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1. Introduction

The continuous scaling down of device size makes high-speed circuits achievable as a result
of the inverse relationship between gate length and transition time. In the same time,
passive components like capacitors, inductors, antennas or interconnect transmission lines
become a limiting factor to the global integration particularly for functions like filters. For
example Wireless communications have increased in a spectacular way over recent years
due to the quest of complete transceiver integration (RF/digital/analog blocks) on a same
chip in order to meet cost effective. In this context, the reduction of off-chip components is
necessary. This trend has gradually led to a greater integration of passive components in the
back end of line (BEOL) of silicon technologies. Integrated in BEOL (Figure 1) metallization
of CMOS or BiCMOS technologies, these devices have to meet requirements in terms of high
RF performances, low area and compatibility with silicon substrate such as bulk silicon or
SOl (Silicon On Insulator).
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Fig. 1. BEOL with 6 interconnect levels: (a) 3D view, (b) schematic view (IMD=Inter-
Metallization Dielectric)
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The BEOL is at the origin dedicated to the interconnections of the digital circuits and then
the analog circuits. In this context, it was advantageous to use interconnect levels to design
passive components.

The difficulty of realizing integrated passive components having strong performance and
weak surface in the BEOL, resides in the technological change of the levels of
interconnections tightening with a reduction increasingly more important of metals
thicknesses and dependent on the increasing integration of the active devices. To overcome
this limitation, the use of one or two thick metal layers, which thickness can reach 3 um, is
now implemented in different technologies.

Another important point for BEOL, is the damascene process introduced with copper
metallization. Copper is for most of passive components the best conductive material
mainly because of its low conductivity; but damascene architecture imposes a copper
density usually between 20 % and 80 % due to chemical and mechanical polishing (CMP).
To comply with this rule, it is necessary to include small cube of copper typically of 1 pm3
and called dummies. From an electromagnetic point of view, particularly in millimeter
range, dummies can have a strong impact on passive components as function of the design.

2. Capacitors and inductors for RF applications

The recent progress of CMOS technologies makes possible to consider today, an increasingly
thorough integration of RF and millimeter waves analog circuits. These circuits require at
the same time powerful passive components, and a weak occupied surface. These
components are indissociable of the functions like the amplifiers, the mixers, the filters...
Today one of the problems, to answer the need for massive integration and low cost on
silicon of a complete electronic system, lies in the number and the performance of the
passive L and C components compared to the number of transistors, which these functions
require. From microelectronics point of view, they are studied since a long time (Burghartz
et al., 1997) taking into account technological evolution and the frequency of operation.

2.1 Capacitors

A capacitor is constituted of a dielectric surrounded by two metal electrodes. Classically the
value of the capacitor can be obtained by the well-known relation: C=¢S/t, where ¢ is the
permittivity of the dielectric material, S is the surface of the electrodes and t is the thickness
of the dielectric material.

The main parameters that are used to characterize the quality of a capacitor are the quality
factor, the resonant frequency and the capacity per unit surface. This last parameter is of
great importance for silicon integration as the cost of an integrated circuit is directly
dependent on its surface.

Taking into account the basic equation of the capacitor, there are three possibilities to
change the capacitor value and particularly to increase its value when necessary. The first
one is to change the surface; this can be done easily but will increase the cost of the circuit
for big values and consequently large area. The second possibility is to reduce the thickness
of the dielectric, but this is more difficult if the thickness reaches few nanometers. Moreover,
reducing the thickness can lead to a degradation of the performance of dielectric material
and the break down voltage of the material is strongly dependent on its thickness.
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Another possibility to increase capacitor value is to use various dielectric materials as those
of Table 1 (Mondon & Blonkowskic, 2003 ; Allers et al., 2003; Berthelot et al., 2006; Defay et
al., 2006). The last column of Table 1 gives an indication about the capacitor density, but the
proposed typical values are dependent of the possible thickness of the dielectric used and
the type of capacitor. An attention must be paid to the possible use in high frequency and
particularly losses, because some of these materials are not well known in mm range. A last
possibility is to occupy the whole thickness of the BEOL. For that purpose, different
structures of capacitors are studied as presented in the next section.

Dielectric |Permittivity |Breakdown field (V/nm) |Typical density value (fF/um?)
SiO, 4.2 0.1 1

SizNy 7 0.07 2

ALO; 9 0.08 3.5

HfO, 18 0.06 14

TaOs 25 0.05 5

V4(e)) 45 0.04 35

SrTiOs 150 0.01 10

Table 1. Main dielectrics used to realize capacitors and typical density value of planar MIM
capacitors.

When a capacitor will be chosen an important parameter is its value. The more its value is
bigger, the more the resonance frequency presents a low value. In an other words, it is quasi
impossible to obtain large capacitor values working in frequency above few GHz. This is
due to losses and to inductive behavior of metallic part of the capacitor which limit its
performance. Thus for mm-wave application, low capacitor values are required and can be
obtained with one of the most used shape described in the next section.

2.1.1 Different capacitors type
A. MIM capacitors

M(n+1) Grid electrode
| M(n bis) I
w
Mn Insulator /
+“—>
L
Dielectric >
R —
L
(a) (b)

Fig. 2. Schematic view of a MIM capacitor: (a) cross-section, (b) 3D view

The Metal Insulator Metal (MIM) capacitor is a planar capacitor as shown in Figure 2. The
advantage of this capacitor is its simplicity to design and to realize, but it requires an
intermediate metal level Mnbis as shown in Figure 2(a). To respect metal density rules
different kind of electrodes can be used (Figure 2(b)). This will reduce the capacitance per
unit area. To increase the capacitor value, it is possible to design one capacitor in the last
level and another in the next to last level (Chen et al., 2002) of the BEOL.
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B. Finger capacitors

Finger capacitors are derived from MIM capacitor and use all metallic levels of the BEOL.
The main advantage is to increase the capacitance density. This kind of structure allows to
increase capacitance density of about 30% as compared to MIM capacitor (Subramaniam et
al., 2005 and 2007). They are constituted of interdigital or crossed metal fingers. They need a
lot of via to connect all fingers. They are more difficult to check and a large attention is
required to the position of the access points.

C. 3D and Trench capacitors

Trench capacitors were developed to increase the capacitance per unit area. The basic
principle of this capacitor is to realize a vertical MIM capacitor as shown in Figure 3 with 4
metal levels (Jeannot et al., 2007). The obtained result gives a capacitance approximately 10
times higher than for planar MIM, but with a more complex process. An interesting
structure is given by (Buytiktas et al., 2009) where they have design and realized trench
capacitor in the front-end part (near active component). They have tested they capacitor up
to 10 GHz.

Electrodes

Dielectric

Metal (TiN...)

Insulator
Silicon

Fig. 3. Principle of 3D capacitor

2.1.2 Modeling and performances

The model of a capacitor is easier to develop if the context is not taken into account. From a
perfect capacitor, it is necessary to complete the model by first taking into account dielectric
losses. This can be done usually by adding a conductance in parallel with the inductance. In
RF and millimeter waves, the influence of electrodes must be included in the model. At high
frequencies, electrodes act like a lossy inductor. In fine, for an integrated capacitor it is
necessary to take into account at minimum, coupling phenomenon with the substrate.
Whatever the shape of the capacitor, the substrate under the lower electrode has a great
importance on the behavior of the capacitor. Coupling between the lower electrode and the
substrate can change all the parameters of the capacitor. (Arnould et al. 2004).

