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Abstract

Measurements and extraction of Q-value and self-
resonance frequency of on-chip differential symmetri-
cal inductors have been performed. Both 1-port and
2-port measurements have been carried out. In the
1-port measurements a high frequency broadband 180°
hybrid was used to generate differential signals. The in-
ductor was then excited by the same kind of sig-
nals in the measurement as when used in a real differen-
tial circuit. The measurement results agree well with sim-
ulations using FastHenry in combination with the free in-
ductor optimization program Indentro, verifving these
tools.

1 Introduction

Symmetrical inductors are essential in RFICs, which typ-
ically use differential topologies to improve the perfor-
mance by suppressing even order non-linearities and sub-
strate interference.  Differential inductors are com-
mon in e.g. differential oscillators [1] and low noise am-
plifiers [2].

Modem RF CMOS processes have high silicon sub-
strate resistivity as well as thick top metal options, signif-
icantly increasing the performance of monolithic induc-
tors. To design first time right and thereby reducing the de-
sign costs, accurate inductor models are needed for simu-
lations. Earlier work has therefore developed such models
based on 2-port measurements, for both single ended in-
ductors [3] [4] [5] [6] and differential ones [7] [8].

2 Indentro

The inductor optimization program Indentro [9] is used
for comparison to our measurements. Its theory of equiv-
alent distributed capacitances [1] is in this paper veri-
fied with measured on-chip inductors. Indentro uses sim-
ple lumped Il-models to optimize the geometry of spi-
ral and symmetrical inductors. The models are de-
picted in Fig. 1.

Thanks to the simplicity of the algorithm, and us-
ing fast empirical and semi-empirical formulas to calcu-
late the lumped II-model, Indentro reduces the optimiza-
tion time greatly compared to field solvers. When a suit-
able geometry has been found using the fast formu-
las, an accurate II-model is created using FastHenry for
the inductive and resistive parts, and the equivalent dis-
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Figure 1. Inductor II-models. Ry, is the shield resistance.
L the total length of the inductor

tributed capacitances from Indentro. This final equiva-
lent lumped II-model is valid for a single frequency only,
and when sweeping the frequency a new II-model is there-
fore calculated for each frequency.

2.1 Equivalent Distributed Capacitances

As can be seen in Fig. 1(a) a differentially excited symmet-
rical inductor has an equivalent distributed capacitance be-
tween the two outer terminals of Cyym:t & Cog:pe /2
and terminal to ground Csym:-tg &~ CozitgL/6, where L
is the total length of the inductor. For spiral inductors, ex-
cited single-endedly, Cp;.t &~ CogeL/n?, where n is the
number of turns, and Cipseg &~ CoauegL/3. The capaci-
tances Cog:¢¢ and Cip.g are given in (£'/m) and are cal-
culated with concise expressions using microstrip the-
ory, whereas the corresponding division factors are eval-
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Figure 2. Capacitances of two microstrips

nated using the principle of conservation of energy [1].

2.2 C,,. For Naked versus Molded Die

It is assumed that the isolation material on top of the
metal has infinite thickness. This is a fairly good as-
sumption if the die is placed in a molded plastic pack-
age. However, with the dic naked as in the case of prob-
ing this is not true, since the passivation material is usu-
ally less than 1um thick. The capacitance, C,,.4, thus
changes significantly. A change of C,,.4 is particu-
larly hazardous for symmetrical inductors. The influ-
ence of this capacitance is large due to the low divi-
sion factor of 2, compared to spiral inductors which have
a factor close to the number of turns squared, n?, see
Fig. 1. As can be seen in Fig. 2, for a very thin passi-
vation layer, and hpocrage = 0, the field lines Cyq; travel
mostly through air with €,;,, = 1 rather than 5705 dielec-
tric with ¢, = 4.

We now evaluate the difference in C,,.x be-
tween a naked die and a molded one. The total capaci-
tance between the strips are:

Cow:tt = ngt + Cgt + ngb (1)

Unless the strips are thick and narrow, and has a small
spacing, Cyq; and C'yq, dominate over Cy;. Thus for strip
lines with a thin passivation layer, and under the assump-
tion that Cyq; = Cyqp We get:

€air Cair
Cow:tt ~ ngt:molde— + ngb ~ Cydt:mold (1 + >

T 67’

@

Compared to Cop.r = 2C3q1:mota the capacitance Coa.r
decreases by a factor of (3) for a naked die compared to a
molded package that Indentro assumes.

