and M,, which
is the mutual inductance accounting for the magnetic coupling
between the coil and the shield [9]-[17].

The second branch included in Z;,» represents the path
originated by the capacitive coupling between the traces
forming the turns. This path is due to current loops along
the coil parallel to the shield and is represented by the series
connection of the capacitor Cp, the inductor Lp, the resistor
R, and the sum of the impedances Z,,. For convenience
during the development of the model, the impedance of this
path, using @ for the angular frequency and j2 = —I,
is expressed as
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Fig. 6. Experimental curves of Im(Zj3)/w versus frequency normalized
to fspr) for (a) four measured inductors indicating the first two frequency
ranges and (b) octagonal inductors showing multiple resonances in a third
frequency range.

where the summation in the second term allows representing
the resonances occurring in the device due to parasitic currents
along the coil parallel to the ground shield.

On the other hand, the Z;> block accounts for the parasitic
current originated by the capacitive coupling between the coil
and the shield. In this case, Cyx is the capacitance to the
ground shield, whereas Cos and Ros are related to fringing
effects [13].

Notice that a series inductor given by —M is included,
which completes the equivalent representation of the mutual
inductance between turns as explained in [16]. In addition,
the sum of Z,, impedances allows accounting for the res-
onances occurring in the device due to parasitic current
loops flowing through the coil and using the shield as return
path [17], [18].

Now, in order to implement the model for a particular
device, it is necessary to identify conditions at which the
equivalent circuit can be simplified to ease parameter extrac-
tion in a systematic way. For this purpose, the experimental
Im(Z02)/e curves are plotted in Fig. 6(a) for all the inductors
considered for this paper.

Notice that the frequency at which the inductor exhibits the
first resonance (i.e., fsgp1) can be read directly from these
curves. Hence, it is reasonable to assume that frequencies
f < fsrr1 can be considered within a low frequency region
since the effect of the inductor self-resonance is negligible.
In this region, high-order effects such as those associated
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Fig. 7. Equivalent circuits of Zj4» under different frequency conditions.
(a) Low frequencies. (b) At f = fsgrF]. (¢) At f = fp. (d) Wideband model.

with the impedances Z, and Zj,> can be ignored, and the
equivalent circuit for the inductor is simplified to that shown
in Fig. 7(a), which allows writing Z42 as

Z1e2|LF & Ringo + j@Lingo (2)

where Ringo = Re(ZiwzlLr) and Lingo =~ Im(Zye2|Lr)/@
are the frequency-independent components of Rind and Lind,
respectively. Here, Z102 = Z11 + Z22 — 275 was obtained
from the corresponding S-to-Z-parameter transformation.

Fig. 6(a) shows the values of Lij,qo for the four inductors
considered, yielding approximately 7.6 nH for the octago-
nal inductors and 0.8 nH for the circular one. Interestingly,
the three octagonal inductors yield approximately the same
Linao since the effect of the shield and the height of the
inductor is not dominant at low frequencies. In addition, the
extraction corresponding to Ripgp is illustrated in Fig. 8(a),
where it can be seen that the two octagonal inductors formed at
the same metal level exhibit approximately the same resistance
at low frequencies.

As the frequency increases from dc conditions, the effect
of the first self-resonance is maximum at f = fsrri. Since,
at this frequency, the combined effect of Lj,g, Cp,, and Rjyq is
dominant and the skin effect is still not strong for the devices
employed in current technologies, the equivalent circuit for
Z1102 can be simplified to that shown in Fig. 7(b). Therefore,
it is possible to write

1

2 Vv LindDCp

which can be solved for C, to obtain the corresponding value.

When the frequency increases beyond fsrri, a new res-
onance will become apparent; this is associated with the
fact that a low impedance path will be established between
ports 1 and 2. This occurs when the reactances associated
with C,, and L, cancel each other yielding Im(Z,2) = 0.
In Fig. 6(b), this effect is indicated for the octagonal inductors
at f = fo. Hence, similarly as for the previous resonance, for
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Fig. 8. Curves used to determine (a) Ripgp and (b) Rp.

this one, it is possible to express

fO ~ ;

2 /L, G
which can be solved to obtain L, since C, is already
known. Nevertheless, R, should also be considered as a loss
contribution at f = fy, and the equivalent circuit for the
inductor at this condition is the one in Fig. 7(c). Therefore,
once Lindo, Rindo, L, and C), have been determined, R, can
be obtained from

“)

(3)

L. ( - 1. )

R, Zito2  Rindo + joLindo /| p=y,
where it 1s assumed that Ling = Lingo and Rijng = Ringo at
f = fo. The corresponding extraction using (5) is shown
in Fig. 8(b).

