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HIGH PERFORMANCE TUNABLE ACTIVE INDUCTORS FOR
MICROWAVE CIRCUITS

SUMMARY

There is critical need for inductive characteristics in RF applications, especially in
filters, LNA, VCO, bandwidth-enhancement in many kinds of amplifiers, phase
shifters, power divider and matching networks. The drawbacks of using passive and
spiral inductors in CMOS process are discussed in the literature. It is shown that these
kind of inductors suffer from a low quality factor, a low self-resonant frequency, a low
and fixed inductance value and the need for a large silicon area.

Furthermore, it is shown in the literature that CMOS Active Inductors (Als), which are
synthesized using MOS transistors, offer a number of attractive characteristics as
compared with their spiral counterparts. These characteristics include a low silicon
consumption, a large and tunable self-resonant frequency, a large and tunable
inductance, a large and tunable quality factor, and fully realizable in digital CMOS
technologies.

Then principles, topologies, characterizations and implementation of the Gyrator-C
(GC) network is discussed in-depth. The GC networks, which are implemented by
operational transconductance amplifier, are suitable for RF application. This property
arises from their minimum usage of active elements. It is shown that both grounded
and floating active inductors can be implemented by GC networks. To provide a
quantitative measure of the performance of Als, a number of figure-of-merits have
been introduced in the thesis. These figure-of-merits include frequency range,
inductance tunability, quality factor, noise and power consumption. Due to parasitic
components of CMOS transistors, designed Als have inductive behavior in a specified
frequency range. The low frequency bound is set by the frequency of the zero of the
gyrator-C networks while the upper frequency bound is set by Self-Resonance
Frequency (SRF). One of the key advantages of active inductors over their spiral
counterparts is the large tunability of their inductance. The inductance of GC Als can
be tuned by varying either the transconductances of the transconductors or the load
capacitance, which is implemented by MOS varactor.

Based on GC topology, there are many reported CMOS Al circuits in literature. All of
them have tried to invent high performance Al by using different techniques. Some of
recent proposed Grounded Al (GAI) and Floating Al (FAI) circuits are reviewed in
the thesis. Some of them use negative resistor to compensate the loss of Al for QF
enhancement. Some others try to use minimum number of transistors in order to
increase the self-resonance frequency of Al for RF applications. In some applications,
Als are used in LNA circuits for gain boosting purpose. In that applications, designers
have tried to cancel the noise of Al by using a feedback stage with a degeneration
resistor to reduce the noise contribution to the input. The main aim of all the techniques
is to cancel or reduce the effects of parasitic components.
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In the thesis, four new grounded and floating Als are designed by using advanced
circuit techniques. The first one, Multi Regulated Cascode (MRC) stages are employed
for lowering conductance in input and output nodes of Al. Thus, Q performance is
improved. Since these stages are used only for increasing impedance of input/output
nodes, they are made up of PMOS transistors in order to:

e minimize the input transistor as small as possible in order to adjust second stage
biasing,
e decrease the number of transistors in main path of AC signal

Theoretical analysis and post-layout simulation results shows the effectiveness of
using MRC stages usage in properties of Al. High Q symmetric floating version of low
loss inductor is also designed by utilizing MRC stages.

Designers do their best to improve SRF and QF, two main characteristics in term of
Al performance. An Al with ability to adjust its SRF and QF without affecting each
other is designed and simulated as a third. The cascoding and RC feedback structures
are used in the new design of Al. As it discussed before, input transistor is very
important regarding to Al characterizations. Cascoding input transistor gives the
ability to adjust the first gyrator’s transconductance and input parasitic capacitance
independently which it results in adjusting the self-resonance frequency and quality
factor separately. Due to our best knowledge from literature reviewing, it is first time
that the properties of an inductor can be adjusted independently. Furthermore, the
inductance value can be adjusted by other transistor’s transconductances. Also, the RC
feedback is utilized to cancel the parasitic series-resistance of Al which results in QF
enhancement. Since, bias condition of cascoding transistors is provided by a diode-
connected transistor, the proposed structure is robust in terms of performance over
variation in process, voltage and temperature.

The Noise of designed Als has limited the use of them in RF applications such as
LNAs. The main noise source of an Al is its input transistor. In order to have low noise
Al, the input transistor should be designed large enough. But it leads to low SRF which
limited the inductive frequency band. As a fourth active inductor design, a low-noise
and low-loss Al is presented suitable for RF low noise applications. Utilizing all
transistors in Common Sourse (CS) configuration on the Al circuit leads to low
conductance nodes which causes the Al to have high Q. P-type MOS transistors and
Feed-Forward Path (FFP) are employed to decrease noise of the Al, respectively.

The GC topologies can convert a low capacitance variation to high impedance
changing which makes it a good choice for capacitive sensors. The capacitive based
micro sensors convert mechanical signals to small capacitance variation. The
capacitance variation in micro sensor is in the range of femto-Farads which makes it
difficult to sense. Thus, the GC topologies can be used in capacitive sensors in order
to sense small capacitive variations. In the thesis, this technique is used in a new
accelerometer sensor. It is first time that a gyrator-C network is employed as an
interface circuit for capacitive change detection in micro sensors. The new
accelerometer structure is designed by using with ability to cancel cross section
sensitivity. The sensor’s electrodes are located in such a way that enables the structure
to detect acceleration in 3-axis independently. Embedding all 3-axis detecting
electrodes in a single proof mass and ability to detect acceleration orientation are
salient features of the proposed sensor. Consequently, a new GC configuration for
sensing very small capacitance changes in a capacitive sensor is presented in the thesis.
In the proposed configuration, the operating frequency range and scaling factor can be
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adjusted without affecting each other by tuning the bias currents of utilized gyrators.
In addition, the proposed configuration employs RC feedback together with the
cascoding technique to cancel the effect of the parasitic components in order to get
accurate scaling from gyrator-C network.

Finally, in order to show versatility of designed Als, they are used in designed third
and sixth order broadband microwave filters. The first one is a third order Chebyshev
low pass filter. The second one, which is designed by using simplified real frequency
technique is a sixth order Chebyshev band pass filter. The simulated frequency
response of filters prove the workability of the designed Als.
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MIKRODALGA DEVRELERI ICIN YUKSEK BASARIMLI
AYARLANABILIR AKTIiF ENDUKTORLER

OZET

RF uygulamalarinda enduktif karakteristige onemli Olgiide ihtiya¢ duyulmaktadir;
bunlar, 6zellikle filtreler, diisiik giiriiltiilii yiikselte¢ler (LNA, low noise amplifiers),
gerilim kontrollt osilatérler (VCO, voltage controlled oscillators), pek ¢ok farkli tiirde
yiikselte¢ icin band genisligi iyilestirilmesi, faz kaydiricilar, giic boliicliler ve
eslestirme (matching) devreleri vb. uygulamalardir. Pasif sarmal ¢ip-ici CMOS
endiiktanslarin eksik yonleri ayrintili olarak literatiirde tartistlmistir. Bu  tiir
endiiktanslar diisiik deger katsayis1 (quality factor), diisiik 6z-rezonans frekansi (SRF,
self-resonance frequency), sabit ve diisik degerli endiiktans ve genis bir silikon

(silicon) alan1 gerektirmeleri gibi istenmeyen 6zelliklere sahiptirler.

Diger yandan, MOS transistorlar kullanilarak sentezlenen CMOS aktif endiiktanslarin,
pasif sarmal esdeger yapilar ile karsilastirildiginda pek ¢ok cekici karakteristik 6zellik
sunabildikleri gosterilmistir. Bunlar; genis bir bolgede ayarlanabilir 6z-rezonans
frekans1 basarimi, genis bir bolgede ayarlanabilir endiiktans basarimi, genis bir
bolgede ayarlanabilir deger katsayist basarimi, CMOS teknolojileri ile tlimiiyle
gerceklenebilme ve az alan kaplama gibi karakteristik Ozellikleri olarak ortaya

konulmaktadir.

Literattrde jirator-C (GC) prensibi, topolojisi, karakterizasyonu ve uygulamalari
ayrintili olarak ele alinmaktadir. Islemsel gecis-iletkenligi kuvvetlendiricisi (OTA,
operational transconductance amplifier) ile gerceklenen GC devreleri, RF
uygulamalari i¢in oldukca uygundur. Bu 6zellik, GC yapilarinin s6z konusu yap1
kullanilarak en az sayida aktif eleman ile gergeklenebilmesinden kaynaklanmaktadir.
Gerek toprakli (grounded) gerekse yiizen (floating) aktif endiiktanslarin GC devreleri
ile gerceklenebildigi gosterilmistir. Aktif endiiktanslarin basarimlarinin nicel olarak
Olciilmesi amaciyla, ¢ok sayida 6lgiit ortaya konulmustur. Bu dlgiitler frekans ¢alisma
aralig1, endiiktans ayarlanabilirligi, deger katsayisi, giiriiltii ve gii¢ tiiketimi gibi temel

ozellikleri icerirler. CMOS transistorlarin parazitik bilesenlerinden dolay: tasarlanan

XXVil



aktif endiiktanslar belirli bir frekans bolgesinde endiiktif davranig gosterirler. Alt
frekans sinir1, GC devrelerinin sifir frekansi ile belirlenirken; iist frekans sinir1 ise 0z-
rezonans frekansi ile belirlenir. Aktif endiiktanslarin pasif sarmal esdeger yapilarina
gore en 6nemli iistlinliiklerinden biri de; endiiktanslarinin genis bir deger araligiunda
ayarlanabilir olmasidir. GC aktif endiiktanslarin endiiktans degeri, transistorlarin
gecis-iletkenliklerinin ya da MOS varaktorlerle gergeklenen yiik kapasitanslarinin

degistirilmesi ile ayarlanabilir.

Literatiirde, GC topolojisine dayali pek ¢ok CMOS Al (active inductor) devresi
bildirilmistir. Bunlarin tiimii, farkli teknikler kullanilarak yiiksek bagarimli Al yapilari
olusturmay1 amaglamiglardir. Bu tezde, bunlardan giincel olan bazt GAI (grounded Al)
ve FAI (floating Al) yapilar1 gbézden gecirilmistir. Bunlardan bazilari, deger
katsayisin1 (QF) iyilestirmek amaciyla, Al kaybini telafi etmek i¢in negatif direng
kullanmislardir. GC yapilar1 RF uygulamalari igin tasarlandiklarinda en az sayida
transistor kullanimi ¢ok kritiktir. Ciinkii bu durum Al 6z-rezonans frekansinin
artmasina yardimci olur. Al’ler, kazang artirma amaciyla LNA’lerde genis kullanim
alan1 bulabilmektedirler. Diger taraftan, Al yapilarinin en 6nemli dezvantajlarindan
biri giirtiltii basariminin pasif endiiktanslara nispeten yiiksek olmasidir. Literatiirde bu
dezavantaji gidermek amaciyla teklif edilen yaklasimlardan biri dejenerasyon
direncinin bulundugu bir geribesleme kat1 kullanilarak girise gelen giiriiltii katkisin
azaltmayr amaclamistir. Literatiirde teklif edilen tekniklerin amaci, parazitik

bilesenlerin etkisini azaltmak ya da tiimiiyle ortadan kaldirmaktir.

Bu tezde, ileri devre teknikleri kullanilarak, yeni toprakl (grounded) ve yiizen (floting)
Al yapilar tasarlanmistir. Al giris ve ¢ikis diigiimlerine ait iletkenlikleri azaltmak i¢in
coklu-diizenlenmis kaskod (multi-regulated cascode, MRC) katlart QF degerini
lyilestirme amaciyla kullanilmaktadir. MRC kati PMOS transistorlariyla

olusturulmustur. PMOS transistor kullanimai,

. ikinci kat kutuplamasini ayarlayabilmek amaciyla, giris transistor boyutunun

miimkiin oldugunca azaltilmasini,
. ana AC isaret yolundaki transistor sayisinin azaltilmasini,
saglamaktadir.

Tezde sunulan teorik analiz ve serim sonrasi benzetim sonuglari, MRC kati

kullanimimin Al 6zelliklerine yaptig1 etkiyi gostermektedir. Elde edilen sonuglar bu
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katlarin Al tasariminda yiiksek QF elde edilmesini imkan tanidigini  ortaya

koynaktadir.

Literatiirde, iki ana AI basarim karakteristigi olan SRF ve QF basarimlariin
tyilestirmesi i¢in ¢ok sayida c¢alisma bulunmaktadir. Bu tezde, birbirlerini
etkilemeksizin SRF ve QF basarimlarinin ayarlanabilmesi 6zelligine sahip bir AI’mn
tasarimi1 ve benzetgimi yapilmistir. Kaskod ve RC geribesleme yapilart yeni Al
tasariminda kullanilmistir. Daha Once de tartisildigi ilizere, Al karakterizasyonu
acgisindan girig transistoru ¢ok onemlidir. Girisi transistorunun kaskodlanmasi, ilk
jiratoriin gecis-iletkenliginin ve giris parazitik kapasitansinin birbirinden bagimsiz
olarak ayarlanmasi gibi onemli ve kullanislt bir 6zelligi beraberinde getirir. Bunun
yanisira, endiiktansin degeri diger transistorun iletkenligi ile ayarlanabilir. Al parazitik
seri-rezistansini yok etmek amaciyla kullanilan RC geribeslemesi, QF iyilestirmesini
saglayabilmektedir. Kaskod transistorlarin kutuplama kosulu bir diyot-bagli transistor
ile saglandigindan; onerilen yap1 proses, gerilim ve sicaklik degisimleri agisindan

kararl1 ve yiiksek bagarimlidir.