This lumped model of Figure 4 is the more commonly used. In this model, the series branch
comprises the nominal capacitance of the dielectric (C;), the losses in the dielectric (Ry), the
resistance (Rs) and inductive behavior (Ls) of the metal electrodes. Coy, Csi and Rs; represent
the complex capacitance to the substrate due to electrodes. Coy is the substrate to top and
bottom electrode capacitance. Rsu, and Csyp, are the frequency dependent substrate resistance
and capacitance, respectively.

This model refers first to planar MIM capacitors. In fact, for the other structures of
capacitors it can be change and some components of this model can be removed in
accordance with the physical design of the capacitor. For example, if the first metallic layer
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of the BEOL is a ground plane, the part taking into account the substrate can be removed.
Distributed models has been studied (Cai et al., 2004; Lee et al., 2006-1) and give interesting
results, but are more complicated and not used in microelectronic design kit.

R,
R, L

S S

Coxl Cp Coxz
Rsubl écsubl RsubZéCsubZ

Fig. 4. The more commonly used electric model of Capacito_r

The factor of merit traditionally used is the quality factor. For a measured component, it is
calculated after parameters extraction from the model. The quality factor depends mainly on
the value of the capacitor and on losses. But the inductive effect of the electrodes limits its
maximum frequency of use. Figure 5 shows a typical Q factor with the main parameters

influence.
A

Quality factor

| »
»

Frequency
Fig. 5. Typical quality factor versus frequency and parameters influence

An important parameter to take into account when a capacitor is designed, is the position of
the access lines with regard to electrodes. This is of great importance to reduce the
electrodes resistance and to increase quality factor. To give an example, for a MIM capacitor
realized in a 120 nm CMOS technology (Figure 2(a)), Table 2 summarize the value of the
extracted parameters of the model (Lemoigne et al., 2006) for different shapes of electrodes.
The biggest width gives the minimum resistance. This result can be extended to any kind of
capacitor.

W (um)[ L (um) [ C(pF) [RE@) | G©) [L(pH)
Co 66 66 3.5 42 | 416104 | 85
G 120 66 8 0.7 | 416104 | 85
G 174 66 11.5 01 | 416104 | 85
Table 2. Losses comparison for different shapes of capacitor
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Finally, the choice of a capacitor having the highest capacitance density while preserving the
other capacitor properties (leakage, stability, and reliability) depends on the technological
parameters, but also on the frequency. For millimeter wave, capacitors of low value can be
achieved with good performances.

2.2. Inductors

As for capacitors, inductors have been studied since a long time. Their performances are
always a problem for designers. Integrated inductors can have mainly three forms:

A. Above IC Inductors

Inductors are added on the passivation layer at the end of the process. This technique of
manufacture allows a greater freedom on the choice of materials, thicknesses and the shape
of the components (Sun et al., 2006). But it is still at a stage of advanced research and not of
industrialization for technological constraints.

B. Inductors of the type MEMS

It is an extension of the previous type with more complex structures using Micro Electro-
Mechanical Systems (MEMS) and using micro-machining process (Jiang et al., 2000). The
obtained components can be suspended in air. However, this type of structure suffers for
the moment, of a low mechanical resistance and a perfectible reproducibility

C. BEOL inductors

The last possibility is to design inductors in the BEOL like capacitors. For this component
the goals are more or less the same than for capacitors: the best inductor for the minimum
occupied surface. They don’t need modification of fabrication process and this is the best
advantage. But they suffer from a poor quality factor and usually a great occupied surface as
compared to the rest of electronic RF-circuit. This kind of inductor will be more detailed.
Advanced microelectronic technologies offer less thick metal layers. This induces an
increase of limiting factors like skin effect. A second problem is the low resistivity of silicon
substrates, required for latch-up of MOS transistors, which induces resistive losses.

2.2.1. Various inductors shapes

Underpass—< = <& 5 Upperpass

<~ Underpass
(@) (b) ()
Fig. 6. (a) octagonal one turn inductor, (b) square inductor with one underpass, (c)
symmetric octagonal inductor with several underpass and upperpass.

The more common shapes are square or hexagon (Figure 6). Usually hexagon is preferred to
remove the right angles that are not favorable to operation with high frequencies. If the
inductor value is low, a one-turn inductor can be designed. But for others values a multi-
turn inductor is required. It can be designed using all metal layers of the BEOL. An
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important parameter when using copper BEOL is the presence of dummies. Some rules
must be respected as suggested by (Pastore et al.,, 2008-1). An important point when
designing inductance is to take care to underpass and upperpass, because they can generate
more losses due to via. As shown in example of Figure 6, only one turn inductors don’t need
to use two metal levels and consequently don’t need via and upper or underpass.

2.2.2. Modeling and performances

The first integrated planar inductor on silicon was developed in 1990 by (Nguyen et al.,
1990). In the same time they have proposed a basic model of Figure 7(a). In 2000, a modified
model (Figure 7(b)), more close to fabrication process and geometry of inductor, was
proposed by (Yue & Wong, 2000). An other model (Figure 7(c)), taking into account
electromagnetic coupling with silicon substrate were developed by (Melendy et al., 2002).
But, a wide band model was proposed by (Lee et al., 2006-2), where intrinsic and extrinsic
refer respectively to the inductor and to the environment (Figure 7(d)). The choice of a
model is greatly dependent of the technology and the shape of the inductor.

Cs
R, L, R, L
Cp Cp Cox Cox
%RP RP% Rsub Csub Rsub écwb
(a) (b)
Rd

R3rd70rder LSrd_order

R, L,
Ly Ly Rsub
e D) L

intrinsicl mtr1n51c2

c_extrinsicl c extrinsicl

©)
Fig. 7. Models of planar inductors, (a) (Nguyen & Meyer 90), (b) (Yue & Wong, 2000), (c)
(Melendy et al.,2002), (d) (Lee et al., 2006-2)

These more or less complex models, must take into account various physical phenomena
and geometrical parameters, coming from the design or which can have an influence on the
design. The geometrical parameters are: the thickness and the dielectric constant of insulator
used in the BEOL, the width of conductors, the spacing between two conductors for a spiral
inductor, the inner diameter of the coil, the turns number for spiral shape, vias ensuring the
passage from one metal level to an other for inductors using several metal levels. The
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physical phenomena are: magnetic coupling between conductors, metallic losses (DC and
skin effect in RF), Eddy current effects between conductors and silicon substrate.

If the models of Figure 7 are considered, it is possible to identify with more or less accuracy,
the parameters listed below. For example, the components of Figure 7(b) represent: L the
inductance, Ry ohmic losses in metal, Cs the capacitor between turns and between access
points, Cox the capacitor between metal layers and the silicon substrate, Csyp, the capacitance
of the substrate which is often negligible in the field of the radio frequencies as compared to
the value of associated resistance Rgyp.