As frequency rises, the eddy currents become an impor-
tant contribution modifying Zy2. A straightforward way to
simplify the parameter extraction for the equivalent circuit
is by shifting the effect of L., R,, and M, in series with
Ling and Rjpg. by introducing an effective “eddy impedance”
(Zedgy) [10]. In this case, the experimental data associated
with this impedance can be obtained by defining & =
M,/(LingL.)"/* and ¢ = L,/R,, which are the effective
coupling coefficient and relaxation time associated with the
eddy currents in the shield, respectively. Then

27
(z;), - Z;l)_l = Rindo + j@Lindo + %- (6)
The “eddy impedance™ can be defined from this expression

- gy .
Zeady ~ (Zihy — Z5") ™ — (Ringo + joLing).  (7)

Upon rearranging terms and considering only the real part
of (7), a linear relation can be derived
@lgm v g 1

BT TR 8
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Clearly, k and 7 can be obtained from the slope and intercept
with the y-axis of the linear regression for the experimental
@* Lindo/Re(Zeday) versus @? data; this is illustrated for the
fabricated inductors in Fig. 9.

It is important to note that Rjpg and Liyg have to be
considered as frequency dependent beyond fsgp) to account
for effects associated with the skin effect. In this case, Ring
and Ling can be represented by [23]

ke

Fivon = —_— 9
ind OO+27!\/T ()
Rind = Rindo + ks/F (10)

where L« is the inductance observed at high frequencies and
ks is a constant parameter accounting for the proportionality
of the impedance of a metal trace with the square root of
frequency once the onset frequency for the skin effect has been
surpassed. Multiplying (9) by the square root of frequency

ks
amJ?=LmJF+5; (11)

which in terms of the experimental data can be written as

kew?1? L
1= H—T) - §2)

The parameters in (11) can be determined from a linear
regression of (12), as shown in Fig. 10.

The final step in the parameter extraction is the represen-
tation of the higher order resonances, which is accomplished
by using the model elements determined up to now, adding
resonant circuits in series, as shown in Fig. 1(d). If we
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On = 5 (13)
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RJ'?'I
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Ql'l
Crn = ——— (16)
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where f., is the frequency of the nth resonance and fj,
and fj, are the values where the amplitude of the resonance
is either 70% or 50%, depending on whether it is a simple
resonance or a double overlap. The values of f,,, fun, fin.
and Ry, can be obtained from the experimental data, as shown
in Fig. 11. The corresponding values for the elements of
Fig. 1(e) can be obtained from (13)—(16) using the correct
subindexes.

Once all the elements of Zj,2 have been determined,
the elements of Z;> can be extracted. However, it is neces-
sary to de-embed the measurements in order to remove the
effects of the intrinsic resonances of block Z,2 from Zi».
Blocks Zac, Zgc, and Zap are connected in a delta topology
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Fig. 12. Delta-to-star transformation used for the de-embedding process.

(a) Block circuit for Fig. 1(c). (b) Star transformation of (a) to extract Z3.

(c) Zac elements. (d) Elements of Zgc. (e) Components of Zag.
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(see Fig. 12), which can be transformed into a star architecture
using Kennelly’s Theorem

_ Zac Zrc
ZAB + ZBC + Zac

The impedance block that is shown in Fig. 12(b) is defined
as Zian = Z12 + Zet. Now, to find each one of the elements
that constitute this impedance block, it is assumed that at
very low frequencies the effects of M(f) can be neglected
and that R, is in the order of a few ohms, which allows
establishing [13]

Zet (17)

w

S SN, [ —. W -
Im(Z1241LF) | o o e

(18)
This relation is shown in Fig. 13.
Moreover, at low frequencies, it is possible to write the
following relationship involving Ry and Ceg [5]:

w’Re(Z12,|Lp) ™ = + & Ros.

= 19
FofZ (19)
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low-frequency data.

Hence, Ros and Cos can be obtained from the slope and
intercept with the y-axis of the linear regression for the
experimental cuZRe(Z 12n) Versus w? data at low frequencies;
this is illustrated for the fabricated inductors in Fig. 14.

Furthermore, considering that M is dependent on the effects
of the intrinsic inductance of Zj,2, it follows that it is also a
function of frequency; therefore, skin effect and eddy current
effects are included in this inductance, and hence, M( f) can
be directly defined as

katt
14+ jor
where Mo is related to Lo by
Moc e kmLoc- (21)

Here, k,, is a constant factor, which relates mutual and
intrinsic inductances. From the following equation, we can
define

= o
Therefore, the relationship between mutual and intrinsic
inductances can be found using (21)—(23). A relation that

allows the determination of M, from experimental data is
herein proposed as

K (22)

Im[Z 20 — Z120]|LF] —
(1 _ _kt?e? )
14122

Clearly, (23) represents a line centered at the origin,
Mo being its slope, as can be seen in Fig. 15.

o M. (23)
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Fig. 16. Resonances in Re(Z2) for the octagonal inductors; as can be seen,
for the PGS, a resonance is presented at 20 GHz, causing a reduction in the
BW and in the efficiency of the inductor with this type of shield.

In all inductors, several resonances are present; to only
extract the effects pertaining to these, it is necessary to apply
the following equation on the experimental data:

kot
Zr = Re[Z12y — Z12n|LF] — M (l—) (24)
-+ jort

The intrinsic effects of the resonances in each of the
inductors are shown in Fig. 16. These resonances can be
modeled using the parallel RLC resonant circuits defined
in Fig. 1(c). These circuits are identical to those used for block
Z1102; therefore, (13)—(16) can be used. The final experimental
verification results are discussed in Section IV.