Al yapilarinda karsilasilan diisiik giirtilti basarimi, ADl’larn LNA gibi RF
uygulamalarda kullanimini sinirlamaktadir. Bir A'in ana giiriltii kaynagi giris
transistorudur. Diistik giiriiltiili Al elde etmek i¢in, giris transistoru yeterince biiyiik
boyutlu olarak tasarlanmalidir. Ne var ki, biiyiik boyutlu bdyle bir transistor, diisiik bir
SRF ve dolayistyla sinirli bir endiiktif bandi beraberinde getirir. Bu tezde, diisiik
gurtltili ve az kayipli uygun bir Al diisiik giiriiltii gerektiren RF uygulamalar1 i¢in
sunulmustur. Teklif edilen AI devresindeki tiim transistorlarin ortak-kaynak
(common-source, CS) yapisinda kullanilmasi, disiik iletkenlige sahip diigiimlerin
dolayisiyla yiliksek QF degerine sahip bir AI’in elde edilmesine olanak saglamaktadir.
Al giiriiltiisiinii azaltmak i¢in, sirastyla P-tipi MOS transistorlar ve ileri-besleme yolu

yapisi (feed-forward path, FFP) kullanilmaktadir.

Bilindigi gibi, sensorler ¢cok cesitli fiziksel biiytikliiklerin eletrik miihendisiligi alanina
taginmasini saglamaktadir. Cok genis kullanim alani bulan sensor tiplerinden biri
kapasitif mikro algiliyicilardir. Kapasitif mikro algilayicilar mekanik hareketleri
kiigiik kapasitans degisimlerine g¢evirirler. Micro algilayicidaki kapasitans degisimi
femto-Farad mertebesinde olup algilamayi zorlastirmaktadir. Diger yandan, kiigtik bir
kapasitans degisimini yliksek bir empedans degisimine ¢evirebilmeleri dolayisiyla,

GC topolojilerinin kapasitif algilayicilarda kullanilabilecegini sdylemek miimkiindiir.
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Bu tezde, bu diisiinceden yola ¢ikilarak, kesit duyarliligin1 yok etme yetenegine sahip
yeni bir 3-eksen ivme-olger tasarlanmistir. Yapinin, her eksendeki ivmeyi bagimsiz
olarak algilayabilmesi i¢in, algilayici elektrodlar1t uygun olarak yerlestirilmistir. Daha
sonra, bir kapasitif algilayicidaki ¢ok kiigiik kapasitans degisimlerini algilayabilmek
icin yeni bir GC yapusi teklif edilmistir. Onerilen yapida, calisma frekans: aralig1 ve
Olgekleme carpani, kutuplama akimlarinin ayarlanmasi suretiyle birbirini
etkilemeksizin ayarlanabilmektedir. Ayrica, 6nerilen yapida, parazitik bilesenlerin

etkisini yok etmek i¢in RC geribesleme ve kaskod yapilar kullanilmaktadir.

Son olarak, bu tezde sunulan AI’larin ¢ok amagh ozellikte oldugunu gostermek
amaciyla, 3 ve 6. dereceden genis bantli mikrodalga filtrelerde kullanilmalar: ele
alinmustir. 1lki 3. dereceden bir Chebyshev algak geciren filtredir. Basitlestirilmis
gercel frekans teknigi (SRFT, simplified real frequency technique) ile tasarlanan
ikincisi ise, 6. dereceden bir Chebyshev band geciren filtredir. Filtrelerin benzetimle
elde edilmis frekans yanitlari, bu tezde sunulan AI’larin literatiirdeki yapilara giiclii

birer alternatif olduklarin1 ortaya koymaktadir.
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1. INTRODUCTION

Most of nowadays high-volume customer applications requires the accessibility of low
power, low cost and remote microsystems. According to these necessities, CMOS
technology has turn into one of the most important alternatives for wireless
communication systems. However, CMOS Spiral Inductors have found a broad range
of applications in high-speed analog signal processing including impedance matching
[1] and gain-boosting in wireless transceivers [2], bandwidth improvement in
broadband data communications over wire and optical channels [3], oscillators and
modulators [4, 5], RF bandpass filters [6], RF phase shifters [7], RF power dividers
[8], and coupling of high-frequency signals [9], to name a few. Traditionally, passive
inductors and transformers are off-chip discrete components. The need for off-chip
communications with these passive components severely limits the bandwidth,
reduces the reliability, and increases the cost of systems [10, 11]. Since early 1990s, a
significant effort has been made to fabricate inductors and transformers on a silicon
substrate such that an entire wireless transceiver can be integrated on a single substrate
monolithically [12, 13]. In the mean time, the need for a large silicon area to fabricate
spiral inductors and transformers has also sparked a great interest in and an intensive
research on the synthesis of inductors and transformers using active devices, aiming at
minimizing the silicon consumption subsequently the fabrication cost and improving

the performance [14, 15].

In this chapter, the properties of spiral and active inductors, their advantages and
limitations and the impact of them on the application of these devices are looked.
Section 1.1 demonstrates the critical need for an inductive characteristic in high-speed
applications. Then section 1.2 dicuses about spiral inductors. In section 1.3, the pros
and cons of Active Inductors (Als) are investigated. The chapter is concluded in

section 1.4.



1.1 Inductive Properties in High-Speed Applications

In order to improve performance of the high-speed systems, such as improving
bandwith, boosting gain , selecting frequency and matching networks, inductive
charactristics are critically needed. These applications include LC tank oscillators,
bandwidth enhancement in broadband communications, impedance matching in
narrowband communications, phase shifting for RF antennas and radars, RF power
dividers, frequency selection, in particular, RF bandpass filters, RF power amplifiers,
and gain boosting of RF low-noise amplifiers. Some of the aforementioned
applications are discussed briefly in upcoming subsections.

1.1.1 Bandwidth Improvement

Bandwith is a ciritical in Designing broadband circuits, such as amplifiers, matching
networks and etc. The bandwidth of a circuit is set by the time constant of the critical
node, i.e. the node that has the largest time constant, of the circuit. Three approaches,
namely inductive peaking, current-mode signaling, and distributed amplification, are
widely used to improve the bandwidth of circuits. The inductive peaking approach is
discussed in next paragaragh and extra information about other approaches are fined
at [16].

= Inductive peaking: The idea is to place an inductor at the node where a large nodal
capacitance exists such that the first-order RC network associated with the node is
replaced with a second-order RLC network. Because a RLC network has three
different modes of operation, namely over damped, critically damped, and under
damped. The bandwidth in these three cases differs with under-damped RLC
systems exhibit the largest bandwidth. Both shunt peaking [16, 17] and series
peaking [18], have been used, as shown in Figure 1.1. It was demonstrated in [16,
17] that inductive shunt peaking can improve the bandwidth of a common-source
amplifier by as much as 70%. As shown in Figure 1.1(a&b), in the shunt peaking
the peaking inductor L is in parallel with the dominant capacitor C and in series

peaking type it is in series with the dominant C.



(a) (b)

Figure 1.1 : Inductive peaking, (a) Shunt peaking, (b) Series peaking.

1.1.2 Impedance Matching

For decreasing signal reflection at interface of channels and high-speed circuits,
impedance matching is required. Resistors are usually used to provide a matching
impedance in broadband communication systems as impedance matching is required
over a broad frequency spectrum. Frequency-dependent elements, such as capacitors
and inductors, can not be used for impedance matching in broadband communication
systems simply due to their frequency-dependent characteristics. But most of the
communication circuits operate in a narrow-band mode. Although resistors can be used
for these applications, the high level of the thermal noise of resistors limited their usage
in wireless communications where there is a stringent constraint on the noise
performance of these systems. Instead, noiseless and lossless elements such as
capacitors and inductors are widely used in narrow-band impedance matching because
these frequency-dependent noiseless elements can provide the desired impedance in a

narrow frequency band and at the same time keep the noise at required level [19].

Figure 1.2 shows widely used termination scheme for narrowband Low-Noise
Amplifiers (LNAs). Neglecting C,; and other parasitic capacitances, the input

impedance of the LNA can be written as:

. 1 0.,
Z = L - 1.1
. {Jw(l—ﬁ 2>+jwcgj+ 2 (L)

9%

Where Cy45; and g,,; are the gate source capacitance and transconductance of M,
respectively. It is seen from (1.1) that reactive part of input impedance (first term) can

be made zero by imposing:
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Figure 1.2 : Impedance matching in narrow-band low-noise amplifiers.

jo(L +L,)+ =0 (1.2)

JaCy

The input impedance of the LNA in this case becomes purely resistive and is given by:

L
Z, =m= (1.3)

C951
The reason of using two inductors in gate and source of M, is as following: Once the
dimension of M; is chosen, g,,; and C; are determined. The desired input impedance
of the LNA in this case can be obtained by adjusting L,. Once L, is chosen, the value

of L, can be tuned to ensure the total cancellation of the reactive part of the input

impedance.

1.1.3 Phase Shifting

A well-designed phase shifter should possess the characteristics of a low insertion loss,
a high return loss, and a large phase shift range. The common configuration of RF
phase shifters is shown in Figurel.3. The tuning of the amount of the phase shift is

carried out by varying the capacitance of the shunt varactors.

A total of N sections
AN

Figure 1.3 : RF phase shifters with floating inductors and shunt varactors.



1.1.4 Frequency Selection

Frequency selection systems are implemented by lumped elements. For instance,
Bandpass Filters (BPFs) with a high passband center frequency are used extensively
in narrow-band wireless communications for RF band selection. Implementing
inductors with antiont approaches are not compatible with CMOS technologies, which
are domimnant in Radio Frequency Integrated Circuit (RFIC) designing. The recent
effort on integrating RF BPFs on a silicon substrate is accelerated with the emergence
of CMOS passive and active inductors. A single-chip realization of RF transceivers
with on-chip RF BPFs offers a number of critical advantages including a reduced
assembly cost, increased system reliability, and improved performance. Table 1.1
tabulates some recently reported RF bandpass filters with CMOS spiral and active

inductors.
Table 1.1 : BPF with CMOS spiral and active inductors.
Ref. Year Tech. (um) f, (GHz) Filter order Inductor type
[6] 2002 0.18 1.75 3 spiral
[20] 2002 0.25 2.14 3 spiral
[21] 2010 0.09 3.46 2 active
[22] 2012 0.18 0.6 3 active
[23] 2011 0.13 0.6 1 active

1.1.5 Gain Boosting

Traditional gain-boosting techniques such as cascodes and regulated cascodes lose
their potency at high frequencies due to the increased gate-source and gate-drain
couplings via the gate-source and gate-drain capacitors of MOSFETSs. A technique that
is widely used in boosting the voltage gain of narrowband low-noise amplifiers (LNAs)
is to use a LC tank as the load of the LNAs [24, 25], utilizing the infinite impedance
of ideal LC tanks at their self-resonant frequency. When a LC tank is used as the load
of a common-source amplifier whose voltage gain is approximated by 4, = —gmZ;,

where g,, is the transconductance of the MOSFET and Z; is the load impedance, as



shown in Figurel.4, the large impedance of the LC tank at its self-resonant frequency

Wy = will significantly boost the gain of the amplifier at w,y. The resonant

1
NP
frequency of the tank is set to be the same as the frequency of the input of the LNA.

Note that voltage gain of the amplifier at frequencies other than w,, is low.

lzp (o) &

M5 [61]

[ z1(®) & Inductive

Capacitive

Figure 1.4 : Gain boosting of low noise amplifiers using LC tank load.

1.1.6 Power Divider

Usaully, transmission lines are employed to implement power dividers. But in order to
reduce the size of the structure, lumped elements is used to construct power dividers
at the cost of a high insertion loss and a limited bandwidth. Equivalent circuit of the
lumped Wilkinson power divider is depicted in Figure 1.5. Replacing passive spiral
inductors with CMOS Als brings the advantages of the high quality factor, low silicon

consumption, and high self-resonant frequency [26, 27].
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Figure 1.5 : Equivalent circuit of lumped Wilkinson power divider.



1.2 Spiral Inductors

Monolithic on-chip inductors are also known as spiral inductors due to the way in
which these inductors are laid out. Both planar and stacked spiral inductors have been
illustraded in Figure 1.6(a&b). Modern Computer Aided Design (CAD) tools for
Integrated Circuit (IC) design are equipped with spiral inductors as standard elements

in their component libraries.

e
dout 7 / ‘,”; I | :
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Figure 1.6 : Spiral Inductors (a) planar (b) stacked.

Spiral inductors offer the key advantages of superior linearity and a low level of noise.
The performance and applications of spiral inductors are affected by a number of
drawbacks that are intrinsic to the physical geometry of these passive devices and
CMOS technologies in which spiral inductors are implemented. These drawbacks

include:

= Low quality factor - The Quality Factor (QF) of spiral inductors and transformers
is limited by the ohmic loss of the spiral at high frequencies. Two sources that
contribute to the ohmic loss of the spiral inductors and transformers exist: the
skin-effect induced resistance of the spiral and the resistance induced by the eddy

currents in the substrate.

» Low self-resonant frequency - The self-resonance of a spiral inductor is the
resonance of the LC tank formed by the series inductance of the spiral inductor
and the shunt capacitance between the spiral of the inductor and the substrate, as
well as its underpass capacitance. The low Self-Resonant Frequency (SRF) of
spiral inductors is mainly due to the large spiral-substrate capacitance, arising

from the large metal area occupied by the spiral.

= Large silicon area - Due to the low inductance of spiral inductors, especially

planar spiral inductors, and the fact that the inductance of these inductors is



directly proportional to the number of the turns of the spiral of the inductors, the

silicon area required for routing the spiral of the inductors is large.

1.3 Active Inductors

Als are mainly implemented by CMOS transistors which are main elements of
electronic systems in recent years. Many architecture are used to improve the
performance of Als such as feedback, cascode stage and Feed Forward Path (FFP).
Under certain DC biasing conditions and signal-swing constraints, these networks
exhibit an inductive characteristic in a specific frequency range. The main advantages
of Als which push the designer to use them instead of their spiral counterparts, are as

follow:

= Low silicon consumption - Because only MOS transistors are usually required
in the realization of CMOS Als and the inductance of these active inductors is
inversely proportional to the transconductances of the transistors, the silicon
consumption of CMOS active inductors is negligible as compared with that of

their spiral counterparts.