As for the capacitors, the factor of merit traditionally used is the quality factor. For a
measured component, it is calculated after components extraction from the chosen model.
The quality factor depends mainly on the value of the inductor and on losses. Figure 8
shows a typical Q factor with the main parameters influence for the model of Figure 7(c).

A

L,R,R

s/ “Ys/ ~Ysub

Quality factor

»
»

Frequency
Fig. 8. Typical quality factor versus frequency and parameters influence

2.2.3. High performances inductors

To overcome the limitations induce by traditional BEOL, two possibilities were developed.
The first is to use thick copper layers at the last level of BEOL and the second is to use SOI or
porous silicon. Several works were done using porous silicon (Royet at al., 2003,
Contopanagos & Nassiopoulou, 2007). They have obtained a Q factor of 32 with porous
silicon at 3.8 GHz. But one of the best results was obtained by (Pastore et al., 2008-2). They
have designed an octagonal symmetric inductors integrated in the hole six levels of BEOL. A
high resistivity SOI substrate was chosen and an excellent Q factor of 34 at 4.5 GHz for a
current capability of 57 mA/pum at 125°C was obtained.

3. High-Q slow-wave compact transmission lines and potential applications

3.1. State of the art

Conventional transmission lines such as microstrip, coplanar waveguides (CPW) and
grounded coplanar waveguides (G-CPW), realized in industrial CMOS processes typically
suffer from significant losses and poor quality factors in the RF and millimeter-wave ranges.
Actually, thin-film microstrip transmission lines are suitable for most circuits because of
their compact layout. However, due to technology evolution and continuous decrease of the
SiO; layer thickness, the signal line of the microstrip transmission lines has to be reduced in
order to address 50Q2 transmission lines, leading to an increase of the metallic losses. In
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(Gianesello et al., 2006), integrated transmission lines showing attenuation losses of 0.9
dB/mm at 10 GHz, and 3 dB/mm at 60 GHz have been demonstrated. However, high-
impedance transmission lines can not be realized due to a drastic increase of the attenuation
loss, and no efficient miniaturization way has been identified.

Coplanar CPW transmission lines could be a good candidate for high-impedance integrated
transmission lines. More flexibility in the design of the CPW transmissions lines is obtained
by adjusting the gap to the signal line width. However, high losses occur, due to the
dielectric loss in the low-resistivity silicon substrate. Attenuation loss of 2 dB/mm have
been reported on conventional CPW transmission lines on silicon substrates fabricated
through commercial CMOS foundries (Milanovic et al., 1998). Lower losses can be achieved
(0.2 dB/mm and 0.6 dB/mm at 20 GHz and 60 GHz, respectively) by the use of a high-cost
SOI CMOS technology using a high resistivity substrate (Gianesello et al., 2006). Besides,
CPW quarter-wave transmission lines will result in relatively large occupying areas,
depending of the working frequency on silicon substrates. Such areas, of course, are not
compatible with the miniaturization concept of monolithic integrated circuits.

To reduce dielectric losses, a solution could be to use the grounded G-CPW configuration.
Nevertheless, inserting a solid metal shield is not an optimum solution due to the eddy
current’s losses (Klevend et al., 2001). Moreover, inserting such continuous metal shield
significantly reduces the characteristic impedance, thus making it more difficult to achieve
transmission line characteristic impedances in the order of 50 Q.

In order to overpass the limitations of microstrip, CPW and G-CPW technologies, in terms
of quality factor and miniaturization, new topologies of coplanar transmission lines with
improved performances were investigated. The slow-wave concept has been employed to
shorten the wavelength and improve the quality factors of the transmission lines. A new
topology of coplanar waveguides with floating strips has been introduced for the design of
low-loss compact microwave on-chip systems.

The first coplanar waveguides with floating strips, firstly introduced by Hasegawa in 1977,
were realized on GaAs substrates (Hasegawa & Okizaki, 1977). These transmission lines
exhibit a slow-wave propagation phenomenon but suffer from high insertion losses. A few
years later, the floating strips were placed above the CPW and the structure was named
“crosstie overlay CPW” (Wang & Itoh, 1987). However, a large attenuation, mainly due to
the large floating strips pattern geometry, was reported in (Hasegawa & Okizaki, 1977-
Wang & Itoh, 1987). Indeed, these structures were realized using non-standard processes
where the resolution was high enough to show the merits of the structure.

Afterwards, the same shielded coplanar waveguides (5-CPW) topology implemented in a
BiCMOS technology has shown very interesting results with better performances (Cheung &
Long, 2006).

Moreover, the reported benefits of shielded coplanar transmission lines have been
supported by several equivalent circuit models in the literature. The first RLCG equivalent
model was proposed in (Wang et al, 2004) to describe the line performance below the
resonant frequencies. Later, nonphysical RLCG models for lossy transmission lines
developed for simulating the extracted characteristic impedance and propagation constant
showed good correlation with TDR measurements (Kim & Swaminathan, 2005). Unlike
physical models where the transmission line parameters are correlated with the physical
structure, the nonphysical models are extracted directly from the frequency response and,
therefore, do not relate to the physical structure of the transmission line. Afterward, efforts
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have been put into developing analytical expressions for the shielded transmission lines
inductances to describe key performance figures with a good accuracy (Tiemeijer et al, 2007;
Masuda et al, 2008). In (Wang et al, 2008), the authors tried to go further by calculating the
inductance and the resistance of the shielded coplanar waveguides using the partial element
equivalent circuits (PEEC) method. After all, the simplest RLCG model taking advantage of
the well established models of grounded and standard coplanar waveguides was described
in (Sayag et al, 2008).

3.2. Shielded coplanar waveguides transmission lines description

Figure 9(a) shows the 3D geometric view of the shielded coplanar waveguide transmission
lines realized in (Kaddour et al, 2008). The four Copper metal layer 0.35-pm CMOS low-cost
technology, as described in Figure 9(b), is used. The S-CPW geometric design parameters
are the following: W, G, and Wg are the CPW central conductor, gap, and ground strip
widths, respectively. SL and SS are the floating strip length and spacing, respectively. In
order to reduce the transmission line conductive losses, a thick top metal layer is realised.
The CPW is made on the 2.8 pm-thick top metal layer (M4) while the floating strips are
patterned on the second highest metal layer (M3) with a thickness of 0.64 pm. The distance
between the top metal (M4) and the bottom patterned shield (M3) is 1 pm.

Wg G ; W, . SizN,

1 pm I

Tum [

(@) (b)
Fig. 9. (a) 3D geometric view of the slow-wave coplanar transmission line with floating
metal strips. (b) Four copper metal layers 0.35-pm CMOS technology schematic description.

The patterned ground shield underneath the CPW transmission line acts as a perfect
conductor for the electric fields, due to the small strip spacing SS (0.6 um in the realized
devices) compared to the silicon oxide thickness (1 um). The magnetic field passes through
the patterned ground. So, the capacitance per unit length is greatly enhanced, whereas the
inductance remains quite unchanged. Therefore the phase velocity is reduced, predicting the
slow-wave propagation behaviour. Thanks to the increase of the propagation constant,
lower losses per wavelength are measured in S-CPW transmission lines leading thus to
improved transmission lines quality factor defined as Q=/2a, where a is the attenuation
constant, and f is the phase propagation constant.

