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ABSTRACT In this paper, transmission-line theory is applied to implement a physical model for compact
one-turn inductors, which simultaneously incorporates the frequency-dependent effects introduced by the
conductor skin effect and the loss originated by the coupling with the ground plane. For this purpose,
S-parameter measurements are processed to extract the associated parameters, which exhibit scalability with
the turn radius. This allows the model to be used for interpolation and extrapolation analyses. In this regard,
the device performance is assessed for one-turn inductors in series connection, for different load impedances,
and when the turn is narrowed. To validate the proposal, agreement between the model and the experimental
transmission line RLGC parameters, the return loss, and the Q-factor is obtained up to 20 GHz.

INDEX TERMS Integrated inductor, transmission-line model, S-parameters.

I. INTRODUCTION

Currently, passive components and interconnects occupy
valuable space on integrated circuits (ICs) operating at
microwave frequencies [1]. Hence, alternatives to reduce
the size of these devices, such as using one-turn induc-
tors, either alone or as part of more complex devices [2],
[3], have been proposed. Nonetheless, to exploit the advan-
tages of these structures, it is necessary to understand the
potential and limitations of single metal turns for achieving
inductance of practical values [4], [5], [6]. For this rea-
son, the physical modeling of such structures is essential to
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systematically analyze their corresponding electrical perfor-
mance under actual operating conditions, ultimately enabling
their application in the implementation of more complex
devices.

In addition to accurately predicting the intrinsic inductance
achievable with single metal turns, understanding the asso-
ciated quality (Q) factor is crucial for IC designers. In this
regard, there are several approaches to compute this param-
eter. For simplicity, some of the proposals assume that the
inductor is a one-port device [7], which provides enough
information for the case when shunt connection to ground is
considered. Nonetheless, a more rigorous assessment for the
Q-factor is required when the inductor is connected in series
configuration [8], [9]. In this case, it is necessary to take into
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account that the parasitics associated with the device input
and output ports may substantially impact performance at
microwave frequencies. Furthermore, an additional challenge
arises in this latter case since the Q-factor depends on the load
at which the device is terminated [10].

Moreover, in addition to requiring the description of an
inductor as a two-port device to achieve useful representa-
tions for RF ICs, it is necessary to predict the conditions
under which the device parasitics dominate the intrinsic
inductive behavior. In fact, these conditions also depend
on frequency, the device size, and the load impedance
terminating the output port. Nonetheless, even when induc-
tors are used to compensate for microwave degradation
of other devices [11], [12], there is little information
regarding the boundaries within which an inductor remains
useful.

Hence, the aim of this paper is to propose a systematic
modeling and parameter extraction methodology for one-
turn inductors. Furthermore, to demonstrate the utility of this
approach, it is applied to analyze how performance depends
on the device size and the magnitude of the terminating
load. In terms of modeling, leveraging the similarity between
single-turn inductors of practical size and transmission lines,
the proposed approach is based on an RLGC representa-
tion that enables separate modeling of the device’s series
and shunt parasitics. This also allows for the straightfor-
ward extraction of physically meaningful parameters, while
carefully adhering to the conditions under which practi-
cal one-turn inductors can be analyzed using transmission
line theory. Besides, the resulting two-port equivalent circuit
makes possible the representation in either series or parallel
configuration, which can also be interpolated and extrap-
olated to different sizes, and for analyzing the impact of
shifting the load impedance from the reference impedance
used during the experiments. Furthermore, the proposal is
employed to inspect the advantage of using two traces in par-
allel rather than a single trace for implementing the inductor’s
turn. Based on the built models, several plots of the Q-factor
and the reflection coefficient are used to thoroughly assess the
performance of different inductors under various operating
conditions.

Il. PROTOTYPES AND EXPERIMENTS

To illustrate the modeling methodology proposed here for
analyzing the performance of one-turn inductors, test struc-
tures on a semiconductor wafer were thoroughly measured.
This prototype was fabricated on a p-type Si substrate with
a resistivity of 20 Q-cm, and includes inductors exhibiting
the layout depicted in Fig. 1(a). Notice that rather than
using a single circular trace to implement the device, two
short-circuited concentric traces are used to reduce the metal
series resistance; this results in an improvement of up to 20%
in the Q-factor over a single turn inductor [4]. This improve-
ment is achieved while respecting the maximum trace width
established by layout design rules. Thus, for the implemented
structures, the equivalent width of the inductor, as defined in
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Fig. 1(a), is w = 15 um. Additionally, a pattern ground shield
was included to avoid undesired coupling between the induc-
tors and the semiconductor substrate. This shield is directly
connected to the ground pads at both sides of the device and is
depicted in Fig. 1(b), as well as the metal fills that are needed
to maintain the metal density of the wafer. In this regard,
these fills were avoided below the metal traces to reduce
additional parasitic effects. Within the prototype, three induc-
tors are included, exhibiting radius » = 100 um, 150 um,
and 200 pm.