= Large and tunable SRF - CMOS Als have high SRF. For example, the passband
center frequency of an active inductor RF bandpass filter is typically set to the
SRF of the active inductor of the filter. The larger the SRF of the active inductor,
the higher the passband center frequency of the filter. A large SRF of Als ensures
that the active inductors will have an inductive behavior over a large frequency

range.

= Large and tunable inductance - As to be seen in Chapter 2, the inductance of
CMOS Als is inversely proportional to the transconductances of the transistors
synthesizing the inductors. The smaller the width of the transistors, the larger the
inductance. Also the inductance can be tuned conveniently by varying the DC
biasing condition of the transistors synthesizing the inductor with a large
inductance tuning range. Additionaly, fine tuning of the inductance can be

achived by varying the load capacitance of the transconductors.

= Large and tunable QF - The QF of CMOS Als is set by the ohmic loss of the
inductors, arising mainly from series resistance of Al. This resistance comes

from the finite output resistance of the transconductors of the inductors. Thus QF



can be increased by increasing output resistance of the transcoductors. A number
of methods are available to boost the output resistance, such as cascodes,

regulated cascodes, and negative resistor compensation.

= Highly compatibility with CMOS technology — Spiral inductors are existing in
mixed mode technology. However, Als are compatible with all CMOS process.

These kinds of inductors have found many applications such as oscillators, RF filters,
RF phase shifters, LNAs, RF power dividers, communication systems and matching
networks. Table 1.2 declares some recently published applications which were
employed CMOS Als.

Table 1.2 : Recent publish applications of CMOS Als.

Ref.  Year Tech. application Remark
[28] 2012  0.09 um LC VCO 13 GHz
[29] 2015 0.18 pm TAI'VCO 0.6-7.2 GHz
[30] 2011 0.13 pm VCO 0.833-3.72 GHz

[32] 2015 0.18 um  Matching network 0-6.9 GHz

[31] 2009  0.18 um LNA 0.375-2.18 GHz
[34] 2013  0.18 um LNA 0.8-2.5 GHz
[33] 2015  0.18 um LNA 3.1-10.6 GHz

[35] 2013 0.09 um  Bandpass Filter 0.8-6 GHz

[36] 2011 0.18 um Power divider 5.8-10.4 GHz

These Als in mentioned applications are influenced by some difficulties such as:
limited dynamic range, high level of noise, high sensitive to process variations and
supply sources fluctuation. These difficulties arise from the intrinsic characteristics of
CMOS devices. Fortunately, the effect of many of these difficulties can be reduced

through innovative designs and proper circuit configurations. For example, the limited



dynamic range of active inductors can be expanded using class AB configurations [36].
The process variation can be compensated by tuning the inductance and QF [38] and
the effect of noise can be decreased by noise cancellation configuration [37]. The
developing utilizations of CMOS Als keep on improving alongside the origin of new

design strategies and circuit topologies.

1.4 Conclusion

Due to explanations, it is obvios that inductive charactristics are very crutial in many
applications especially in RF. It is shown that integrated spiral inductors suffer from a
low quality factor, a low SRF, a low and fixed inductance, and the need for a large
silicon area. Meanwhile, CMOS Als offer a number of attractive characteristics as
compared with their spiral counterparts. These characteristics include a low silicon
consumption, a large and tunable SRF, a large and tunable inductance, a large and
tunable QF and etc. Also, Als are employed to implement many electronic circuits’
blocks such as LNAs, Power Amplifiers (PAs), filters, power dividers, Voltage

Control Oscillators (VCOs) and matching networks.

The utilizations of Als are influenced by a few difficulties emerging from the intrinsic
properties of CMOS devices including limited dynamic range, high level of noise, high
sensitivity to process variations and supply voltage fluctuations. By using some
advanced circuit design techniques and developing the process technology, many of

these difficulties can be overcome.

1.5 Dissertation Organization

In chapter 2, the principles, topologies, characterizations and implementation of the
gyrator-C is discussed in-depth. The GC networks which are implemented by
Operational transconductance amplifier are suitable for RF application. This property
arises from their minimum usage of active elements. It is shown that both grounded
and floating active inductor can be implemented by gyrator-C networks. To provide a
quantitative measure of the performance of active inductors, a number of figure-of-
merits have been introduced. These figure-of-merits include frequency range,
inductance tunability, quality factor, noise and power consumption. One of the key

advantages of active inductors over their spiral counterparts is the large tunability of
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their inductance. The inductance of gyrator-C active inductors can be tuned by varying
either the transconductances of the transconductors or the load capacitance which is

implemented by MOS varactor

In chapter 3, new grounded and floating Als are designed by using advanced circuit
techniques. For lowering conductance in input and output nodes of Al, Multi-
Regulated Cascode (MRC) stages are employed to Q enhancement purpose.
Theoretical analysis and post-layout simulation results shows the effectiveness of
using MRC stages usage in properties of Al. Also, these stages are utilized to design
high Q floating Al.

Designers do their best to improve SRF and QF, two main characteristics in term of
Al performance. An Al with ability to adjust its SRF and QF without affecting each
other is designed and simulated. The cascoding and RC feedback structures are used
in the new design of Al. As it discussed before, input transistor is very important
regarding to Al characterizations. Cascoding input transistor gives the ability to adjust
the first gyrator’s transconductance and input parasitic capacitance independently.
Furthermore, the inductance value can be adjusted by other transistor’s
transconductance. The RC feedback is utilized to cancel the parasitic series-resistance
of Al which results in QF enhancement. Since, bias condition of cascoding transistors
is provided by a diode-connected transistor, the proposed structure is robust in terms

of performance over variation in process, voltage and temperature.

The Noise of designed Als has limited the use of them in RF applications such as
LNAs. The main noise source of an Al is its input transistor. In order to have low noise
Al, the input transistor should be designed large enough. But it leads to low SRF which
limited the inductive frequency band. A low-noise and low-loss Al is presented
suitable for RF low noise applications. Utilizing all transistors in CS configuration on
the Al circuit leads to low conductance nodes which it causes to high Q Al. P-type
MOS transistors and Feed-Forward Path (FFP) are employed to decrease noise of the

Al, respectively.

In chapter 4, GC network in 3 applications are presented. The capacitive based micro
sensors convert mechanical signals to small capacitance variation. The capacitance
variation in micro sensor is in the range of femto-Farads which makes it difficult to

sense. On the other hand, the Gyrator-C topologies can convert a low capacitance
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variation to high impedance change which makes it a good choice for being interface
circuits for capacitive sensors. Then a new 3-axis accelerometer with ability to cancel
cross section sensitivity is designed. The sensor’s electrodes are located in such a way
that enables the structure to detect acceleration in all axis independently.
Consequently, a new GC configuration for sensing very small capacitance changes in
a capacitive sensor is presented. In the proposed configuration, the operating frequency
range and Scaling Factor can be adjusted without affecting each other by tuning the
bias currents. In addition, the proposed configuration employs RC feedback and

cascoding techniques to cancel the effect of the parasitic components.

Finally, in order to show versatility of designed Als, they are used in designed third
and sixth order broadband microwave filters. The first one is a third order Chebyshev
low pass filter. The second one which is designed by using simplified real frequency
technique is a sixth order Chebyshev band pass filter. The simulated frequency
response of filters prove the workability of the designed Als.

Finally, dissertation is concluded in chapter 5 and some scopes for future works are

given.
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2. CMOS ACTIVE INDUCTORES

This chapter provides a background overview of the principles, topologies,
characteristics, and implementation of CMOS active inductors. First, the principles of
gyrator-C based synthesis of inductors are explained. Both grounded and floating
configuration of Gyrator-C (GC) Als are investigated. Section 2.2 diclares salient
features of Al such as frequency range, inductance tunability, Quality Factor (QF),
noise, stability and etc, which quantify the performance. Sections 2.3 and 2.4 detail
the CMOS implementation of grounded and floating Als, respectively. The chapter is

summarized in Section 2.5.

2.1 Principles of Gyrator-C Active Inductors

2.1.1 Ideal (lossless) Grounded Gyrator-C Active Inductors

A gyrator consists of two back-to-back connected transconductors. When one port of
the gyrator is connected to a capacitor, as shown in Figure 2.1, the network is called
the GC network.

2

jIC 5.

lin

Vin O—>——

Leq

Figure 2.1: Ideal grounded GC Al.

According to the ideal GC network shown in Figure 2.1, the input admittance is

calculated as:

l, 1
Y_\K_—s( = ) (2.1)
GriGr2
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Equation (2.1) indicates that port 2 of the GC network behaves as a grounded ideal

inductor, which its inductance value is given by:

C
G

L= 2.2)

G

ml~"m2

Thus, GC can be used to synthesize inductors. The inductance of GC Al is directly
proportional to the load capacitance C and inversely proportional to the product of the

transconductances of the transconductors of the gyrator.

Although the transconductors of GC networks can be configured in various ways, the
constraint that the synthesized inductors should have a large frequency range, a low
level of power consumption, and a small silicon area requires that these
transconductors be configured as simple as possible. Figure 2.2 shows the simplified
schematics of the basic transconductors that are widely used in the configuration of
GC Als. Common-Gate (CG), Common-Drain (CD), and differential-pair
transconductors all have a positive transconductance while the Common-Source (CS)

transconductor has a negative transconductance [89].

(d) ie)

Figure 2.2: Simplified schematic of basic transconductors. (&) CS (i, = —gmV,):
(b) CG (ip = gmV,), (€) CD (i, = gmV,), (d, e) differential-pair (i, = gmv,)-
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2.1.2 Ideal Floating Gyrator-C Active Inductors

A Floating Active Inductor (FAI) has floating terminals, which are not connected to
ground. Floating GC Als can be designed by replacing single-ended transconductors

with differentially-configured transconductors, as depicted in Figure 2.3 [89]. Because

+ gm + - - gm + —
\/inl == SCl (Vinz _Vinz)’ \/inl = SCl (Vin2 _Vinz) (23)
+ - 29w 9 + -
|02 =0Om2 (Vinl _Vinl) = |02 == gsé:g 2 in2 _Vinz) (24)

Thus, the input admittance is given by

. 1

Y = — =
Vin2 _Vin2 S( 2C
gmlng

(2.5)

)

Equation (2.5) reveals that the GC network in Figure 2.3 behave as a floating inductor

with the value of:

(2.6)

Figure 2.3: Ideal (lossless) Floating GC Al.
The Floating Active Inductors (FAIs) have some attractive advantages in constract
with their Grounded Active Inductors (GAIs) counterparts like:

» Their diffirentional configuration leads to reject of common-mode

disturbances of Al which make is suitable for mixed signal applications.

» The voltage swing of FAIs is twice than their GAls counterpart.
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2.1.3 Lossy Grounded Gyrator-C Active Inductors

In practical, the Als do not have inductive behavior in all frequency spectrum due to
their parasitic components in input/output nodes. Consider the lossy GC GAI shown
in Figure 2.4, where G,; and C; are parasitic conductance and capacitance in ith node,

respectively.

levz li
o Vin [o} >
* q
lin / 1 —1 § Leq

Vino—>—+¢ 2 1

Figure 2.4: Block diagram of GAI realization and its equivalent passive model.

The transconductances of transconductors are assumed constatnt to have simplify

analysis. The admittance looking into port 2 of GC topology is calculated as:

1

Y, =i:|i=sC2+Goz+
in in S(

c o 2.7)
Y5 G

G, G

G

ml ml~"m2

Equation (2.7) indicates that the GAI can be modeled by a RLC network (Figure 2.4)

which its elements value are obtained as:

G

R, :i, R, = ol
GOZ Gmlgmz (28)
C,=Cs Lu=g o

ml~m2

As it can be seen from the equivalent model values, in order to have low ohmic loss
R, should be maximized and R, should be minimized. The finite input and output
impedances of the transconductors of the GC network, however, have no effect on the
inductance of the Al. The finite input and output impedances of the transconductors
constituting active inductors result in a finite quality factor. For applications such as
band-pass filters, active inductors with a large quality factor are mandatory. In these

cases, Q-enhancement techniques that can offset the detrimental effect of R, and R;
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should be used to boost the QF. The resonance frequency of the RLC network of the

@, = 1 — GmleZ (29)
C, Ly C,C,

w, 1S the Self-Resonance Frequency (SRF) of the Al. The SRF defines the upper limit

Al is given by:

of the frequency band range, which Al operates. In other words, the SRF of an Al is

set by cut-off frequency of the transconductances which constructing it.

2.1.4 Lossy Floating Gyrator-C Active Inductors

Floting type of GC Al can be analyzed in similer way of GAIs in 2.1.3 section. Figure
2.5 depicts the lossy floating GC network and its passive equivalent model. Calculating

the input admittance in port 2 gives:

Y, = zlﬂ:s&+G°2+ c L G (2.10)
Zin Vin 2 2 S( 1 )+ ol

2G.G., 2G,G,,

ml~m2

Investigation of equation (2.10) shows that it equivalent with RLC network which its

parameters given by:

Rp :Gi; RS = ZGGOé y
02 ml~m2 (211)
¢ & - G
) « 2G,,G,,
Co =
Rs
i1-o <
III‘I

Figure 2.5: Block diagram of FAI realization and its equivalent passive model.
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The constant in (2.11) is due to the floating configuration of the Al

2.2 Active Inductor Properties

The most important properties of Als which quantify its performance is discussed in
this section. They are such as frequency range, inductive tunability, QF, noise, stability

and etc.