In (Kaddour et al, 2008), a comprehensive study on the geometric factors affecting the
S-CPW key performance figures was provided. Following the design guidelines published
in (Kaddour et al, 2008), three sets of S-CPW transmission lines with different geometries
were fabricated using the 0.35 pm CMOS technology. Figure 10 is a micrograph of the
fabricated S-CPW transmission lines.  Geometric specifications of the fabricated
transmission lines are shown in Table 3.
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The CPW dimensions (W and G) are chosen to reach a characteristic impedance near to 50 Q
with a high slow-wave factor. In order to reduce the conductive losses, the minimal central
conductor width W is limited to 10 pm. Moreover, it has been demonstrated in (Kaddour et
al, 2008) that narrow ground planes could be used to improve the high frequency electrical
performances of the S-CPW transmission lines. Therefore, the ground plane width is set to
60 pm, limiting thus the footprint for all the fabricated S-CPW transmission lines. The metal
shield is designed using minimized design rules, i.e. minimum allowed metal strip length
(SL = 0.6 pm) and spacing (SS = 0.6 um) in the 0.35-pm CMOS technology. Indeed,
simulations carried out in (kaddour et al, 2008) have shown that insertion losses are reduced
with the use of a finer ground shield pattern. Thus, the strip spacing should be kept to a
minimum to boost the shield effect from the lossy silicon substrate while narrow metal
strips should be used to minimize eddy currents.

Fig. 10. Micrograph of the fabricated S-CPW transmission lines.

W (um) | G (um) | W (um) | SL (um) | SS (um)
S-CPW1 10 100 60 0.6 0.6
S-CPW2 18 100 60 0.6 0.6
S-CPW3 18 150 60 0.6 0.6

Table 3. S-CPW transmission lines geometrical dimensions.

3.3. Shielded coplanar waveguides transmission lines simulations and measurements
Figure 11-a compares the simulated (dashed lines) and the measured (solid lines) effective
relative permittivity for the three fabricated S-CPW transmission lines, all simulations being
carried out with the 3D Full-wave electromagnetic simulator: HFSS™. A good agreement is
obtained between the measurements and the simulations of the S-CPW lines, except for the
widest dimensions (G=150 um). The slow-wave phenomenon exhibited by the S-CPW
transmission lines is highlighted by very high values of the measured effective relative
permittivity (36 <eref < 48). The higher slow-wave factor is obtained for the wider CPW
dimensions (S-CPW3). The measured value is about eight times larger than that of a
conventional CPW transmission line on a silicon substrate. This significant increase in the
effective dielectric permittivity is very promising for the miniaturization of the overall size
of RF components based on transmission lines.

Figure 11-b illustrates the comparison between the simulations (dashed lines) and the
measurements (solid lines) of the attenuation constant o expressed in dB per millimeter.
The attenuation constant is very low, comparable to state-of-the art results obtained with
conventional MMIC transmission lines on silicon.

The quality factor is then derived in Figure 12. It increases with the frequency, and reaches
40 near to 30 GHz for the best case. With these values, the S-CPW quality factor is more than
3 times greater than that of the state-of-the-art conventional CPW transmission lines.
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Fig. 10. Comparison of the EM simulated (dashed lines) and measured (solid lines) relative
permittivity of the realized S-CPW transmission lines.
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Fig. 11. Comparison of the EM simulated (dashed lines) and measured (solid lines)
attenuation of the realized S-CPW transmission lines.
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Fig. 12. Comparison of the EM simulated (dashed lines) and measured (solid lines) quality
factor of the S-CPW transmission lines.
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3.4. Shielded coplanar waveguides transmission lines applications

The measured results clearly show the interest of S-CPW transmission lines for achieving
high quality factor and miniaturized transmission lines at millimetre-wave frequencies.
Potential applications include several RF passive circuits in the millimetre-wave bands, such
as filters, phase shifters, power dividers, and matching networks (Sayag et al., 2008). A
simple and general approach for the design of narrow-band bandstop filters is based on an
open-circuited stub. Based on S-CPW, two open-circuited stubs with the geometric
dimensions W =10 pm, G =100 pm and W = 60 um, were fabricated on a CMOS 0.35 pm
technology. The micrograph of the S-CPW stubs is shown in Figure 13, with two open-
circuited stubs showing lengths of 1.6 mm and 2.7 mm, respectively. The measured | Sz | of
both stubs is given in Figure 13. The ripples observed in the frequency response are due to
the appearance of parasitic propagation modes near to the T-junction. Resonant frequencies
occur at 4.4 and 7.5 GHz, respectively, for the long and the short stubs. With these measured
resonant frequencies, an effective dielectric permittivity of 40 can be extracted. This value is
in good agreement with the measured value in Figure 11. It is important to note, that the
same resonant frequencies would be obtained with longer lines realized in a CPW classical
technology. Thanks to the slow-wave factor, the length is reduced by a factor near to 3.
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Fig. 13. Measurements of the transmission coefficient modulus|Sz1| of two stubs realized
with S-CPW lines.

4. Integrated antennas and RF mm-wave interconnects

Two main problems can be identified concerning communications inside integrated circuits
on one hand and on the other hand concerning 3D integration and communications systems
that requires integrated antennas. The main objective is to demonstrate the feasibility of
such components and to take into account the specific problem linked to the mm-Wave
domain.

The continuous scaling down of transistor size makes high-speed digital and analog RF
circuits achievable. In the same time, conventional global interconnect lines become a
limiting factor due to their RC signal delay (ITRS 2003). As example, clock distribution
networks are going to suffer from skew, jitter, power dissipation and area consumption for
future generations of integrated circuits (Mehrotra & Boning, 2001). Alternative interconnect
systems such as optical (Miller, 2002), 3D (Souri et al., 2000) or RF interconnects (Kim et al.,
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2000) are required to overcome the limits of conventional interconnects. Among the possible
solutions wireless interconnects has a great interest because they can be develop without
modifying the technological steps. In particular antennas can be design using metal layers of
integrated circuit of metal layer used 3D (SOC-SIP) integration.

4.1. Intra chip interconnect

Among possible planar antennas (patch, zig-zag, spiral...(Kim, 2000)), the dipole is chosen
for its best compromise between performances and occupied surface.

Figure 14 represents a simplified schema of a pair of copper on-chip dipole antennas. We
may distinct the dielectric layer (e; = 4.2) necessary to isolate the copper lines, the silicon
substrate (e = 11.7) and finally the backside metallization of integrated circuits. The
antennas are designed to operate at frequencies around 30 GHz and are characterized by a
length of 1.98 mm, a width of 10 um and a spacing of 20 pm between the two branches. The
distance between face to face antennas is 2.5 mm.

Antennas Passivation 10 m
\ /layer > A
Ms
Ms
My
L 120 um 1.98 mm
M;
M;
2.5 mm

Fig. 14. Schematic view of antennas

0 0
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T T 40 |
=20 A Measure = A\ Measure
@7 | o Simulation A -60 - & Simulation

-30 : -80 :
20 30 40 20 30 40
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 15. Comparison between measure and simulation of Si; (a) and Sz (b) for a silicon
bulk substrate of thickness 725 um and resistitvity of 20 Ohm.cm.