Regarding the electrical measurements, the vector net-
work analyzer (VNA) setup shown in Fig. 1 (c) was
used to measure the two-port S-parameters of the three
inductors up to 20 GHz with the aid of ground-signal-
ground (GSG) microprobes with a pitch of 100 wm. For
this purpose, the setup was calibrated up to the probe
tips by using a line-reflect-reflect-match (LRRM) algorithm
and an impedance standard substrate. Furthermore, once
the S-parameters were measured, a two-step de-embedding
was carried out to remove the effect of the pads and
the feeding interconnects from the inductor experimental
data [13]. Hence, measurements performed to ‘open’ and
‘short” dummy structures included within the prototype were
employed.
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FIGURE 1. Description of the prototyped devices: a) photograph of the
inductor with a radius of 200 xm, b) sketch showing the device cross
section the level of the traces that form the turn, and (c) photograph of
the two-port measurement of one device.

Finally, it is assumed in this paper that the one-turn induc-
tors can be represented by means of a transmission-line
model consisting of the cascaded connection of frequency-
dependent RLGC parameters. These parameters are sep-
arately obtained for each one of the inductors from the
de-embedded S-parameters as explained in [14], and are used
throughout the parameter extraction procedure described
hereafter.
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FIGURE 2. Equivalent circuit model for the inductors: a) two-port

representation, b) wideband model for Yp, c) low-frequency model for Yp,
and d) high-frequency model for Yp.

lll. CIRCUIT MODELING AND PARAMETER EXTRACTION
The first step to analyze the performance of a one-turn
inductor is defining an equivalent circuit that allows for the
wideband representation of its electrical behavior. In this
regard, the perimeter of the largest prototyped device is
Pmax = 27 X (200 um) =~ 1.2 mm, whereas the wave-
length at the maximum frequency considered here is Amin =
c/[/€, x (20 GHz)] ~ 7.6 mm, where c is the speed of light in
vacuum and &; &~ 3.9 is assumed as the relative permittivity
of the field oxide. Hence, since a criterion to determine the
minimum number of stages (n) in cascade connection for
an equivalent circuit to represent a device of a given length
dictates that ppax/n < Amin/10 [15], a two-stage circuit (i.e.,
n = 2) as the one shown in Fig. 2 (a) is used in this paper.

For representing R and L as functions of frequency (f)
in the circuit shown in Fig. 2 (a), the skin effect occurring
within the conductor traces is considered using the following
equation models:

R=Ro+kn/f §))
L = Lo + ks/Qr/f) ©)

where Ry represents the low frequency resistance exhibited by
the inductor, kg is the skin effect coefficient for a conductor
with smooth surface, and L is the external inductance,
which is dominant at high frequencies [16].

In order to determine these parameters, a linear regres-
sion is firstly applied to the experimental R versus +/f data.
This allows for the extraction of kg and R from the corre-
sponding slope and intercept with the ordinates, respectively.
Afterwards, the experimental L is plotted versus 1/4/f for
obtaining L., from the intercept with the ordinates of the
associated linear regression. Observe in Fig. 3 that after
extracting the parameters, (1) and (2) accurately reproduce
both R and L for the prototyped inductors.

Regarding the inductor parasitic shunt admittance (Y}),
it can be represented by means of the wideband model shown

96406

25470 experimental data
20_.— = wideband model = 100 um
qeeee wideband model r = 150 pum
ng T wideband model r = 200 um
<104
5
0 d T v T v T
2.0
1.54
’:I-:\ E
E1.01
~
0.51
0.0 v T v T v T v
0 5 10 15 20
Frequency (GHz)

FIGURE 3. Model-experiment correlation for R and L for the three
inductors.