2.2.1 Frequency Range

It was shown in the preceding section that a lossy GC Al only exhibits an inductive
characteristic over a specific frequency range. This frequency range can be obtained
by examining the impedance of the RLC equivalent circuit of the lossy active inductor

which its input impedance can be calculated as:

Le
s—t+1
Zy = () R, (2.12)
5 1 R R, +R,
I +—)+ L
RC, Le RGlLy

p

When complex conjugate poles are encountered, the pole resonant frequency of Z;,, is

w, = / Rp* R, (2.13)
RpCpLeq

Because R, > R;, Eq. (2.13) is simplified to:

w, = ’ L =@, = SRF (2.14)
Cols

where, w, is the self-resonant frequency of the active inductor. Also observe that Z;,,

given by:

has a zero at the frequency

w,=—-=—" (2.15)




The Bode plots of Z;,, are sketched in Figure 2.6. It is evident that the gyrator-C
network is resistive, when w < w,, inductive when w, < w < w,, and capacitive
when w > wy,. The frequency range in which the GC network is inductive is lower-
bounded by w, and upper-bounded by w,. Also it is observed that R,, has no effect on
the frequency range of the active inductor. R, however, affects the lower bound of the
frequency range over which the GC network is inductive. The upper bound of the
frequency range is set by the SRF of the Al, which is set by the cut-off frequency of
the transconductors constituting the active inductor. For a given inductance L., in

order to maximize the frequency range, both R, and C, should be minimized.
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Figure 2.6: Bode plots of the impedance of lossy Gyrator-C Al.

2.2.2 Inductance Tunability

Inductance tunability is required in many applications such as phase-locked loops,
Voltage Controlled Oscillators (VCOs) and filters. The salient feature of GC Als is
that their inductance value can be tuned not only by changing the load capacitance but

also by varying the transconductances of the transcondutors.

Varactors are employed as tunable capacitors in CMOS technology. Two types of
varactors exists, namely pn-junction varactors and MOS varactors. The MOS type is
usually used in circuits which are implemented by transistors. Figure 2.7 exhibits the
sideview of accumulation-mode MOS varactors. A key advantage of accumulation-
mode MOS varactors is the large voltage swing across the terminals of the varactors.
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They are the most widely used varactors in voltage/current-controlled oscillators.

Figure 2.8 shows the capacitance variation in MOS varactors [89].

— 1 Depletion region

n-well

p-substrate

Figure 2.7: Sideview of MOS varactors.

CGs 4

Figure 2.8: Capacitance variation in MOS varactors.

Bias variation is used to transcoductance tuning of transconductores in GC topology
of Als. This approach offers a large conductance tuning range, subsequently a large
inductance tuning range. The conductance tuning range is set by the constraint that the
transconducting transistors of the transconductors must remain in the saturation.
Consequently, conductance varying is used for large inductance variation while load
capacitance changing is used for small inductance variation (Figure 2.9). The
conductance tuning range is set by the pinch-off condition while the capacitance tuning

range is set by the range of the control voltage of the varactors.
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Figure 2.9: Inductance tuning via transconductances or load capacitance variation.

It is obvious that the transconductance variation will affect the parasitic series
resistance of Al. This is echoed with a change in the quality factor of the active

inductors. The variation of the quality factor due to the tuning of L must therefore be

compensated for such that L and Q are tuned independently. The load capacitance
changing does not affect the QF of Al.

2.2.3 Quality Factor

High QF is the most salient feature of Als in contrast with their Passive Spiral
Inductors (PSls). It is independent from voltage/current of PSIs but it is not valid for
Als. The QF of an inductor quantifies the ratio of the net magnetic energy stored in the
inductor to its ohmic loss in one oscillation cycle. Equation (2.16) convenient way to
quantify the Q of linear inductors including Als.

_Im[z]

Q= Re[Z]

(2.16)

Active inductors are linear when the swing of the voltages/currents of the inductors
are small and all transistors of the active inductors are properly biased. The quality
factor of a lossy gyrator-C active inductor can be derived directly from (2.12) and
(2.16).

L R R2C
Q:(“’Req) P - " ~w’C,L,] (2.17)
* R +R[l+ (Tq)z] ™

It is clear from (2.17) QF is mostly dependent on R, and R,,. Furthermore, it is seen

that the first term of (2.17) (%) is dominant part of QF in Al. So, it is used to quantify
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the QF of Als. Thus R; must be taken to account in boosting the QF. There are many

many approaches to reduce series resistance of Als such as:

¢ Reducing the conductance of node (1) in Figures 2.4 and 2.5 by using advace

circuit techniques such as cacoding
¢ Increasing the transconductances of transconductors

e Using negative resistance circuit

2.2.4 Noise

The most important drawback of Als in comparison with the SPIs are their high level
of noise. In order to investigate the noise of GC based Al, the input-referred noise
voltage or current should be carried out. In order to show how the input referred noise
power, common-gate, basic building blocks of transconductor which is used to
construct GC Als, is depicted in Figure 2.10. The power of the input-referred noise-
voltage generator, denoted by w2, and that of the input-referred noise-current

generator, denoted by 12, of these transconductors can be derived using conventional

noise analysis approaches for 2-port networks [39].

To extract v2 of the transconductor, we first short-circuit the input of the

transconductor, as shown in Figure 2.10.

Figure 2.10: deriving the input-referred noise voltage of CG transconductor.

The output noise power of the transconductor due to i, is obtained as:

V2 =r2is (2.18)

no on
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where 7, is the output resistance of the transistor. Then, 12, is removed and v, is
applied at the input of the transconductor, as shown in Figure 2.10. The output noise

power of the transconductor is obtained as:

V2, = (1+0,5)" V2 (2.19)
Equating (2.18) and (2.19) yields:
_ 2 — —
Ve . 1 (2.20)

1+g,r) ™ g2

Once v2 and 12 of the transconductors are available, the power of the input referred

noise-voltage and noise-current generators of active inductors can be derived.

2.2.5 Stability

GC base active inductors are negative feedback systems. The stability of active
inductors is critical to the overall stability of systems employing active inductors. In
this section, we investigate the stability of gyrator-C active inductors.

The impedance looking into port 2 of the gyrator-C active inductor shown in Figure

2.4 is given by:

7_ sC,+G,,
s°C,C, +s(C,+C,)+G_G,,

(2.21)

where we have utilized G,,, > G, to simply the results. The poles of the system are

given by:

p :C1+C2 -1+ 1_4clchmle2 (222)
Yo, | (C.+Cy)’

The poles of the gyrator-C active inductor are located in the left half of the s-plane and

the gyrator-C active inductor is a stable system.

The degree of stability can be assessed by evaluating its damping factor, which is
obtained by comparing the denominator of (2.2) with the standard form of the

characteristic equation of second-order systems:

s +2a,Es+w,” =0 (2.23)
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whrer & denotes the damping factor and w,, is the pole resonant frequency. The result

1 c, |[c
5 B 2 GmleZ (JC:1+Jg) (224)

Eq.(2.24) reveals that an increase in G,,; and G,,, will lead to a decrease in €. This is

IS given by:

echoed with an increase in the level of oscillation in the response of the active inductor.

Also observed from (2.24) is that the ratios % and % have a marginal impact on the
2 1
damping factor simply because these two quantities vary in the opposite directions

when C; and C, change, and the values of C; and C, are often close.

If C, = C, = Cand G,y = Gy = Gy, We have:

o= (L2 \4GE), =2 (2.25)

An increase of G,, will lead to a decrease of €. This is echoed with a reduced level of
damping. Because [pl'z] = —% , the absolute stability margin is set by the capacitance

C and is independent of G,,. It should be noted that the preceding analysis is based on
the assumption that active inductors are 2nd-order systems. When the parasitics of
MOSFETSs are accounted for, active inductors are no longer 2nd-order systems and

their stability will deteriorate.

2.2.6 Power Consumption

CMOS Als consume dc power, mainly due to their dc biasing currents. The power
consumption of gyrator-C active inductors themselves is usually not of a critical
concern because the inductance of these inductors is inversely proportional to the
transconductances of the transcenductors constituting the inductors. To have a large
inductance, G,,; and G,,, are made small. This is typically achieved by lowering the
dc biasing currents of the transconductors. But for boosting the QF, an extra part such
as negative resistor is added to Al circuit. This cause power consumption increasing.
Furthermore, replica biasing is needed for high performance Al which it causes power
consumption increasing too. Often the power consumption of an active inductor is set

by that of its replica-biasing and negative resistor networks.
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2.3 CMOS Grounded Al Impelementation Base on Gyrator-C Topology

For RF applications high SRF inductors are required thus usually GC topology is
selected for implementation CMOS circuit of Als. Consequently, the configuration of
transcoductors which construct the Al, should be as simple as possible. This also
lowers their level of power consumption and reduces the silicon area required to
fabricate the inductors. Most reported GC Als employ a common-source configuration
as negative transconductors, common-gate, source follower, and differential pair
configurations as positive transconductors. These basic transconductors have the
simplest configurations subsequently the highest cutoff frequencies and the lowest

silicon consumption.

Base on GC topology, there are many reported CMOS Al circuits in literature. All of
them have tried to invent high performance Al by using different techniques. In this

section, some of them are reviewed.

2.3.1 Active Inductors Proposed by Yodprasit-Ngarmnil

As discussed before to obtain high Q Al, the effect of series and parallel parasitic
resistors must be compensated for. The L — R branch in RLC model of Al can be

replaced by L — R,, parallel branch as shown in Figure 2.11 [40].

=) |
i
e

Figure 2.11: Yodprasit-Ngarmnil’s Al and its passive model [40].

The value of modified elements value are calculated as:

L=L@+ iz)
Q (2.26)
R, =R, (1+Q°)

The total modified parallel resistor value will become:
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A

R R, [R, (2.27)

p,total = p

If a negative resistor is added in parallel with the value of —R,, 1y14;, the resistive loss
of the Al vanishes completely. Negative resistor is realized by using positive feedback.
In Figure 2.11(a), the added electrical connection between the input terminal of the
active inductor and the drain of M, forms the needed positive feedback. The

impedance looking into the gate of M, at low frequencies is given by:

Z, = —(i+i) (2.28)

gml gm2
The preceding analysis reveals that the differential pair offers two distinct functions
simultaneously. First, it behaves as a transconductor with a negative transconductance
to construct the gyrator-C active inductor. Second, it provides the needed negative
resistance between the input terminal and the ground to cancel out the parasitic
resistances of the active inductor. It was shown in [40] that the quality factor of

Yodprasit-Ngarmnil active inductor is given by:

Q — \é ngleCgsscgsl (229)

Cgsl + 2Cgs3

r-ol r-03

It can be seen from (2.29) that the channel length modulation effect models the
resistive loss of the inductor and hence a limitation on Q-factor enhancement.
Nevertheless, the negative resistance can be deliberately tuned to overcome the need
for very high drain-source resistance in Q-enhancing scheme. In order to facilitate the
Q tuning, M, and M5 are cascaded (as shown in Figure 2.12) for adjusting output

resistor of transistors.
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M3

Figure 2.12 : Cascode double-feedback active inductor [40].

In that way the conductance in nodes 2 and 3 are lowered and Q enhancement is

obtained.

2.3.2 Active Inductor Proposed by Uyanik-Tarim

Al proposed in [41], is suitable for low voltage RF applications. The negative
transconductance is realized by M; in CS configuration, whereas M, — M, form the
positive transconductance where the simple current mirror comprised of M; — M, is
used to invert the negative transconductance of M,, also configured in CS connection.
M — Mg are used for biasing purposes. Since the sole contribution practically comes
from a minimum number of MOS transistor drain terminal(s), this configuration allows

low equivalent conductances especially at node 2 which results in improved

performance.
+ ':"-I'DD
Ms ﬁl“'_lt] ME @
mp i ™,
@ I3
z|_ﬁ]_|; M1 M4 b -|; M3

+

Figure 2.13: Simplified schematic of Uyanik-Tarim active inductor [41].
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Figure 2.14: Frequency response of the active inductor [41].

Implemented in UMC-0.13um 1.2V CMOS technology, the simulation result in Figure
2.14 shows that the active inductor had a wide frequency range from 0.3 GHz to its
self-resonant frequency of approximately 7.32 GHz. The quality factor of the active
inductor exceeded 100 in the frequency range 4.8-6.4 GHz with its phase error less
than 1 degree. The maximum quality factor was 3900, occurring at 5.75 GHz. The
minimum number of transistors stacked between the power and ground rails also
enabled the active inductor to have a large input signal swing of 18 mV. The

inductance was from 38 nH to 144 nH.

2.3.3 Noise-Cancelling of A CMOS Active Inductor

A CMOS active inductor with thermal noise cancelling is proposed in [42]. The noise
of the transistor in the feed-forward stage of the proposed architecture is cancelled by
using a feedback stage with a degeneration resistor to reduce the noise contribution to
the input. Simulation results using 90 nm CMOS process show that noise reduction by
80% has been achieved. The maximum resonant frequency and the quality factor

obtained are 3.8 GHz and 405, respectively.

Figure 2.15: Low Noise Al [42].
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Figure 2.16: Simulated input referred noise with and without NC [42].

The simulated total input referred noise current when M, is turned ON/OFF is shown
in Figure 2.16. It should be noticed from this graph that the noise has been reduced by
80% when M, is ON (with NC).

The equivalent Z;,, can be obtained from the small signal analysis circuit in Figure
2.17. For better intuition, a few parasitic parameters have been ignored. The

approximate expression for Z;, is as follows:

Z (s)= s/C§l+gB/C1C3
S+ fs+a
B=(9049m/GrC)(9,9: /1 (9, +9¢))+9,/C,+0,/Cy + (2.30)

9:9,,C, /G, C,C, -’ (C,/1G,))
o= (gmlgm2gm3 + gmlgm4gs)/GmClC3)(gf /(94 + gf)

. g #(V -.-_-.- T. T g+ V3 l
Vio A Vi J_ .
i

Figure 2.17: Small signal model of the simplified active inductor in Figure 2.15 [42].
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Figure 2.18: Simulated frequency response [42].