IV. RESULTS AND DISCUSSION

In order to point out the advantages of using the proposed
model and parameter extraction methodology, the models
shown in Fig. 1 were implemented in Keysight's ADS circuit
simulator. Then, a comparison of §1; and S1> was performed
for SGS and PGS structures. Notice, in Fig. 17, that the
proposed model allows the modeling of these integrated
inductors over a wide frequency range, including higher order
resonances, independently of the ground shield used for the
circuit design.

v Experiment

220 y & Proposed T-model
20 ] % m-model
+ 'l"—model

Octagonal SGS, h= 1 um
" 1 1 L

O Experiment
-20 A Proposed T-model
30 . + T-model Octagonal SGS, #=3 pm |

ISl (dB)

I5,,] (dB)

| 5/ Experiment
Proposed T-model
=20 +

IS, (dB)
3

T-model

-15
-20

15,,| (dB)
2

| Circular PGS, #=3 um

ISl (dB)

0F . | s | L 1 . 1 L | L |

o Experiment
T-model
+  Proposed T-model

ISl (dB)
)
(=

1 L | L 1 " 1 L 1 L 1

0 10 20 30 40 50 60
Frequency (GHz)

Fig. 17.
inductors.

Model—experimental correlations of S-parameters for the fabricated

It is important to remark that even though many circuit
simulators which include frequency-dependent elements are
readily available, the model for the higher order resonances in
presented in this paper can be implemented in SPICE using
arrays of frequency-independent elements, which is an advan-
tage to improving integrated circuit design, evaluating process
technology or optimizing device structure, since this model
can be easily implemented in commercial circuit simulators.

In addition, as shown in Fig. 18, the O-factor calculated
as in [24] reduces in bandwidth for inductors built over the
PGS. This improvement is mainly due to the reduction of
eddy currents effects. Thus, PSG inductors are better for filter
design, but if the bandwidth is not a restrictive parameter,
SGSs can be used.

In addition, as can be seen at the top of Fig. 17, in the
octagonal inductor with SGS and 7 = | um, the resonances
are present at frequencies higher than 40 GHz, for which the
7w and T models cannot be used, as their comparisons show.
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Moreover, for the octagonal inductor with SGS and & = 3 pm,
the higher order resonances also appear at frequencies greater
than 40 GHz; however, as explained earlier, the z-model
cannot be used since it presents an anomalous behavior at
the resonant frequency, and thus, our model is only compared
to a previously published T-model. Furthermore, as can be
seen in Fig. 17, for the octagonal inductor with PGS and
h =3 um, higher order resonances are present from 20 GHz
onward, and the conventional T model ceases to represent the
structure for these higher frequencies. This is very important
since most designs currently use inductors with PGSs and
require being modeled over a broad BW, at least above the
third harmonic, which in these cases would exceed 20 GHz.
The model presented herein guarantees a good correlation
even at higher frequencies. Finally, using a circular inductor,
we have shown that this model can be applied to geometries
other than the octagonal one, achieving excellent accuracy up
to 60 GHz.

To summarize, the most important parameters for the model
of each type of inductor are listed in Table L.

In any case, the excellent model-experimental correlation
using the proposed equivalent-circuit model validates the
extraction methodology and shows a suitable alternative for
modeling on-chip inductors at microwave frequencies while
simultaneously maintaining accuracy when different ground
shields are used for the structures.

TABLE I

COMPONENT VALUES OF THE EQUIVALENT CIRCULT
FOR THE SPIRAL INDUCTORS [FIG. 1(C)]

Inductor

Component | Oct. SGS | Oct. SGS | Oct. PGS | Cir. PGS

h=1lum [ A=3um | A=3um | A=3um
Riuin (Q) 46 6.1 6.1 2.0
Liwao (nH) 7.56 7.64 7.60 0.88
L..(nH) 7.48 7.56 7.50 0.82
k(107 2.81 2.35 3.22 2.00
C, (fF) 105 70 97 10
R, () 10.9 9.6 5.4 21
L,(nH) 0.15 0.22 0.17 0.27
k 0.48 0.21 0.027 0.05
7(10"s) 1.7 2.0 7.0 3.46
k(@ s 3.2 32 32 2.0
C,.(fF) 94 84 784 100
Cos(pF) 1.5 0.52 0.01 0.39
R (kQ) 0.423 0.513 4914 0.65
M. (nH) -1.50 -1.57 -1.74 -0.16
Koy 0.21 0.23 0.24 0.19
R, (€2) 5.0 5.0 0.75 14

V. CONCLUSION

The inclusion of frequency-dependent elements, as well as
resonant circuits to take into account higher order resonances,
translates into a versatile, yet simple, model for integrated
circuit inductors. The proposed model correlates very well
with experimental data obtained from inductors that have
different ground shields, at different depths. This model makes
it unnecessary to resort to artificial components (such as Rj,)
that improve curve fitting but have no direct correspondence
to the physical structure. Furthermore, proximity effects have
been adequately included in the model, resulting in a true
representation of the behavior in frequency of the fabricated
structures.
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