in Fig. 2(b), which consists of two resistances (R and R) and
two capacitances (C; and C). This circuit not only allows
for a distributed representation of the capacitive coupling
between the inductor and the ground plane, but also considers
the loss occurring due to transverse polarization currents
and also currents within the pattern structure. In fact, the
validity of this representation has been previously verified
in microstrip structures [17]; thus, the model application
is extended here by carefully associating the corresponding
elements to effects occurring in an on-chip inductor. For this
purpose, the resistance to ground (i.e., R») is used to increase
the model bandwidth of validity while maintaining causality
as explained in [18]. So, the problem now is to determine the
four unknown parameters from the experimental Y}, given by:

Y, = G+ j2nfC 3)

To simplify this problem, rather than expressing Y}, in terms
of Ry, R, C1, and C3, by directly using the wideband model,
it is firstly assumed that, at low frequencies, this admittance
can be represented by means of the circuit shown in Fig. 2(c).
In this case, and considering (3), it is possible to write:

(wC1)*R,

Re(Y —_—
1 4+ (wC1Ry)

“

p)l LF = G|LF ~
where w = 2xf, and the subscript LF indicates that the
approximation is valid at low frequencies. Notice also that
rearranging (4), it is possible to define the following auxiliary
variable:

~ Rla)2 +

T 5)

Therefore, in accordance with (5), when performing a
linear regression to experimental U versus o’ data, Ry and
C1 can easily be obtained from the corresponding slope and
intercept with the ordinates. In this regard, good linearity in
the data determined from (5) is achieved considering that the
upper LF limit is about 2 GHz.
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FIGURE 4. Model-experiment correlation for G and C for the three
inductors.

On the other hand, at high frequencies the wideband model
for Y}, can be simplified to the circuit shown in Fig. 2(d),
which allows one to write the following equation:

1 R
PHHE = G+ joClyr 1+ (0R1C2)?
JoRIC,

—— (6)
1+ (0RC2)?

where Z, = 1/Y},, and HF indicates that the approximation

is valid at high frequencies. Now, from (6) it is possible to

define a new additional auxiliary variable as:

(N

With the aid of (7), C; can be obtained from the slope of the
linear regression performed to V versus w? data. Afterwards,
once Ry, C1, and C are known, the remaining parameter is
determined by solving the real part of Z, in (6) for Ry; this
yields:

)| _L
HE 1 4+ (wR1Cy)?

Now, it is possible to correlate in Fig. 4 the model for Y,
with the experimental G and C curves for the different induc-
tors. Excellent agreement is achieved within the measured
frequency range.

Fig. 5(a) shows that the parameters related to the series
resistance (i.e., Ry and k) are approximately proportional
to the effective length of the traces that form the inductors.
In other words, R increases with the perimeter of the devices.
A similar and physically expected trend is also observed in
this figure for the capacitances C; and C3, that account for
the parasitic coupling of the inductor’s traces with the return
path. On the other hand, since the part of the shunt loss is due
to the electric polarization occurring between the inductor
trace to the ground plane, the associated currents are expected
to increase with the perimeter. This increase in the parasitic
shunt currents is interpreted as a reduction in R; and R,

R, = Re(Z, ®)
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FIGURE 5. Extracted model parameters for the different inductors: a)
parameters that that show proportionality with the perimeter, b)
parameters that show proportionality with the inverse of the perimeter,
and c) external component of the intrinsic inductance versus radius.

which clearly shows a linear trend when plotted versus the
inverse of the perimeter in Fig. 5(b).

For the case of the effective inductance of the device, kg
extracted for R allows for modeling the frequency-dependent
term in (2). On the other hand, to represent the dependence
of L, on geometry, Grover’s formula for a one-turn inductor
is employed, which is expressed by [19]:

1 1, 8 2
Loo=pmo-r{={14+=a")-In|{—)—0.84840.204a
2 6 a?
)

where o = 4w x10—7 T-m-A~! is the permeability of
free space, and a = w/2r. Fig. 5 (c) shows the agree-
ment between (9) and the extracted data, which enables
the provision of a model for Ly, for both interpolation and
extrapolation purposes.

IV. ASSESSMENT OF PERFORMANCE

Once the model for the inductors has been implemented,
the simulated curves for the reflection parameter S;; are
compared to experimental data. Fig. 6(a) shows the corre-
sponding agreement achieved for the three fabricated devices.
In addition, notice that using data extrapolations as illustrated
in Fig. 5, the simulated curve for an inductor presenting
a radius of 300 um is also obtained. This also allows for
illustrating the trend in the Q-factor as the radius is increased
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FIGURE 6. Model—experiment correlation up to 20 GHz and assuming

Z; =50 @ for: a) Sy, and b) the quality factor. The simulated curve
corresponding to an inductor with r = 300 um is also included; this curve
was obtained through the extrapolation of the model parameters.

in Fig. 6 (b). Observe in this figure that, as expected, the
peak of the Q-factor occurs at lower frequencies as the size
of the inductor is increased since the parasitics also increase
with the radius. This points out the usefulness of the proposal
within a design cycle for estimating the performance of an
inductor of a given radius.