1 |- o= Il
= Csym:tt 9 ~ Csym:ttﬁ (3)

Csym:tt:die

The change of value of Cyym.ir.aie Will be used
later on when comparing the results of Indentro and Fast-
Henry to the measurements. The change is less for in-
ductors with thick metal and small spacing, when Cy; has
more influence.
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Figure 3. De-embedding scheme for the pads (open) and
the feeding structures (short) in the S-parameter plane

Figure 4. The calibration structure for open pads on-chip

3 De-embedding

The de-embedding is a two step procedure, first the open-
pad admittance (capacitance) is subtracted [10], then the
impedance of the short circuit path [11] [10]. Fig. 3 shows
the two de-embedding steps and parameter names used.

There is an open structure for calibration on-chip,
Fig. 4, with Ground-Signal-Ground (GSG) configura-
tion. The pads have the same dimensions as those con-
necting to the inductor in Fig. 6. The de-embedding is per-
formed according to (4):
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The short circuit structures were simulated with Fast-
Henry. The two structures are plotted in Fig. 5, where the
darker wires are in thick top metal layer, used for power
grids and high quality inductors, and the lighter are in
metal 1. The series inductance and resistance for the dif-
ferential 1-port signals is simulated with a through from
port to port, and for the 2-port as a short between sig-
nal and ground at the end of the wires.

The simulated impedance of the feeding paths is sub-
tracted from Z4 [11] [10], and Z is finally calcu-
lated as:

zind = zind _ { (1) } - Zsh (5)
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Figure 5. Structures of simulated short for 1-port and
2-port

Table 1. Octagonal Inductor Geometries Under Measure-
ment

Inductor Radius  Width Spacing Turns
No. I 140pm  10pm dpm 8
No. II 100pm  4.5pm  8.5um 6
No. III 90pm 3pum 8um 6

4 Measurements and Results

Three symmetrical inductors on four different chips have
been measured. Two chips were measured with a 1-port
method, and the other two with a 2-port. A die photo of
two of the inductors can be seen in Fig. 6, and their geome-
tries are presented in Table 1.

The inductors are not optimized for high Q-
value, but in order to verify the results of Inden-
tro they have rather been chosen with different parame-
ter settings in terms of radius, width, spacing, and num-
ber of turns.

A 0.18um CMOS process with 6 metal layers and
high substrate resistivity (10€2-cm) was used, includ-
ing a thick top metal option for inductors and power lines.
The 2pem thick top metal of aluminum is located approx-
imately 5pm above the metal 1 shield of the test induc-
tors.

The measurements have been conducted with a
HP8720C Vector Network Analyzer (VNA), which mea-
sures from 50 MHz-20 GHz. Infinity probes from Cas-
cade Microtech! was used. The probe measurements
seemed to be sensitive to skating distances, and ef-
forts were therefore made to maintain an equal skat-
ing length of 25um for reproduceability of the re-
sults.

The VNA and probes were calibrated with an Im-
pedance Standard Substrate (ISS), which provides open,

IThe probes are in a GSG configuration with a pitch of 100 gm. The
frequency range is from DC to 40 GHz. The contact resistance is less
than 50 m<2 on aluminum pads.

(b) Inductor No. III

Figure 6. A photograph of two of the inductors. The skat-
ing marks from the probes are clearly visible

short, load, and through structures. WinCal from Cas-
cade Microtech was used to calibrate the VNA and col-
lect the data. The de-embedding of the measured data fol-
lowed the procedure in Section 3, with an open pad struc-
ture on-chip and simulated short structures with Fast-
Henry (one for 1-port and another for 2-port).

4.1 1-port Measurement

The measured and corrected curves were limited to the
balun’s frequency range, 2 GHz-18 GHz. To get the
best differential signal from the balun three different ca-
bles was tested on different outputs of the balun, thus a to-
tal of six combinations were tested. The 1-port measure-
ments were compensated for the error in phase and mag-
nitude of the 180° hybrid before extracting the differen-
tial Q-value.

4.2 Results

The differential Q)-value and self-resonance frequency,
fsr, were extracted from the three inductors described in
Table 1 and the results are plotted in Fig. 7. The @)-value
was calculated by:

B Sm(Yin)
@ T Re(Vn) )

where we have used Y;,, = Y7, for 1-port measurements,
and Y;, = Yi1 — Ypo for 2-port. The self-resonance fre-
quency can be found as the frequency where Q) equals
zero (13 GHz for inductor II). As can bee seen, the 1-port
and 2-port measurements are in alignment with the sim-
ulation results by Indentro and FastHenry. Since the die



is naked and not molded the capacitance Cyypm.1¢, calcu-
lated by Indentro, has been compensated with (3) for a bet-
ter agreement in terms of ()-value and self-resonance fre-

quency.
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Measurements of inductors on a lightly doped CMOS sub-
strate have been carried out with 1-port and 2-port tech-
niques. -value and f,, have been compared with In- 15¢ : : ]
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