Understanding the propagation of electromagnetic waves generated by such an antenna
pair requires the comprehension of the propagation paths. When electromagnetic waves are
travelling through one medium, phase velocity estimation can show through which medium
the wave is travelling. However the case of on-chip antennas is quite different, as there are
more than one medium involved in the waves propagation (air, dielectric, silicon) and
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consequently multiple propagation paths. Actually there is no electromagnetic model
describing with precision the propagation characteristics of waves generated by on-chip
antennas. Consequently the modeling and simulation were done using a 3D electromagnetic
solver with finite element method. The used model is based on the Greens functions
resolution and it seems to be acceptable for any value of the substrate permittivity and
thickness. It suggests that the surface wave number generated by the dipoles in a given
frequency is a function of the substrate permittivity and thickness as the maximum energy
involve in this transmission propagates inside the substrate. Figure 15 presents a
comparison between simulation and measurement. A good agreement is observed for
correct simulation conditions and for measurement with set up as discussed later.
The possible transmission of energy between two antennas disposed in the same plane is
obtained by the wave propagation into the silicon substrate. Then, the substrate is important
in the proposed configuration.
As the back end of line is about 6 um thick, the most important is the silicon of which
thickness can vary according to technological facilities from 1 mm to few hundred
micrometers, if the substrate is thinned. The propagation path can be in a first approach
considered as dielectric medium with ground shield on the bottom face. In this system the
propagation of TE and TM modes is possible.
The cut-off frequency of these modes depends on the properties of the substrate: thickness
and dielectric constant. These cut-off frequencies can be evaluate using the following
equations (Pozar, 1998):
m:-c

fem 2-h-ye, -1
_2m-1)-c

4-h-g, -1

From previous equations, for every propagation structure, there is always one mode that
propagates, the TMy. This mode is prevailing with a zero cut-off frequency.

In Table 4, the propagation modes cut-off frequencies are reported as function of the silicon
substrate thickness. For the thickness of 975 um, the TM;, TE; and TE, occurs at different
frequencies in the frequency band of the analysis. Consequently, the emitted energy by the
excited antenna will be distributed on these modes with the increase of frequency. At higher
frequency each mode will contribute to the propagation, but the attenuation will not be the
same for each of them. The measurement results will give information about the
transmitting energy and the effect of the multi-mode propagation at high frequency far from
the mono-mode frequency excitation.

m=0,2 forTM,, waves (1)

Sem m=12 for TE,, waves (2)

Thickness f-TM; f-TEq f-TE>
(um) (GHz) (GHz) (GHz)
375 121 61 182
525 86 43 130
650 70 36 105
975 47 23 70
1300 35 17 52
1625 28 14 41
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For this kind of component the characterization method is of great importance. The
resonance frequency and the frequency band change significantly next to a GS or to GSG
excitation related to probes. This may be related to many effects like the difference in the
excited propagated modes, or the difference in the antenna effective length for the two kinds
of probes. This effect is very marked for low thickness substrates like the one used for the
results of Figure 16 of which thickness is of 375um, moreover this effect is dependent on the
frequency of excitation and consequently on the wavelength of generated waves as
compared to thickness.

0
= -10 |
S
G204 oGS
0GSG
30 ‘
20 25 30 35 40

Frequency (GHz)

Fig. 16. Influence of probe type on reflection coefficient

20 30 40 50 60 70 80 90 100 110

Frequency (GHz)

Fig. 17. Reflection and transmission coefficients of a pair of antennas up to 110 GHz

The previous antennas were also tested up to 110 GHz in order to verify their behavior at
higher frequencies and the possible use of interconnects in millimeter range.

Figure 17 shows the reflection coefficient S11. The first resonance of the antenna occurs at 31
GHz. The antenna was designed to operate around this frequency. The second resonance
occurs at 95 GHz. This corresponds to a three half-wavelength resonance, as it can be predict
by antenna theory. From this observation and taking into account the value of the reflection
coefficient, it is possible to generate electromagnetic waves at 95 GHz with these antennas.
This sharp resonance indicates a good matching with the 50 Q source at this frequency, but
this is not sufficient to ensure a good transmission.

A transmission gain of -25 dB is achieved in the band 30 to 45 GHz and the band pass at -3
dB is of 28 dB from 25 GHz to 50 GHz. For the second promising band around the second

www.intechopen.com



Integrated Silicon Microwave and Millimeterwave Passive Components and Functions 47

resonance of 95 GHz, the transmission gain is -45 dB. This value is relatively low and
therefore the transmission is possible but not so efficient as in the 25 GHz to 50 GHz range.
If we compare this result with the propagation mode analysis, we can conclude that the
multi-mode propagation frequency is not as good as a mono-mode transmission. The
consequence is that, if it is possible to propagates waves at sub-millimeters frequencies, the
efficiency can be improve by designing antennas in accordance with substrate thickness and
frequency.

To conclude for intrachip interconnect, the best result was obtained at 30 GHz for antennas
on high resistivity SOI substrates. The transmission gain was -15 dB and in comparison for
low resisitivity silicon bulk substrate, without ground shield under the antennas, the
maximum transmission gain was at -30 dB. Moreover this kind of interconnect are not
different from usual ones in term of coupling (Triantafyllou et al. 2005; Rashid et al 2003).

4.2. Communications antennas for mm-waves

The increasing of wireless network needs demands the use of the broadband multimedia
components to satisfy this performance. A new era, of future commercial communication
devices in mm-wave range based on the 60 GHz unlicensed frequency band offers
worldwide wideband operation (Nesic et al., 2001).

In particular, for dense local communications, the 60 GHz band for wireless personal area
network (WPAN) applications (Figure 18) is of special interest for short-range
communications, due to the RF attenuation of the atmospheric oxygen by 16dB/km, in a
bandwidth of approximately 7GHz, centered around 60 GHz. Due to the spectrum
availability (5-7 GHz) a variety of the short range high data rate applications may be
targeted, in the scope from analog wideband transmission, up to digital GBit/s system
solutions.

~J

O
K
60GHz link <22 f -2 ,ﬂ
L

Fig. 18. Possible in-door home application scenario for both analog and digital application.

However, the interference due to attenuation of the atmospheric oxygen at 60GHz is very
high link density (16dB/km) then the link distance is limited to 2 km at this frequency. A 60
GHz signal can only be intercepted in the tiny wedge and will only interfere with another 60
GHz link in that wedge (Guo et al., 2008).

To overcome the effects of atmospheric absorption and maintain reliability, radio links in
millimeter wave region must use highly focused, or higher-gain, antennas in order to focus
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as much as possible of the transmitted signal onto the receiving antenna. As RF frequency
increases, signal wavelength becomes shorter, making it possible for smaller antennas to
produce the required gain (Volakis, 2007).