A. IMPACT OF LOAD CONDITIONS

An important aspect to be considered when using an on-chip
inductor under actual conditions is the fact that it is typically
connected in series configuration. Actually, the device output
port might even be terminated at a load of large magni-
tude [8]. For this reason, it is necessary to analyze the impact
of the load impedance on the performance of the inductor.
In this regard, considering that the two-stage transmission-
line circuit shown in Fig. 2 (a) is used, it is possible to
re-draw it in the form presented in Fig. 7. Hence, it is clear
that the current flowing through the main path is reduced as
the load impedance (Zy) is increased. This undesired effect
introduces a larger deviation of the device operation from
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a) Sq; up to 20 GHz for an ideal inductor with no parasitics against the
simulated curves for r = 200 xm, and b) Q-factor curves for the same
cases.

the ideal behavior expected from a lossless inductor. This
is graphically illustrated in Fig. 8(a), where the length of
the S11 plot is not only shortened as Zp, increases, but also
more curvature is exhibited since more proportion of current
is flowing through the device shunt parasitics. Furthermore,
observe in Fig. 8(b) the significant reduction of the Q-factor
as the load impedance is increased. This reduction is also
accurately predicted by the proposed transmission line model.

B. PERFORMANCE ENHANCEMENT WHEN USING TWO
PARALLEL TRACES

As previously mentioned, using two parallel traces to imple-
ment one-turn inductors reduces the series resistance without
significantly affecting the magnitude of the inductance. Here,
it is quantified the improvement in the Q-factor by employ-
ing this technique. For this purpose, the performance of the
two-trace inductor practically implemented with radius r =
200 pm is compared to the one corresponding to an inductor
of the same internal radius but using only one trace. In this
case, in accordance with Grover’s formula [21], considering
that the cross section through which the current is flowing is
reduced to half the size of the two-trace inductor, the induc-
tance is increased from 0.86 nH to 1.2 nH. Nevertheless, this
change in the cross section also doubles the series resistive

VOLUME 12, 2024
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components. Now, to obtain the shunt capacitive components
in the transmission line model, Schneider’s formula can be
applied [20]. This formula dictates that, for a microstrip trace,
the capacitance is approximately given by:

h h\°
C = 0.225¢,5 % +2.42 - 044~ + (1 - —) (10)
’ w w

where e, is the effective permittivity of the surrounding
media, which can be calculated as described in [20] consid-
ering the relative permittivity of the silicon dioxide as &; =
3.9. So, when calculating the capacitance of the two-trace
inductor and that of the one-trace inductor using (10),
a reduction of 32% is obtained in the latter case.
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At this point, the model for the one trace inductor can
be straightforwardly implemented considering the equivalent
circuit given in Fig. 2 (a). In Fig. 9, the corresponding Si;
curve is compared to the ideal lossless case and to the curves
corresponding to the two-trace case and a noticeable differ-
ence is observed. Furthermore, this difference is more clearly
seen in the magnitude curves with different load impedances
shown in Figs. 10(a), (b), and (c), where the curves for the
one-trace and the ones for the two-trace inductors are com-
pared to the case where the series resistance is ignored. In fact,
observe in Figs. 10(d), (e), and (f) that, as the magnitude of Zj,
is closer to the reference impedance (i.e., 50 €2), the Q-factor
corresponding to the two-turn inductor exhibits significantly
higher magnitude than the one-turn counterpart. This result
points out the advantage of reducing the series resistance
using this technique and highlights another application of the
proposed modeling methodology.

V. CONCLUSION

Accurate modeling of one-turn inductors is achieved using
a transmission line based equivalent circuit and a systematic
parameter extraction approach. Model—experiment correla-
tions show excellent agreement up to 20 GHz for inductors
of different sizes, and for several load impedances connected
at the device output port. The frequency-dependence of the
circuit elements is considered based on a physical interpreta-
tion of the associated effects, which allows model scalability
and reliable evaluation of performance through the calcula-
tion of two-port Q-factor curves. Furthermore, the approach
also shows applicability for comparing the performance of
one-turn inductors consisting of one and two metal traces in
parallel.
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