The simulated frequency response of the active inductor is shown in Figure 2.18. The

simulations are carried out in 90 nm STM CMOS process. The active inductor

resonates at centre frequency of f, = 3.8 GHz with a quality factor of 405.

2.3.4 Loss Regulated Active Inductor Proposed by Nair

The Al structure utilized in [43] is shown in Figure 2.19; it has a GC based grounded

cascode topology and incorporates a modified feedback loss-regulation R-C network

at the gate of transistor M3. First-order small-signal analysis yields an equivalent

model for the Al with parameters:

2 2
. Om2m3 (C3 +Cyp) +@°C o, "S (@)
effective inductance L,, = =2 2
gmlgngmS to gmlngCQSZ

(e +Cy)
gmlng

N Em2 Es1 Eds3 + f"-": [gmﬁ C_,_J:_..-] — Em2 Cg.czsi frJ}]

resistive loss, R, = - E -
Zm1 Lp2 Bmd + 07 Z1 L3 C;_\-z

|I g.lrr|gnrj
self-resonant frequency, oy = |[——m—m—mvb—
q i [ C‘,i,'_f] {Cj + Cl-!‘l)

V

L " |I B 2 u C_{ C 2
QF at . QF — e e ~ II| gmlgm_g,,,_,{ _1+ _&___} i
R.l'u_t.- ‘rll C’:}: 1 [g.:.l'_-'] gl.i.\'."‘ — (- Ci.'.-‘:'s-{ l'.t.')]_
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Figure 2.19: Active inductor (a) schematic and equivalent small-signal model, (b)
typical Al performance at UWB frequencies [43].

where S(w) is the combined admittance of c,s; and the loss compensation R-C
network. From (2.32) we see that a frequency-dependent series negative resistance is
created by transistor M5 which compensates for the resistive losses of the other active
components in the Al. By tuning the R-C network, we can alter S(w) to shape the total
resistive loss in the Al and consequently control the value and peaking frequency of
the QF independently of the w, and L., over the desired frequency range, as shown in
Figure 2.19. The w, and L., and QF of the Al can be tuned independently for any I,

value.

2.3.5 Cascoded Flipped Active Inductor Proposed by Saberkari

Usually, simple structures are preferred for RF circuits. The configuration of basic
flipped-active inductor (FALI), shown in Figure 2.20 (a), is very simple and consists of
only two transistors. As shown in Figure 2.20 (a), transistor M, located in the forward
path has a positive transconductance (g,,,) While transistor M, in the feedback path

provides a negative transconductance (g,,,). However, it suffers from low input
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voltage swing limited to the nMOS threshold voltage minus the overdrive voltage of
transistor M,, which is not sufficient in most applications and increases nonlinearity.
Furthermore, this design requires more power consumption to achieve adequate
inductance value and high quality factor. In order to overcome these problems, a
cascoded flipped-active inductor (CASFAI) presented in [44], as shown in Figure 2.20,
a CG p-MOS transistor M5, added in the feedback path, increases the feedback gain
and decreases the equivalent series resistance (R;) of the inductor by a factor of
ImaTo3- This leads to an increase in the quality factor of CASFAI in comparison to the
conventional FAI. Additionally, the input voltage swing of this architecture can be
increased with respect to the conventional FAI, as the drain voltage of M, has a value
of Vp, = Vse3+Vi3, Which is close to V4. Moreover, due to the additional loop gain
provided by the transistor M3, the drain voltage of transistor M, has a small variation,
leading to a decrease in the effect of the channel length modulation, which in turn

improves the linearity performance.

From Figure 2.20 (c), the equivalent RLC model parameters of the CASFAI are as

follows:

CP = CSSZ‘ GP = 1/RP ~ &m2

_ E02803 L= C§53
Em18m28m3 Em28m3 (2,35)

s

An interesting point is that the transistor M; does not affect the inductance value of the
CASFAI, leading to more degrees of freedom in the design procedure. Hence,
increasing the dimensions of M; further reduces the series resistance and, opposite to
the FAI structure, it helps to achieve a higher quality factor without degrading the
inductance value. Additionally, the inductance value can be increased by reducing the
transconductance of M, enhancing the parallel resistance and the quality factor. In this
case, the reduction effect of g,,, on the series resistance can be compensated by

increasing g1

A brief performance characteristic of the proposed CASFAI structure in a 0.18 um
CMOS process and 1.5 V supply voltage is shown in Figure 2.21. As it is obvious, the
proposed structure shows inductance behavior in the frequency range between 0-6.9
GHz and has reached to a high quality factor of 4406 and inductance value of 7.56 nH,

while consumes only 2 mW power.
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Figure 2.20: (a) Basic flipped-active inductor, (b) cascoded flipped-active inductor,

and (c) small signal equivalent circuit [44].
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Figure 2.21: Characterizations of the CASFAI: (a) Inductance value, (b) quality
factor [44].
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2.3.6 Low Noise and Low Loss Active Inductor Proposed by Manjula

The proposed active inductor circuit in [45] uses PMOS cascode structure as negative
transconductor of a gyrator to reduce the noise voltage. Also, this structure provides
possible negative resistance to reduce the inductor loss with wide inductive bandwidth
and high resonance frequency. To improve the quality factor, a MOS transistor is used
as a feedback resistor between the positive transconductor and the negative
transconductor. The tuning of quality factor and center frequency for multiband
operation is achieved through the controllable current sources. The tunable range of
the active inductors varies from 3.9 GHz to 12.3 GHz (without feedback transistor)
with the power consumption of 0.6mW and 3.9GHz to 16GHz (with feedback
transistor)with the power consumption of 0.65mW. The noise voltage varies from
21nV/\Hz to 7nV/\Hz for the active inductor without feedback transistor and from
12nV/AHz to 5.612nV/VHz for the active inductor with feedback transistor. The
designed active inductors are simulated in 180 nm CMOS process using Synopsys
HSPICE tool.

The proposed single ended Al in [45] is shown in Figure 2.22 (a). It consists of
differential pair M, and M, which represents the positive transconductor G,,,; between
the input (node 1) and the output (node 3). The cascode pair M5 and M, represents the
negative transconductor —G,,, between the input (node 3) and the output (node 1).
Thus the G,,; and —G,,,, forms the gyrator which converts the parasitic capacitance C;
at node 3 to an equivalent inductance L., = C3/G1Gma. Also, the cascode structure
provides frequency range expansion by lowering the lower bound of the frequency
range, thus increases the inductive bandwidth. The p-channel transistors are preferred
for cascode structure as they have low noise and they can be placed in separate n-wells,
thus eliminating the non- linear body effect. Thus, the combination of the differential
configuration of G,,; and cascode configuration of -G,,, offers high inductive

bandwidth, high resonance frequency and less noise.

To further improve the quality factor, series resistance R has to be reduced. This can
be done by adding the transistor M between the positive transconductor and the
negative transconductor of the active inductor as shown in Figure 2.22 (b). The
transistor M5 act as feedback resistor enhances the loop gain and increases the quality
factor of the Al. The current sources are realized using single MOS transistor current

sources to make the active inductor compact and to operate at low voltage.
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(c) Small signal equivalent circuit of (d) Small signal equivalent circuit of
the Al without feedback transistor the Al without feedback transistor

Figure 2.22: Proposed Low Noise and Low Loss Als and their Small Signal Models
[45].

The equivalent input impedance Z;,,, is obtained from the small signal analysis circuit
shown in Figure 2.22 (d). The equivalent input impedance Z;,,, of Active inductor with
feedback transistor (Figure 2,22 (b)) by using equivalent circuit of Figure 2.22 (d) is

given as:

ngganminggmI

(G+SCE )(g_‘« +SC3 ](gm +g4 +SC4)(gJ'H5 +g5 +SC5 ) (236)

Zr'u(s):gl+scl_

The format of Z;,, shows that it is equivalent to a parallel RLC network. From Equation

(2.36) L.q and R, are given as:

_ C,Gg,gs
gm5gm4gm3gmlgm + GglgS (gm-l + g—1 )(gm:'- + g:")

e

R - Gg.8.8;
i gmigrrﬂgmlgm?gml +Gg1g3 (ngr +g4)(gm5 +g5) (2.37)
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The parallel capacitance C, = C; and resistance R, = 1/g4,. The resonance

frequency w, and the QF are given as:

o = [ErsEniEmr8na + OE1Z: (& +8:) (215 +£5)
! GC,C,

J s E s Zms E2 ot + O Zs (G + Z ) (Zs + 85 )

o GC,C,
’ g8, Gag 8 oG gz
C, GGG, G G |°*°

(2.38)

The simulated frequency response of Z;,, of the circuit of Figure 2.22 (a&b) is shown

in Figure 2.23. Figure 2.24 shows the variation for different values of controllable

current source I, for QF tuning.
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Figure 2.23: Simulated Frequency Response of Input Impedance [45].
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Figure 2.24: QF Tuning of Modified Al [45].
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Figure 2.25: Noise Voltage of the Modified Al [45].

Figure 2.25 shows the simulated noise voltage of the active inductors. The noise
voltage varies from 21nV/NHz 7nV/NHz for the tuning range 3.9GHz to 12.3GHz for
Al without feedback transistor M. For the Al with feedback transistor with Ms, the
noise output voltage varies from 12nV/\Hz to 5.612nV/\NHz for the tuning range 3.99
GHz to 16 GHz. The simulation results shows that both the Als have less noise voltage
make it suitable for designing low noise RF systems.

2.4 CMOS Floating Active Inductors Impelementation Base on GC Topology

2.4.1 Floating Active Inductor Proposed by Mahmoudi

The floating active inductor proposed by Mahmoudi and Salama was used in the design
of quadrature down converter for wireless applications [46]. The schematic of

Mahmoudi-Salama floating active inductor is shown in Figure 2.26.

It consists of a pair of differential transconductors and a pair of negative resistors at
the output of the transconductors. Mg 4 are biased in the triode and behave as voltage-
controlled resistors. They are added to the conventional cross-coupled configuration
of negative resistors to provide the tunability of the resistance of the negative resistors

without using a tail current source.

The small-signal equivalent circuit of the tunable negative resistor is shown in Figure
2.27 where a test voltage source V, is added for the derivation of the equivalent
resistance of the negative resistor. R represents the resistance of Mg. The resistance of

the negative resistors at low frequencies is obtained as:
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Figure 2.27: Small-signal equivalent circuit of FAI [46].

The inductance of the active inductor is given by L =

, where G,,; and G,,, are
miv¥ma2

the transconductances of the differential transconductors 1 and 2, respectively. By

assuming that nodes A and B are the virtual ground, we have C ~ w and G,, =

92,3,10,11-
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2.4.2 Floating Active Inductor Proposed by Cetinkaya

The Designed FAls in [47] are designed based on GAI which is illustrated in section
2.3.2. Apparently, the circuit has been replicated and re-designed so that the positive

and negative transconductance stages provide the symmetry shown in Figure 2.28.

s

Figure 2.28: The gyrator-C equivalent of the floating active inductor [47].

I

A passive filter has no biasing problem, however the active implementation of an
inductor requires biasing of the active components, the MOS transistors in this case.
Also, the effect of the source and load resistances should be considered and the
necessary isolation be provided. Therefore, additional circuitry for biasing and
isolation has been included. As a result, slightly different floating inductance circuits
have been used for inductors L; and L, in Low-Pass Filter (LPF) (Figure 2.29) apart
from the fact that the core part was re-designed so that two different inductance values

were realized.

() —w—F—ar— ()

Figure 2.29: 3rd-order LPF [47].

The floating active inductor circuits used to replace L, and L, are given in Figures 2.30

(a&b), respectively.
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Figure 2.30: FAls circuits used in the filter a) Ly, b) L2 [47].
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Figure 2.31: Frequency response of FAIs [47].

The simulated frequency response of the input impedance for both inductors shown in

Figure 2.31. Both FAIs circuits have similar properties. The FAIs have wide operating

bandwidth where the inductive characteristic extends from 100 MHz up to the SRF at
5.72 GHz with a nominal inductance value in nH range. Transient simulations show
that there is no danger of instability for the FAI circuits. Both circuits have a spurious-
free dynamic range of approximately 30 dB where the total noise voltage was
integrated over a 500-MHz bandwidth. Simulations show that the noise performance

of the circuit is also low as expected.
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2.4.3 Feedback Resistance Floating Active Inductor Proposed by Akbari

The feedback resistance technique was also employed in the design of FAIs by Akbari-
Dilmaghani et al. in [48] to improve the performance of these inductors. A similar

approach was used by Abdalla et al. in design of high-frequency phase shifters [49].

The schematic of the feedback resistance FAI is shown in Figure 2.32. It consists of

two basic differential-pair transconductors and two feedback resistors.

Vi |_|_r

MI12

M5

Rf%
g
e MY v ——
Vio —[M3

Figure 2.32: Simplified schematic of feedback resistance FAI [49].

M, 1, are biased in the triode and behave as voltage-controlled resistors. The

inductance and the parasitic series resistance of the floating active inductor are given

by:

C + Cyaas (1 + ﬂ)

L= fp /.
9m1,29m4.5
1 9., .
F — ,u'_'f_‘_”_.‘ L__-,(_ RJF
R, =— .
Om1.,20m4.5 (2 40)

41



C = Cygr g + Cap1,2 + Cap7 g + Cys1,2,

Ry = R,f“Rdnll.lz Tal,2||ToT 8- (241)

It is evident from (2.40) that R, boosts L and lowers R, simultaneously. Both improve
the performance of the FAI. Also seen from (2.40) and (2.41) that M,, ;, control the

series resistance R, of the active inductor. By adjusting V4, Ry can be minimized.