In this frequency range and for that kind of transmission, antenna will not be integrated on
silicon, but will be integrated by System on Chip (SOC) or System in Package (SIP) process.
Some examples of millimeter waves antennas which offer the needed performances are
presented: the patch antenna (Figure 19), the patch slot antenna (Figure 20), the Yagi
antenna (Figure 21), the dipole (Figure 22). S-parameter are obtained by simulation with
CST Microwave Studio. The resonance frequency of each antenna can be adjusted and the
band width is lied to the type and geometry of the antenna. To obtain high gain an array can
be build with these typical antennas (Volakis, 2007, Huang & Edwards 2006). These
antennas can be realized by photolithographic process, with a roger 4003 substrate of
£=3.38, h=0.305mm, tand=0.0027 and with a 17pm metallization layer. Table 5 shows
measured antenna gains for 64 and 256 antenna elements.

Type Size (8x8) Gain (dBi)
Patch antenna 11Immx11mmx0.61mm 24.87
Slot Patch Antenna 11Immx11mmx0.61mm 24.08
Yagi Antenna 1Immx6mmx11mm 26.54

Table 5. Gain of the different arrays antennas.
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5. Impedance matching in RF domain

Microwave impedance matching is used to maximize the power transmission between two
devices. This function is classically implemented in integrated front-end RF applications
with antennas, power amplifiers (Figure 23), mixers or in noise figure systems (Abrie, 1985).

.>

= 1 Output
matching

Input
matching

«m|\IH||”'

<|HHHHH“

wuHHH“‘H

Fig. 23. Typical stand-alone MMIC amplifier with matching networks
The principal characteristics of matching networks that have to be carefully designed are the

insertion losses, the reflection coefficient, the frequency band, the noise figure and the
power consumption. The topology of the matching network has a great importance for the
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overall behaviour and performances of the function. As it is shown, one can distinguish
between lumped elements structures (Figure 24) or distributed elements ones (Figure 25).

Zs Z1 Zs Zs

. o

Z1 Z3 Z1 Z3

(a) (b) (©)
Fig. 24. Lumped topologies of matching networks, (a) two components, (b) T structure, (c) I1
structure
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Fig. 25. Distributed topologies of matching networks with characteristic impedance Z and
electric length 6

The design of the function is strictly equivalent in hybrid or integrated circuit (IC)
technology but the size of the circuit is noticeably different since it is typically 1 cm? for the
first technology and 1 mm? for the second one. Furthermore, the reachable operating
frequencies are higher in IC technology than in hybrid one (typically 25 GHz against
2,5 GHz) but, on the contrary, the insertion losses are typically better in hybrid technology
(0,2 dB against 3,5 dB). This last problem is due to the IC substrate RF behaviour and to low
quality factors of IC transmission lines.

One of the main advantages of the IC technology for industrial matching networks is its
very high reliability rate. Nevertheless, it has to be said that IC structures suffer from non-
linearity behaviour at high power, even if some PIN diodes or transistors structures claim to
operate up to 40 dBm. In the literature, very few data are reported on noise behaviour of IC
matching networks although it shall not be a good point for that kind of structure.

Of course, due to the recent development of multiband and multistandard communications,
some tuneable matching networks were realized and the flexibility of IC technology and the
control of diodes or transistors brings some advantages in that frame (Sinsky & Westgate,
1997). In fact, the integrated circuit (IC) technology drastically reduces dimension of lumped
components so of the devices, the order of magnitude becoming the millimetre. For a
classical CMOS IC, such impedance tuning device is quite large but it is usual in RF front-
end applications. The tunability is obtained as in hybrid technology, with the ability of
switching transistors. For RF distributed components, typical IC substrates, like SOI or float-
zone Si substrates are not convenient since the losses are too strong, with sometimes
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insertion loss near 10dB. The quality factor of lines is poor because of conductors and
dielectric losses. In (McIntosh et al, 1999; De Lima et al, 2000) devices were found from
1GHz to 20GHz. Higher frequency devices are difficult to design because of the dielectrics
and conductors losses. Nevertheless, the main advantage of this technology is that the
fabrication process is standard, and research prototype can be easily transferred to industry.
Recently (Hoarau et al, 2008), have designed an integrated I structure with a CMOS AMS
0.35um technology of varactors and spiral inductors (Figure 26). Simulated results obtained
with ADS show that only a quarter of the smith chart is covered on a 1 GHz band around
the center frequency of 2 GHz. L structures could also be used to reduce the total number of
components and the losses.

26GHz 2.3GHz 3GH:
Fig. 26. Smith chart of simulated results of a CMOS AMS 0.35um device for 3 frequencies

6. References

Abrie, P. L. D. (1985). The design of impedance-matching networks for radio-frequency and
microwave amplifiers, Artech House

Allers, K.-H., Brenner, P. & Schrenk, M. (2003). Dielectric reliability and material properties
of Al,O3 in metal insulator metal capacitors (MIMCAP) for RF bipolar technologies
in comparison to SiO,, SiN and TaxOs, Proc. of BCTM 2003, pp. 35-38, Toulouse
(France) , October 2003

Arnould, J.-D.; Benech, Ph.; Cremer, S.; Torres, J. & Farcy, A. (2004). RF MIM capacitors
using SizsNy dielectric in standard industrial BICMOS technology, Proc. of IEEE ISIE
04, pp. 27-30, Ajaccio (France) , May 2004

Berthelot, A. ; Caillat, C. ; Huard, V. ; Barnola, S. ; Boeck, B. ; Del-Puppo, H.; Emonet, N. &
Lalanne, F. (2006). Highly Reliable TiN/ZrO,/TiN 3D Stacked Capacitors for 45 nm
Embedded DRAM Technologies, Proc. of ESSDERC 2006, pp. 343-346, Montreux,
Switzerland, Sept. 2006

Burghartz, ].N.; Soyuer, M.; Jenkins, K.A_; Kies, M.; Dolan, M.; Stein, K.J.; Malinowski, J. &
Harame, D.L. (1997). Integrated RF components in a SiGe bipolar technology. IEEE
Journal of Solid-State Circuits, vol. 32, n° 9 ( Sept. 1997), pp. 1440-1445

Biiytiktas, K.; Geiselbrechtinger, A.; Decker S. & Koller K. (2009). Simulation and modelling
of a high-performance trench capacitor for RF applications. Semicond. Sci. Technol.
vol. 24, n° 7, (July 2009), 10 p

Cai, W.Z; Shastri, S.C.; Azam, M.; Hoggatt, C.; Loechelt, G.H.; Grivna, GM.; Wen, Y. &
Dow, S. (2004). Development and extraction of high-frequency SPICE models for
Metal-Insulator-Metal capacitors, Proc. of ICMTS '04, pp. 231-234, Hyogo (Japan),
March 2004

www.intechopen.com



Microwave and Millimeter Wave Technologies:
52 from Photonic Bandgap Devices to Antenna and Applications

Chen Z.; Guo L; Yu M. & Zhang Y. (2002). A study of MIMIM on-chip capacitor using
Cu/SiO; interconnect technology. IEEE Microwave and Wireless Components Letters,
vol. 12, n° 7, july 2002, pp. 246-248

Cheung, T.S.D. & Long, J.R. (2006). Shielded passive devices for silicon-based monolithic
microwave and millimeter-wave integrated circuits, IEEE Journal of Solid-state
circuits, vol. 41, n°. 5, May 2006, pp. 1183-1200.