2.5 Chapter Summery

An in-depth examination of the principles, topologies, characteristics, and
implementation of gyrator-C active inductors in CMOS technologies has been
presented. It was shown that both grounded and floating (differential) active inductors
can be synthesized using gyrator-C networks. To provide a quantitative measure of the
performance of active inductors, a number of figure-of-merits have been introduced.
These figure-of-merits include frequency range, inductance tunability, quality factor,
noise and power consumption. The second part of the chapter has focused upon the
CMOS implementation of gyrator-C active inductors. The schematics and
Characteristics of grounded and floating active inductors have been investigated in

detail.
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3. DESIGN OF NEW CMOS GROUNDED AND FLOATING ACTIVE
INDUCTOR CIRCUITS BASED ON GYRATOR-C ARCHITECTURE

The expanding prevalence and development of wireless communications has
inevitably boosted research in the field of Radio-Frequency Integrated Circuit (RFIC)
design, especially in CMOS technology due to the shrinking of sizes and low cost
availability of the process. Passive inductors are off-chip discrete parts and this
seriously confines the bandwidth, diminish dependability, and expand the expense of

framework.

The unavailability of inductors characterized by high quality factors, or high “Q,” is a
shortcoming of monolithic fabrication processes. This shortfall is limiting when circuit
design objectives entail the realization of narrowband radio frequency (RF) amplifiers,
high selectivity bandpass and notch filters, and other circuits for a variety of
communication and information processing applications. Planar spirals of metalization
are used commonly, of course, to synthesize on chip inductors with inductance values
in the few tens of nanohenries. These structures, which consume large surface areas,
are difficult to parameterize reliably because their inductance and quality factor values
are mathematically intricate functions of geometry and the electrical dynamics of
distributed parasitic energy storage elements implicit to their underlying bulk silicon.
Moreover, they rarely produce inductors having quality factors larger than four to
seven at signal frequencies of at least the high hundreds of megahertz. To be sure,
anemic inductive Q can be offset by incorporating Q-enhancing negative resistance
compensating circuitry. Unfortunately, such compensation increases power

dissipation, degrades circuit noise figure, and limits dynamic range.

Moreover, the sensitivity of Q-enhancing subcircuits to parasitic energy storage
elements, as well as their outright potential instability, mandates the incorporation of
automatic on chip tuning schemes. In addition to requiring further increases in standby
power, these tuning subcircuits almost unavoidably degrade circuit frequency

response.
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An alternative to the passive on chip inductor—with or without Q-enhancing
compensation—is the active inductor. Although plagued by higher noise and higher
power consumption than are counterpart uncompensated passive realizations, active

inductors are theoretically capable of producing relatively high quality factors.

3.1 Introduction

Many Al implementations can be found in literature [50-52]. However, each one of
them offers only one or a few of the desirable specifications such as compactness, low
voltage operation, wide inductance band, high quality factor, low power consumption,

high dynamic range, low noise and tunability.

The gyrator approach to active inductance synthesis is the most popular of available
techniques. This popularity derives from the fact that gyrators can be configured
straightforwardly with operational transconductors, whose attainable broadband
input/output transfer characteristics have improved in direct proportion to the rapid
maturation of deep submicron CMOS device technology. Moreover, gyrators realized
with operational transconductors feature transconductances than can be adjusted with
applied bias, thereby allowing for inductors whose values can be adjusted, or “tuned,”

electronically.

The gyrator approach to inductance emulation, like other active synthesis methods,
suffers from potentially serious noise, power dissipation, and dynamic range problems.
In this chapter, we try to work on charactrsics and performance of our designed Als.
The noise, resistive-loss, input-capacitance and QF are main our concerns in designing

desired active block.

The chapter is organized in 5 sections: The low loss GALI is presented in section 3.2.
Then, a high performance GAI with ability to adjust its properties is designed and
analyzed in section 3.3. Section 3.4 describes a low noise GAI and section 3.5

peresents floating type of low loss Al. Finally, chapter is summarized in section 3.6.

3.2 A New Low loss CMQOS Active Inductor Circuit

As previously stated, due to drawbacks of in-chip SI, Als pulled in consideration of
CMOS integrated circuit designers. Als are able to supplement the passive inclusions

to mitigate and overcome loss and bandwidth limitations. Consequently, they are an
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attractive alternative to their on-chip passive counterparts. Although they are plagued
by higher noise and higher power consumption, Als are theoretically capable of

producing relatively high quality factors [53].

There are many efforts to optimize the inductive characterization of Al [54-57].
Among Al designing topologies, GC is popular especially for RF applications. That is
because of their transconductance adjustability by their bias current changing which

gives tunable capability to structure [56-57].

Some reported Als benefit from cross-coupled structure. Due to the negative
equivalent resistance at the output of this structure, equivalent series-loss resistance at
the input node of such Als decreases [54, 55]. Some others utilize resistive feedback
to increase inductance of the Al [55, 56]. However, these structures do not give a high
quality factor since the addition of the feedback resistance does not result in a low

series-loss resistance. Furthermore, these technics do not lead to high SRF range.

In this section, Multi-Regulated Cascode (MRC) stages are used to decrease
conductance in crucial nodes of the Al. However, one of them is located in the circuit
such that, input transistor should be designed smaller in order to provide second
gyrators bias condition. In addition all transistors of the MRC stages are made up of
PMOS transistors. Also employing another MRC stage in the input node makes the

parallel conductance very low.

3.2.1 Circuit Level Description

The well-known GC topology is used for designing the proposed GAI. The equivalent
inductance in mentioned topology is obtained as:

Leq = C/(Gmlemz) (21)

where Gmi is the i" gyrator’s transconductance.

In order to have low-loss Al, all important nodes must have low conductance. The
basic schematic of GC Al is depicted in Figure 3.1(a). In order to have high impedance
nodes, the modified version of basic configuration is depicted in Figure 3.1(b). Here,
all transistor are connected in CS configuration which results high impedance nodes.
In order to have low-loss active inductor, the impedance in input (1) and output (2)

nodes should be as high as possible. In designing analog amplifiers a regulated cascode
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stage is used to increasing the output impedance for gain boosting [39]. Therefore, to
increase the impedance in input and output nodes of Al, the MRC stage is employed.

Vop | Voo ‘(5
bias v N
M; — @ ! @ |
O R M; I |J_|
g M, M,

(a) (b)
Figure 3.1 : Schematic of gyrator-C active inductors a) Basic b) Modified.

=

In the proposed GAI circuit circuit (Figure 3.2) M;, M._; and M,_; transistors are
used for main elements of Gyrator-C, MRC stage and biasing, respectively. The salient
feature of the design is that all transistors in main path are utilized in common-source
configuration which results in performance improvement and all of them are free from
body effect. The negative transconductance is realized by M, whereas M,, M; and M,

forms the positive transconductance.

The sensitivity of the quality factor of the active inductor is merely depends on series-
resistive loss in high frequencies. Hence, in order to boost the quality factor of active
inductors, it must be decreased. Reducing resistive-loss is done by using advanced
circuit techniques, such as MRC stage. Also, the MRC stage is effective in lowering

the input conductance, as shown in Figure 3.2.

MRC stage is made up of PMOS transistors in order to:

e minimize the input transistor (M, ) as small as possible in order to adjust second
stage biasing,

e decrease the number of transistors in main path of ac signal

Table 1 compares the resistances in nodes (1) and (2), with and without MRC stage.
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Figure 3.2 : Proposed GAI.
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Figure 3.3 : Small-signal equivalent model of proposed GAI.

Table 3.1 : Resistance comparison with-without MRC stage.

Resistance
without-MRC with- MRC

(1) fou //ro'b_"' foa //(rO,b—Z rO,C—lgm,c—lro,c—zgm,c—zro,c—ng,c—3) =1

node

2 fos / /royb*Z r0,1 //(ro,b—z I'-o,c—llgm,c—llro,c—13gm,c—lsro,c—lzgm,c—lz) = r0,1

Figure 3.3 demonstrates the small-signal model of proposed circuit (Figure 3.2) in
order to verify the input impedance characterization. The input admittance of the

circuit of Figure 3.3 is calculated as follows:

Y, —i—sc +i+ 1
in Z gl [, Oy XSCyy . 0,4 (3.2)

gmlgngm4 r-olgmlgngm4
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By analyzing (3.2), it can be seen that proposed circuit consists of four components:

an inductor (L.4) and its series-resistance (R,) and parallel capacitance and resistance

(C, and R,,) where their value are obtained as:

R =h,R=— 3 C —c L

. gmBCg52 (33)
'p gsl’ “eq .
gmlnggm4r01

- gmlgm29m4

The RLC network’s SRF which determines the circuit inductive behavior upper limit

in frequency band and QF of Al are calculated as:

SRF:\/ 1 :\/gmlgm2gm4 (34)

Cp Leq ngCgszcgsl
Im[Z,,]
= - 3.5
O Re[z,] (3.5)

As discussed, bias current variation or adding extra capacitance on the gate of second
transistor gives tunable capability for the GAI.

3.2.2 Simulation Results

To verify the performance of the proposed GAI as shown in Figure 3.2, the GAI was
implemented by using 0.18 um RF MOS transistors in an AMS CMOS process in
Cadence. Figure 3.4(a) depicts the layout, which is drawn by utilizing a poly and metal
(M1) with the total area of 13.9x38.5 um2. The magnitude and phase of the GAI is
depicted in Figure 3.4(b). The QF simulation is shown in Figure 3.4(c). The post-
layout simulations in Figure 3.4(b&c) are carried out from extracted file, which

contains parasitic elements.

The Monte Carlo analysis with 100 iterations is performed for inductance value
probing by applying +5 % Gaussian distribution at £3s level in the variation of
transistors aspect ratio and threshold voltage. Figure 3.4(d) proves that 74% of the total
samples occurred with the relative error of less than +1.5 %, while in the worst case
18% of samples lead to the error of more than +2. Table 3.2 summarizes some
important properties of the designed GAL.
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Figure 3.4 : The GAI simulation results.
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Table 3.2 : Proposed GAI Characteristics.

CMOS Tech. Supply Inductor Inductive
voltage value frequency band
0.18 um (AMS) 1.8v 13 nH 0.3-11.2 GHz
Max. QF DC power Area Transistor model
1000@6.7GHz 1 mw 534.6 pm? RF MOS

A low-loss GAI circuit was proposed in this section. The proposed Al was designed
on GC topology and used a few number of transistors in the main path of signal which
made it suitable for RF applications. The MRC stages were employed to enhance high
performance Al. The used MRG stage in output node (2) is configured in such way
that it resulted in smaller input transistor (M;). Thus the SRF enhancement was
obtained. The DC power consumption of the proposed Al was 1 mW for 1.8 V dc
power supply. Simulation results were provided for a 0.18 um CMOS-AMS process.
The results show that the circuit can be used in RF applications for frequency band

ranging in the 300 MHz~11.2 GHz. Total area consumption of the structure is 534.6

pm?.
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3.3 A new low-loss active inductor with independently adjustable self-resonance
frequency and quality factor parameters

Designers do their best to improve SRF and QF, two main characteristics in term of
Al performance [58]. In GC topologies, the input transistors play critical role in active
inductor characterization. By selecting the input transistor’s gate-source parasitic
capacitance sufficiently small, then the SRF Range (SRFR) of Al improves but its QF
and stability degrade. On the other hand, large input transistor guarantees the stability
of Al and improves the inductance value and QF but decreases the SRFR [59]. Thus,
there is a trade-off between SRF and QF.

Another main challenge for Als designers is their ohmic loss which affect the QF. For
decreasing this parasitic components many tricks are used such as Multi-Regulated
Cascade stages [53, 60] or cross-coupled structures i.e. Negative Resistance (NR) [61-
64]. But these methods are limited input swing and increased input referred noise. Also
they need biasing transistors which makes the device larger.

The salient feature of this work is adjusting SRFR and QF of an Al without affecting
each other. The cascoding and RC feedback structures are used in the new design of
Al. As it discussed before, input transistor is very important regarding to Al
characterizations. Cascoding input transistor gives the ability to adjust the first
gyrator’s transconductance and input parasitic capacitance independently.
Furthermore, the inductance value can be adjusted by other transistor’s
transconductance. The RC feedback is utilized to cancel the parasitic series-resistance
of Al which results in QF enhancement. Since, bias condition of cascoding transistors
is provided by a diode-connected transistor, the proposed structure is robust in terms

of performance over variation in process, voltage and temperature (PVT).

3.3.1 Theoretical and Implementation Description

Signal Follow Graph (SFG) of the well-known GC topology of Als is depicted in
Figure 3.5. In Figure 3.5, VCCS denotes voltage controled current source. The MOS
transistors are VCCS devices. If the ideal operational transconductane amplifiers are

supposed then the input resistance can be written as:

v
z, =L, == __SC (3.6)

I Leq
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Figure 3.5 : SFG of GC topology.

Due to parasitic components which arise from intrinsic characteristics of MOS
transistors, the input impedance is not purely inductive in all frequency range.
Regarding to SFG of GC topology (Figure 3.5), Figure 3.6 (a, b) shows the basic [65]
and modified circuit level implementation of Al. In basic circuit the M; and M: and
also in modified circuit of the proposed Al the M;, M,, M5 and Ms transistors are

creating G,,, and G,,, of GC structure, respectively.

The RC feedback (Cr and Rf in Figure 3.6 (b)) is used to eliminate parasitic series-
resistance which degrades QF of the Al. Also, the bias voltage (V};,s) Of cascode
transistor (M,) is employed to improve QF. Furthermore, by adding a diode-connected
transistor (M), bias condition of input cascoding transistors (M;, M) will be fixed in
a given input, regarding to PVT variation. Thus, this topology results a robust structure
[66].

The designed AI’s SRF is mainly determined by input parasitic capacitance (~Cgs)
and transconductances of M; and M,. On the other hand, QF and inductance value
are specified by M5 and M,. In other words, use of cascaded input transistors leads to
separate affective transistors on SRF and QF of the proposed Al. Therefore, SRF and
QF of the proposed Al can be adjusted as desired without affecting each other.

bias2

a) Basic " b) Modified
Figure 3.6 : Active inductor implementation, a) Basic, b) Modified.

o1



To verify the input impedance of proposed circuits (Figures 3.6 (a, b)), Figures 3.7 (a,
b) show simplified small-signal model. Where, c4; and g.,; are gate-source
capacitance and transconductance of the i*" transistor, respectively. As the Cgsi IS inthe
range of femto-Farads and the g; is in mU range, then the term ¢4, w is very smaller
than g, in GHz range of frequency. As a result, in the extraction of any relation from
the proposed circuit, the terms consisting of c,,w can be ignored in contrast to those
consisting of g,,. By considering this note, input admittance of the circuit of Figure 2

is obtained as follows:

Y— 1 gm3gm5

inB — ~ +(c 3)S+g 5 (3.7)
" Zin,B CgsS ® "
1 90,9 Cg ggmiggl o ™ et
o = ~ m19m3Yms + gs1Im2 )S+ ml m2 (3.8)
Zin,M (gml + ng)Cgsss gml + gm2 CgsS

where subscripts “B” and “M” denote the basic and modified circuits, respectively.

gm5 gs5

C
gs5 |
ngV@155 —} OmaV gs4

ﬂ@%i§:i

(2) Basic (b) Modified
Figure 3.7 : Small-signal model, a) Basic, b) Modified.

The extracted equation (3.7) and (3.8) from small-signal model shows that the
equivalent circuit of Figures 3.7 (a, b) are a parallel RLC network. The expressions of

these elements can be derived as:

1 1
R =, C =C 53! L c S 3.9
° m5 ° - ° gm3gm5 - ( )
C +9
= i  Cy=—Imz__ Cotr L = I Oz Ces  (3.10
M gm39m1 ngCf ) gm1+gm2 o ) gmlgm3gm5 w ( )
gm1+ gmz
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By employing feedback in proposed Al, a negative term is added to the resistance in
RLC equivalent model of the suggested Al (as seen in (3b)). By selecting proper value
of Cr , QF can be high enough. For the parallel RLC combination, if the condition
LCw? < 1 ismet, then it behaves like an inductor. Therefore, aforementioned relations
determine the upper limit of inductive frequency range which is defined as SRF. The
SRF, the frequency in which imaginary part of the input impedance or admittance
becomes zero, in basic and modified Al circuits can be calculated as:

SRF, = \/ L |1« OnsOns - [OnsOns (3.11)
CB LB CgsS CgsS CgsSCQSS
SRF :\/ 1 _ gml_l_gmz>< 9 9m39ms — 9m9ms9ms (312)
M
CM LM gmzcgsl (gml + gmz)Cgss gmzcgslcg55

As it can be seen from (3.11) and (3.12), the value of inductance, input parasitic
capacitance and SRF are determined by adjusting g,,1 and g.,, while maintaining
stability, i.e. g3 > gms [67]. By cascoding input transistors (M;, M;), we separate
the transistors which impress on SRF, QF and stability. Table 3.3 shows influence of

M, and M, transconductance variations on properties of the Al.

According to Table 3.3, g,,1 and g,,, can be adjusted for obtaining desired
specifications from the circuit. By considering identical transistors (M; = M, —

Im1 = 9mz), the equations for L, C and SRF in modified case can be written as:

= gs5?
g m39m5 Cgslcg55

L-—2 ¢ Czécgﬂ, SRF = |9maOns (3.13)

Table 3.3 : Influence of cascoding transistors transconductances variation on the
proposed Al properties.

Imi k<1 k=1 ke>1
= k9m2
L b= (S5 ta > 1 fn = 2k b = () o >
C 1 1 1 1
Cy = ngsi <Cgsi=Cg Cy= ECgsi = ECB Cy = k—_l_lcgsi K Cysi = Cp
SRF  SRF, =VkSRFy < SRF;  SRFy = SRF; SRFy, = Vk SRF; > SRF,
oF High High High

The subscripts B and M denote basic and modified, respectively
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Equation (3.13) shows that for almost same SRF, two times larger inductor can be
obtained from the proposed circuit. In identical transistors circumstances, QF in
frequencies lower than SRF for the RLC parallel network equivalent model of Al can

be formulated as:

CgsS

1
Q B Rpara”el B E gmscgss - ngCf

L B 2

Parallel
gmsng

(3.14)

CgsS

Regarding to (3.14), by choosing ¢ close to ﬁcgss, Rparaier DeCOMes oo and the

QF in frequencies lower than SRF can be large enough. It can be seen from (3.12) and
(3.14) that the properties of proposed Al can be determined almost without affecting
each other. Bias currents variation, which cause to transconductances altering and also

adding extra capacitance to node (2) give tuning possibility to the proposed Al.

3.3.2 Simulation results and performance analysis

In order to evaluate the performance of the proposed Al as depicted in Figure 3.6(b),
the Al was implemented utilizing RF transistors in 0.18 um CMOS process. The post-
layout simulation results as well as performance analysis are presented using HSPICE
with TSMC level 49 (BSIM3v3) parameters. Figure 3.8 shows layout of the proposed
design which is drawn by Cadence software using single poly and one metal (M1) with
the total area of 7.2x39.8 pm?.

Figure 3.8 : Layout of the proposed circuit.

Figures 3.9 through 3.10 illustrate frequency response of the Al. With respect to Figure
3.9, inductive frequency range of the proposed Al is between 0.3-11.3 GHz, thus it is
suitable for RF applications. The real and imaginary parts and QF post-layout
simulations results are illustrated in Figure 3.10. According to Figure 3.10, maximum
QF is 2.1k which occurs at 5.9 GHz
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Figure 3.9 : Frequency response of the proposed Al.
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Figure 3.10 : Real part, imaginary part and QF of the of the input impedance Zin.

In order to investigate the robustness of the circuit against the process and threshold
voltage variation, the Monte Carlo analysis with 200 iterations is performed by
applying £5 % Gaussian distribution at +3a level in the variation of transistors aspect
ratio and threshold voltage.According to Figure 3.11, 72 %of the total samples
occurred with the relative error of less than £1.5 %, while in the worst case 20% of

samples lead to the error of more than +2 %.
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Figure 3.11 : The result of Monte Carlo analysis of GC circuit for £5 % mismatch in
transistors aspect ratio and threshold voltage (No. of iterations = 200).
The threshold voltage is the most important parameter in the analysis of temperature
dependence of CMOS circuits, owing to the fact that current—voltage characteristic of
MOS transistor is proportional to the square of the difference of gate-source and
threshold voltages. Thus, a small variation in threshold voltage causes a large change
in the output current. Therefore, transistors current variation affect their
transconductance value. According to (3.13), transconductances variation leads to the
AT’s properties changing. Table 3.4 shows inductance and SRF values changing in
different temperatures. This table indicates that the Al is almost stable between -5~55

°C.

Table 3.4 : charactrization of the proposed Al in different temperature.

T(C) -45 -25 -15 -5 5 15 25 35 45 55 65

L(nH) 223 223 221 220 218 217 21 215 213 211 208
6

AL(%) 324 324 231 185 092 046 0 046 138 185 3.7

SRF(G 109 109 11.0 110 11.1 112 11. 113 114 115 116

Hz) 4 4 2 9 6 5 3 4 6 3 7

ASRF% 3.19 3.19 248 1.86 123 044 0 035 141 203 3.27

Regarding to Figure 7 and Table 2, the proposed Al is robust against PVT variation.

The relative changing in inductance and SRF value are less than 2% in 73% of samples
between -5~45 °C.

Table 3.5 is provided for the comparison of the proposed Al characteristics with the

other reports.
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Table 3.5 : Performance comparison of the proposed Al with reported Als.

Ref TeCh IBW L Qmax@ Pdiss
(Um/V) (GH2) (nH) F(GHz) (mW)
[64]m 0.18/1.8 n.a. 33 33@4 3.6

[68]w 0.13/1.6 0.5-10.2 145  3k@3.7  13.6
[41]ss 0.13/1.2 0.3-7.32 144  39k@5.75 1

TWps 0.18/1.8  0.3-11.3 216 2.1k@5.9 1

IBW: Inductive Bandwidth n.a.: notassigned TW:This Work
Subscribes M, SS and PS denote measurement, schematic simulation and post-layout simulation, respectively.

A new high Q, grounding active inductor was designed in this section. The proposed
Al was designed on Gyrator-C topology and used a few number of transistors in the
main path of signal which made it suitable for RF applications. Canceling parasitic
components and determining the properties of the Al are salient feature of the design.
Simulation results were provided for a 0.18 um CMOS process. Monte Carlo
simulation and temperature analysis results show the structure’s stability over PVT
variation. QF enhancement was obtained by canceling resistive loss whose maximum
value was 2.1k in 5.9 GHz. The results show that the circuit can be used as an inductor
for frequency band 0.3-11.4 GHz. The DC power consumption of the proposed Al was
1 mW from 1.8 V DC power supply. Comparison shows that our circuit is superior in
terms of IBW, inductance value, QF and power dissipation.

3.4 Low-Noise CMOS Active Inductor Circuit

The CMOS process has turned to dominant technology in implementation of electronic
circuits in recent years. As a result, Active Inductors (Als) which are designed with
CMOS technology, play a vital role in the design of low power, highly integrated RF
front end communication circuits like Low Noise Amplifiers (LNASs) [43, 50, 69],
Band Pass Filters (BPFs) [70,71] and Voltage Control Oscillators (VCOs) [30, 72].
Als can potentially alleviate many difficulties of analog circuits in contrast with
circuits that are designed with their passive counterparts. The inductance value of the
Als can be easily changed either in a continuous manner or in discrete steps; this
provides flexibility in the tuning of matching circuits [60, 73]. Higher accuracy, easier
layout floor-planning, small area and absence of magnetic coupling are other

advantages of Als compared to their passive counterparts.

The two transistor GAls are realized using CS and CD stages or CS and CG stages
[15]. The circuits which are implemented by CD stage, cannot achieve high Q

structures but they have wide inductive bandwidth. For proper biasing they have
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limitations on their voltage levels which leads to negative effect on inductance tuning
range [65, 74]. On the other hand structures consist of CG are suitable for low voltage
and low power applications but they needs cross couple structures such as negative
resistance to improve their Q factor [75]. Additionally, Als can be designed by
utilizing three or more transistors where Q factor enhancement is obtained by boosting
the gain by advance circuit techniques such as regulated stages [76, 77].

The Noise of designed Als has limited the use of them in RF applications such as
LNAs [33, 34]. The main noise source of an Al is its input transistor. In order to have
low noise Al, the input transistor should be designed large enough. But it leads to low
Self-Resonance Frequency (SRF) which limited the inductive frequency band [78].

In this section, a low-noise and low-loss Al is presented suitable for RF low noise
applications. Utilizing all transistors in CS configuration on the Al circuit leads to low
conductance nodes which it causes to high Q Al. P-type MOS transistors and Feed-
Forward Path (FFP) are employed to decrease noise of the Al, respectively. Circuit
level implementation and performance analysis is discussed in detail in upcoming

sections.

3.4.1 Circuit and Performance Description

The proposed high-Q and low-noise Al’s circuit is depicted in Figure 3.12, for which
the input impedance is inductive with potentially high QF and high SRF. The parasitic
capacitances and the input/output resistances of the transconductance amplifiers
degrade the QF and reduce the SRF of the Al. Utilizing all the transistors in CS
configuration (Figure 3.12) is a useful design figure of merit for allowing comparably
low conductance at critical nodes (1 and 2), hence improved performance. The
M;_1,M,_, and M, transistors are creating G; and G, of GC structure, respectively.
The M,_, and M, _, are assumed to be identical. The next section describes the noise

improvement of Al.
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Figure 3.12 : Proposed low-noise and low-loss Al.

3.4.2 Noise improvement of Active Inductor

The flicker noise is neglected at high frequencies and the channel thermal noise is

assumed to be l_fi = 4kTy g,n; Where y is the channel excess noise factor. The input

referred noise current of the circuit shown in Figure 3.12 can be written as:

o 2
i2 0y =4KTy(——=5+0,,,) (3.15)

ml-1=in

It can be seen from (3.15) that minimizing g,,, and increasing g,,1—; improve the
noise performance of Al. The transconductance g,,,_; can be increased by increasing
either the channel with or the bias current of the differential pair M, _; and M, _,. Wider
transistors lower the SRF due to larger parasitic capacitances. The bias current is also
limited by the power consumption and the velocity saturation that limits g,,,_, at
higher currents. Consequently, power and operating frequency will set an upper limit

for reducing the noise due to the differential stage.

A FFP is used to improve noise performance of differential pair consisting of M;_;
and M;_,, as shown in Figure 3.12. The modified differential pair includes the basic
differential pair (M;_, and M;_,) and the FFP comprising the common source

transistor (Mggp) and its resistive load (Rpgp).

In order to compare the noise performance of the designed circuit without and with
FFP, circuits in Figure 3.13 are used. As the effect of M, is same in both cases, it is

neglected in noise probing. The equivalent transconductance (G,,,) and the output
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noise current (node (2)) generated by the basic differential pair can be written as (wo

and w suffixes denote without and with FFP)

Gppo =2 = et (3.16(a))
' Vo 2
I = 4KT (32222 (3.16(0))

While these values for the differential pair with FFP can be calculated as:

G =i(_2)= (1+ RFFPgm-FFP)gm,w—l

m,w
Vo 2

(3.17(2))

1, 5
_ g a(a +7)gm,w—l
I = ATy (S0 +KT | —F—— (3.17(b))

. ) m-FFP
Differential Pair Noise

Feed Forward Path Noise

where agpp = grrp X Rppp i the gain of FFP.