Contopanagos, H. & Nassiopoulou, A.G. (2007). Integrated inductors on porous silicon.
Physica status solidi (a), vol. 204, n° 5 (Apr. 2007), pp. 1454 - 1458

Defay, E.; Wolozan, D.; Garrec, P.; Andre, B.; Ulmer, L.; Aid, M.; Blanc, J.-P.; Serret, E.;
Delpech, P. ; Giraudin, J.-C. ; Guillan, J. ; Pellissier, D. & Ancey, P. (2006). Above IC
integrated SrTiO high K MIM capacitors, Proc. of ESSDERC, pp. 186-189, Montreux,
Switzerland, Sept. 2006

De Lima, R. N.; Huyart, B.; Bergeault, E. & Jallet, L. (2000). MMIC impedance matching
system, Electronics Letters, vol. 36 (Aug 2000), pp. 1393-1394

Gianesello, F.; Gloria, D.; Montusclat, S.; Raynaud, C.; Boret, S.; Clement, C.; Dambrine, G.;
Lepilliet, S.; Saguin, F.; Scheer, P.; Benech, P. & Fournier, ].M. (2006). 65 nm
RFCMOS technologies with bulk and HR SOI substrate for millimeter wave
passives and circuits characterized up to 220 GHZ, Proceedings of Microwave
Symposium Digest, 2006. IEEE MTT-S International, pp. 1927-1930, San Francisco,
CA, June 2006.

Guo P.J. & Chuang H.R. (2008). A 60-GHz Millimeter-wave CMOS RFIC-on-chip Meander-
line Planar Inverted-F Antenna for WPAN Applications, IEEE Trans. Antennas
Propagation, July 2008.

Hasegawa, H. & Okizaki, H. (1977). MIS and Schottky slow-wave coplanar striplines on
GaAs substrates. IEEE Electronics Letters, Vol. 13, No. 22, Oct. 1977, pp. 663-664.

Hoarau, C.; Corrao, N.; Arnould, J.-D. ; Ferrari, P. & Xavier; P. (2008). Complete Design
And Measurement Methodology For A RF Tunable Impedance Matching
Network", IEEE Trans. on MTT, vol. 56, n° 11 (Nov. 2008), pp. 2620-2627

Huang, K. C. & Edwards, D. J. (2006). 60 GHz multibeam antenna array for gigabit wireless
communication networks. IEEE Trans. Antennas Propagation, vol. 54, no. 12, pp.
3912-3914, Dec. 2006.

International technology roadmap for semiconductors (2003).

Jeannot, S.; Bajolet, A.; Manceau, ].-P.; Cremer, S.; Deloffre, E.; Oddou, ]J.-P.; Perrot, C,;
Benoit, D.; Richard, C.; Bouillon, P. & Bruyere, S. (2007). Toward next high
performances MIM generation: up to 30fF/pm? with 3D architecture and high-k
materials, Proc. of IEEE IEDM 2007, pp. 997-1000, Dec. 2007, Washington DC (USA)

Jiang, H.; Wang, Y.; Yeh, J.-L.A. & Tien, N.C. (2000). Fabrication of high-performance on-
chip suspended spiral inductors by micromachining and electroless copper plating.
Proc. of IEEE MTT-S IMS, pp. 279-282, Boston MA (USA), June 2000

Kaddour, D.; Issa H.; Abdelaziz, M.; Podevin, F.; Pistono, E.; Duchamp, J.-M. & Ferrari P.
(2008). Design guidelines for low-loss slow-wave coplanar transmission lines in RF-
CMOS technology, M. and Opt. Tech. Lett., vol. 50, n°. 12, Dec. 2008, pp. 3029-3036.

Kim, K. (2000). Design and Characterisation of Components for Inter and Intra-Chip
Wireless Communications. Dissertation, University of Florida, Gainsville, 2000.

Kim, K; Yoon, H. & O. K.K. (2000). On-chip wireless interconnection with integrated
antennas, IEDM Technical Digest, San Francisco CA (USA), Dec. 2000, pp. 485-488.

www.intechopen.com



Integrated Silicon Microwave and Millimeterwave Passive Components and Functions 53

Kim, W. & Swaminathan, M. (2005). Simulation of lossy package transmission loines using
extracted data from one-port TDR measurements and nonphysical RLCG model.
IEEE Trans. on Advanced Packaging, vol. 28, n°. 4, Nov. 2005, pp. 736-744.

Lee, K.Y.; Mohammadi, S.; Bhattacharya, P.K. & Katehi, L.P.B. (2006-1). Compact Models
Based on Transmission-Line Concept for Integrated Capacitors and Inductors. IEEE
Trans. on MTT, vol. 54, n°. 12 (Dec. 2006), pp. 4141-4148

Lee, K.-Y.; Mohammadi, S.; Bhattacharya, P.K. & Katehi, L.P.B. (2006-2). A Wideband
Compact Model for Integrated Inductors. IEEE Microwave and Wireless Components
Letters, vol. 16, n° 9 (Sept. 2006), pp. 490-492

Lemoigne, P.; Arnould, J.-D.; Bailly, P.-E.; Corrao, N.; Benech, P.; Thomas, M.; Farcy, A. &
Torres, J. (2006). Extraction of equivalent electrical models for damascene MIM
capacitors in a standard 120 nm CMOS technology for ultra wide band
applications, Proc. of IEEE IECON 2006, pp. 3036-3039, Paris (France) , Nov. 2006

Masuda, T., Shiramizu, N.; Nakamura, T. & Washio, K. (2008). Characterization and
modelling of microstrip transmission lines with slow-wave effect. Proceedings of
SiRF, pp. 155-158, Orlando, USA, January 2008.

Mclntosh, C. E.; Pollard, R. D. & Miles, R. E. (1999). Novel MMIC source-impedance tuners
for on-wafer microwave noise-parameter measurements. IEEE Trans. on MTT, vol.
47, n° 2 (Feb. 1999), pp. 125-131

Mehrotra V. & Boning D. (2001). Technology scaling impact of variation on clock skew and
interconnect, Proc. of the IEEE 2001 IITC, San Francisco, CA

Melendy, D.; Francis, P.; Pichler, C.; Kyuwoon, H.; Srinivasan, G. & Weisshaar, A. (2002).
Wide-band Compact Modeling of Spiral Inductors in RFICs, Digest of Microwave
Symposium, Seattle (USA), pp.717-720, June 2002.

Milanovic, V.; Ozgur, M.; Degroot, D.C.; Jargon, ]J.A.; Gaitan, M. & Zaghloul, M.E. (1998).
Characterization of Broad-Band Transmission for Coplanar Waveguides on CMOS
Silicon Substrates. IEEE Trans. on MTT, vol. 46, n°. 5, May 1998, pp. 632-640.

Miller D.A.B. (2002). Optical interconnects to silicon. IEEE ]. Sel. Top. Quantum Electron., vol.
6, issue 6 (Nov./Dec. 2002), pp. 1312-1317

Mondon F. & Blonkowskic S. (2003). Electrical characterisation and reliability of HfO, and
Al,O3-HfO, MIM capacitors. Microelectronics Reliability, vol. 43, n°® 8 (August 2003),
pp- 1259-1266

Nesic A.; Nesic, D.; Brankovic, V.; Sasaki, K. & Kawasaki, K. (2001). Antenna Solution for
Future Communication Devices in mm-Wave Range. Microwave Review, Dec. 2001.

Nguyen, N.M. & Meyer, R.G. (1990). Si IC-Compatible Inductors and LC Passive Filters.
IEEE Journal of Solid-State Circuits, vol. 25, n°4 (Aug. 1990), pp. 1028-1031

Pastore, C.; Gianesello F.; Gloria, D.; Serret, E. & Benech, Ph. (2008-1). Impact of dummy
metal filling strategy dedicated to inductors integrated in advanced thick copper
RF BEOL. Microelectronic Engineering, vol. 85, n°® 10 (October 2008), pp. 1962-1966

Pastore, C.; Gianesello F.; Gloria, D.; Serret, E.; Bouillon, E.; Rauber, P. & Benech, Ph. (2008-
2). Double thick copper BEOL in advanced HR SOI RF CMOS technology:
Integration of high performance inductors for RF front end module, Proc. of IEEE
International 2008 SOI Conference, pp. 137-138, Oct. 2008, New York (USA)

Pozar, D. M. (1998). Microwave Engineering, 2nd ed. John Wiley and Sons, Inc. 1998

www.intechopen.com



Microwave and Millimeter Wave Technologies:
54 from Photonic Bandgap Devices to Antenna and Applications

Rashid, A.B.M.H.; Watanabe, S.; Kikkawa, T. (2003). Crosstalk isolation of monopole
integrated antenna on Si for ULSI wireless interconnect, Proc. of the IEEE 2003 IITC,
pp- 156-158, San Franscisco CA (USA), June 2003.

Royet, A.-S.; Cuchet, R.; Pellissier, D. & Ancey, P. (2003). On the investigation of spiral
inductors processed on Si substrates with thick porous Si layers, Proc. of ESSDERC,
pp- 111-113, Sept. 2003, Estoril (P)

Sayag, A.; Levin, S.; Regev, D.; Zfira, D.; Shapira, S.; Goren, D. & Ritter, D. (2008). One stage
24 GHz LNA with 6.4 dB gain and 2.8 dB NF using 0.18 pm CMOS technology and
slow wave transmission lines. Proc. of the 1st Conf. on Microwaves, Communications,
Antennas and Electronic Systems (COMCAS), pp.1-10, Israel, May 2008.

Sinsky J. H. & Westgate C. R. (1997). Design of an electronically tunable microwave
impedance transformer. Int. Micro. Symp. Digest, pp. 647-650, Denver, June 1997

Souri, S.J.; Banerjee, K.; Mehrotra, A. & Saraswat, K.C. (2000). Multiple Si Layer ICs:
Motivation, performance analysis and design implications, Proc. of the 37th Annual
Design Automation Conf., pp. 213-220, 2000 Los Angeles CA (USA), June 2000

Subramaniam, K.; Kordesch, A.V. & Esa, M. (2005). Design and modeling of metal finger
capacitors for RF applications. Proc. APACE 2005, pp. 293-296, Dec. 2005, Johor
(Malaysia)

Subramaniam, K. Kordesch, A.V. & Esa, M. (2007). Low and High Frequency
Characterization of Metal Finger Capacitors for RFICs, Proc. of ISSSE '07, pp. 567-
570, Montreal (Canada), July-August 2007

Sun, X.; Carchon, G.; Kita, Y.; Tani, T. & De Raedt, W. (2006). Experimental Analysis of
Above IC Inductor Performance with Different Patterned Ground Shield
Configurations and Dummy Metals, Proc. of the 36t EUMC, pp. 40-43, Manchester
(UK), Sept. 2006

Tiemeijer, L.; Pijper, R.; Havens, R. & Hubert, O. (2007). Low-loss patterned ground shield
interconnect transmission lines in advanced IC processes. IEEE Trans. on Microwave
Theory and Techniques, vol. 55, n°. 3, March 2007, pp. 561-570.

Triantafyllou, A.; Farcy, A.; Benech, Ph.; Ndagijimana, F., Exshaw, O.; Tinella, C.; Richard,
O.; Raynaud, C. & Torres, ]J. (2005). Intra chip wireless interconnections based on
high performances integrated antennas. Solid State Electronics, vol. 49, issue 9 (Sept.
2005), pp. 1477-1483

Volakis J.L. (2007). Antenna Engineering Handbook, 4th ed., McGraw Hill Professional, 2007.

Wang, P. & KanE. (2004). High-speed interconnects with underlayer orthogonal metal
grids. IEEE Trans. on advanced packaging, vol. 27, n°. 3, Aug. 2004, pp. 497-507.

Wang, T-H. & Itoh, T. (1987). Compact grating structure for application to filters and
resonators in monolithic microwave integrated circuits. IEEE Trans. on Microwave
Theory and Techniques, vol. 35, n°. 12, Dec. 1987, pp. 1176-1182.

Wang, X,; Yin, W.-Y. & Mao, J.-F. (2008). Parameter Characterization of Silicon-Based
Patterned Shield and Patterned Ground Shield Coplanar Waveguides, Proceedings
of GSMMO08, pp. 142-145, Nanjing, China, April 2008.

Yue, C. P. & Wong, S. S. (2000). Physical Modelling of Spiral Inductors on Silicon. IEEE
Trans. on Electron Devices, vol. 47, n° 3 (March 2000.), pp. 560-568

www.intechopen.com



i Microwave and Millimeter Wave Technologies from Photonic
- Microwave and Millimeter . . i
' Wave Technologies Bandgap Devices to Antenna and Applications

Edited by Igor Minin

ISBN 978-953-7619-66-4

Hard cover, 468 pages

Publisher InTech

Published online 01, March, 2010
Published in print edition March, 2010

The book deals with modern developments in microwave and millimeter wave technologies, presenting a wide
selection of different topics within this interesting area. From a description of the evolution of technological
processes for the design of passive functions in milimetre-wave frequency range, to different applications and
different materials evaluation, the book offers an extensive view of the current trends in the field. Hopefully the
book will attract more interest in microwave and millimeter wave technologies and simulate new ideas on this
fascinating subject.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Philippe Benech, Jean-Marc Duchamp, Philippe Ferrari, Darine Kaddour, Emmanuel Pistono, Tan Phu Vuong,
Pascal Xavier and Christophe Hoarauand Jean-Daniel Arnould (2010). Integrated Silicon Microwave and
Millimeterwave Passive Components and Functions, Microwave and Millimeter Wave Technologies from
Photonic Bandgap Devices to Antenna and Applications, Igor Minin (Ed.), ISBN: 978-953-7619-66-4, InTech,
Available from: http://www.intechopen.com/books/microwave-and-millimeter-wave-technologies-from-photonic-
bandgap-devices-to-antenna-and-applications/integrated-silicon-microwave-and-millimeterwave-passive-
components-and-functions

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2010 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same
license.