VDD VDD

I blaswoé I biasw@ RFFPé
< > It g |
| M wo-1 M wo- 21 v, L M w-1 M w-2|!
= - M |
— _— 1 M FFP

v Vi
n.wo n.w

Figure 3.13 : Noise current comparison in differential pair with-without FFP.

To justice comparison, G, ,, and G, ,, must be equal. From (3.16(a)) and (3.17(a)),

the ratio of g, ,y—1 10 gmwo—1 Can be obtained as:

Onws __ 1 (3.18)
gm,wo—l 1+ aFFP

60



As a result, for same overdrive voltage, the aspect ratio (%) of the transistors and the

bias current (I,;,s) in the circuit with the FFP can be reduced by (1 + aggp), i.€.,

bias-w 1_I_Ia;_':v:; (319(8.))
w
()t = (T)WH 3.19(b
T (3.19(b))

If PR is taken as the ratio of total power consumption in the differential pair with FFP

to the power consumed in differential pair itself, them the PR can be calculated as:

PR = Ibias—w + IFFP — 1 + IFFP (320)
| l+a., |

bias—-wo bias—wo

where Ipgp is DC current of FFP.

From (3.16, 17 and 20) the ratio of the noise current generated by a differential pair
with FFP to that generated by a differential pair without FFP (NR) can be derived as:

2

m,w-1

1
1 Arep (aFFP + ;) g 4
NR = + , 2
1+ Arep O, Frp gmx\jﬂ%x (TW) pias (3-21)
1 Aepp

= +
1+ Aepp (l+ aFFP)\/12k(PR(1+ aFFP) _1)

™/prrp

wher =
ere k= us

Due to (3.21), increasing k results in lower NR. But larger FFP degrades SRF of the
Al owing to larger parasitic capacitance in node (1). Thus, there is trade of between
SRF and NR. In Figure 3.14, the NR is plotted as a function of FFP gain (aggp) for
k=1, 2 and 4.

As it can be seen in Figure 3.14, the power consumption and the noise current of the
differential pair can be both reduced by the use of the FFP. It is also clear that
increasing aprp does not always result in noise reduction. This is because, for a given
PR and k, the noise of the FFP is proportional to agzrp and when the total noise is
dominated by the FFP, increasing arrp degrades the overall noise performance.

Nevertheless, aprp cannot be increased arbitrarily because as the amplitude of the
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signals seen at the input of the differential pair increases with azgp, the circuit becomes

more nonlinear.

1.2 , . : :

—_—
T

Current Noise Ratio
o o
N oo

FFP Gain (a)

Figure 3.14 : Noise current ratio of proposed Al with FFP.

3.4.3 Proposed Active Inductor Characterization

To verify the input impedance of proposed circuit (Figure 3.12), Figure 3.15 has
delineated simplified small-signal model. Where, c4g; and g,,; are gate-source
capacitance and transconductance of the i-th transistor, respectively. As the cy; is in
the range of femto-Farads and the g,,; is in mU range, then the term c,, w is very
smaller than g,,, in the <GHz range of frequency. As a result, in the extraction of any
relation from the proposed circuit, the terms consist of ¢, w can be ignored in contrast
to those consist of g,,. By considering this note, input admittance of the circuit of

Figure 3.15 is obtained as follow:

1

Y. =

C
in Zizi+s(%H+Cgs,FFP)+ (322)

" (st ) o)

0,1-2 m,2I9m.1-1

The extracted (3.22) from small-signal model shows that the equivalent circuit of
Figure 3.12 is a parallel RLC network which is depicted in Figure 3.16. The

expressions of these elements can be derived as:
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gs,1-1
C. = +C
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R, =Ty
2
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Figure 3.15 : Small-signal model of proposed Al (Figure 3.12).

z. L 5 3o

Rs

Figure 3.16 : Equivalent RLC model.

For the parallel RLC combination, if the condition LCw? < 1 is met, then it behaves
like an inductor. Therefore, following relation guarantees the inductance behavior at
the input node. Furthermore, the upper limit of inductive frequency range can be

calculated as:

SRE - 1 _ ﬂ 1 » On29m11 (3.24)
CpL \/Cgs,l—l + 2Cgs,2
2

Cgs, FFP

For the RLC parallel network equivalent model of Al, the QF in frequencies lower

than SRF can be calculated as:

Q= ! (3.25)
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3.4.4 Simulation Results

To verify the performance of the proposed Al circuit, simulation results are presented
using HSPICE with TSMC level 49 (BSIM3v3) parameters for 180 nm CMQOS
technology. Figure 3.17 depicts the simulation results of the proposed Al. The SRF of
the structure is 9.2 GHz and maximum Q@ 5.1 GHZ is 1.25 k. The average input

referred noise current and power dissipation are less than 15 pA/YHz and 1.3 mW,

respectively. Table 3.6 summarizes some important properties of the designed Al.

Figure 3.18 shows layout of proposed Al which is drown by using a poly and Metal 1
with total area of 13.13x36.21 um?.
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Figure 3.17 : Proposed Al simulation results.

Table 3.6 : Proposed Al Characteristics.

CMOS Tech. Inductor Inductive Layout area
value frequency band um?
0.18 um 35nH 0.6-9.2 GHz 475.44
Max. QF DC power noise current
1.25k@51GHz  1.3mwW 15 pA/NHz
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Figure 3.18 : Layout of proposed Al.

A high-Q and low-noise Al was designed based on GC topology in this section. In the
proposed Al a few number of transistors was used in the main path of signal which
made it suitable for RF applications. All transistors in the structure are free from body
effect. The P-type differential pair input transistors and the FFP are employed to
improve noise performance of Al. As characterization of Al is highly dependent on
transistors’ transcoductance, so changing the bias currents gives the design tunable
capability. The inductance value of the design was 35 nH. Maximum Q factor was
obtained 1.25k at 5.1 GHz. The DC power consumption of the proposed Al was 1.3
mW from 1.8 V dc power supply. Simulation results were provided for a 0.18 pm
CMOS process. The proposed Al’s layout was drawn by a poly and Metal 1(M1) with
total area of 475.44 um?. The results show that the circuit can be used in RF

applications. Table 3.7 compares the proposed Al with other reported works.

Table 3.7 : Comparison with Other Als.

[42] [45] [141] This work
technology 90nm/1.2 180nm/1.8V 90nm/1 180 nm/1.8V
Vv Vv
Inductive BW (GHz) 0.6-3.8 0.645-6.3 1.7-5.5 0.6-9.2
L(nH) 165 43 26 35
QLmax 120@3 1067@6.3 895 1.25k@5.1
GHz GHz GHz
Pdis (MW) 1.2 0.65 0.515 1.3
Noise pA/vHz 12 54 76 15

3.5 A New Low Loss Fully CMOS Tunable Floating Active Inductor

The well-known CMOS active inductors, based on gyrator-C networks, have been
designed for applications in high-speed analog signal processing and data
communication where chip area is critical and a large and tunable inductance is
essential [71]. Many Tunable Grounded Active Inductors (TGAIs) and Tunable
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Floating Active Inductors (TFAIs) are designed and suggested for different
applications [79-82]. However, a large portion of the currently proposed Als are
initially grounded 1-port block. When 2-port floating characteristics are needed, the
grounded node is made floating by using extra current sources and bypass capacitors.
These FAIs do not have symmetric structure, and demonstrate different characteristics
from each port, which deviates from the behavior of an ideal inductor [80, 81].

Some reported Grounded Active Inductors (GAIs) benefit from cross-coupled
structure to decrease loss. Due to the negative equivalent resistance at the output of
this structure, equivalent series-loss resistance at the input node of such Als decreases
[83, 84]. Some others utilize resistive feedback to increase the inductance of the Al
[85, 86]. However, these structures do not give a high quality factor since the addition
of the feedback resistance does not result in a low series resistance. Furthermore, these
techniques do not lead to high SRFR because of adding parasitic capacitance at the
input node. Moreover, these components are located in the main path of the signal
which is not desired in RF applications [87]. On the other hand, some structures use
positive feedback to decrease the series-resistance of Al which cause stability

problems in circuit [88].

In this section, a new TFAI is designed based on modified TGAL. In the new TFAI,
the MRC stages are employed to reduce the conductance at input and output nodes to
enhance the Q of Al. In Als, the SRFR of the Al is mainly determined by the gate-
source parasitic capacitance of input transistor. Thus, the input transistor should be
designed as small as possible in order to have high inductive frequency range. In the
proposed TFAI, the SRF is improved due to the utilized MRC stages topology. Thus,
the TFAI can provide higher frequency band performances. Furthermore, all
transistors in the proposed circuit are n-type transistors which is desired for RF

applications.

3.5.1 System Level Description

An ideal inductor can be presented in admittance form by Signal Flow Graph (SFG)
with a weighted arrow (1/sL), as illustrated in Figure 3.19, where s is the complex

frequency and L is the inductance of the inductor.

Current flowing through the inductor is described by the following equation:
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I, =@/sL)V, (3.26)
I @
L (::> 1/sL
Vi G
Figure 3.19 : An ideal inductor and SFG representation.

The same transfer function can be obtained by constructing a graph with one capacitor

and two VCCS as shown in Figure 3.20.

In order to have high impedance in both input and output nodes, SFG of GAI is
modified according to Figure 3.21(a). Figure 3.21(b) depicts floating counterpart of

GALl.
O=R=. (v
gm
1/sC
(s
1

Figure 3.20 : General SFG for AI’s circuit generation with VCCS.
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Figure 3.21 : Modified SFG (a) GAI, (b) FAL.

Thus, the SFG of Figure 3.21 is described by equation (3.27) for both grounded and
floating Al:

ILeq - (1/ SLeq )VLeq = gmlgngm4/gm3 (SC)VLeq (327)
where
gm3C
Ligg =— " 3.28
- gmlgngm4 ( )

Accordingly, inductors can be synthesized by Gyrator-C (GC) blocks as illustrated in
Figure 3.22. These types are named as GC active inductors. The inductance of gyrator-
C active inductor is directly proportional to the load capacitance C and inversely

proportional to the product of trans-conductors of the gyrator [89].

The SFGs presented in Figures 3.20 and 3.21 can be designed using two classical
Operational Transconductance Amplifiers (OTAS). Figures 3.22 (a, b) presents a lossy
grounded and floating inductors, respectively. In Figure 3.22. C1, C2, Go1 and Go

represent the total capacitances and conductances at nodes 1 and 2, respectively.
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Figure 3.22 : Block diagram of Al realization by OTA and equivalent passive
model (a) Grounded (b) Floating.
In comparison of Figures 3.21 and 3.22, the transconductance of the OTAs can be
written as:

Gy = Oy » Gy = Sm2dms (3.29)

m2
gm3

Floating GC Als have some benefits in contrast with their GAI counterparts [89]:

I.  There are appropriate for circuits in which digital and analog parts are
manufactured in the same substrate because of their differential configuration.
The differential transconductors effectively reject the common-mode

disturbances of the network.
Il.  Input voltage swing of FAIs is twice larger than their GAls counterparts.

The parasitic components of Al (Figure 3.22) limit the inductive behavior frequency
range. This frequency range can be obtained by examining the impedance of the RLC

equivalent circuit of the lossy active inductor (Figures 3.22(a and b)).

Lo,
s—+1
R

Zi,=(=——) : (3.30)
" R, +R -
Coley sz+s(—1 +&)+ P
RC, L, RC,L.

p €q p
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When complex conjugate poles are encountered, the pole resonant frequency of Z;,, is

given by:
R, +R;
w, = (3.31)
RPCDLGQ
Because R, > R;, Eq. (6) is simplified to:
1
w, =, = SRF (3.32)
C,L,

where, w, is the self-resonant frequency of the active inductor. Also observe that Z;,,

has a zero at the frequency.

R, G
w,=—=-"2 (3.33)
L, G

Itis evident that the gyrator-C network is resistive, whenw < w,, inductive when w, <
w < wy, and capacitive when w > wy,. The frequency range in which the gyrator-C
network is inductive is lower-bounded by w, and upper-bounded by w,. Also it is
observed that R, has no effect on the frequency range of the active inductor. R,
however, affects the lower bound of the frequency range over which the gyrator-C
network is inductive. The upper bound of the frequency range is set by the self-
resonant frequency of the active inductor, which is set by the cut-off frequency of the

transconductors constituting the active inductor. For a given inductance L., in order

eq’
to maximize the frequency range, both R, and C,, should be minimized.

3.5.2 Circuit Level Design

The basic CMOS implementation of SFG which presented in Figure 3.20, is depicted
in Figure 3.23(a). According to SFG in Figure 3.21(a), the circuit implementation of
GAI can be modified as Figure 3.23(b). All transistores are n-type except M2, which

is desired in RF applications.
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Figure 3.23 : Simplified CMOS-based GAI (a) basic, (b) modified.

In modified GAI, the negative transconductance is realized by M; in common-source
configuration, whereas M,, M5 and M, form the positive transconductance where the
simple current mirror comprised of M; and M, is used to invert the negative
transconductance of M,, also configured in CS connection. Since the sole contribution
practically comes from a minimum number of MOS transistors drain terminals, this
configuration allows low equivalent conductances especially at node (1) which results
in enhancement of QF by decreasing series resistance of equivalent inductance.
Furthermore it results bigger inductance value. The QF can be obtained as [60, 89]:
_IM[z]
RE[Z]

Q (3.34)

The quality factor of a lossy gyrator-C active inductor can be derived directly from
(3.30) and (3.34) as:
L R R’C
o - ? x|1-—=22_@?L C, (3.35)
R Leq)z}

* R,+R [1+(a’ L
R

The sensitivity of the quality factor of the active inductor is merely depends on Ry in
high frequencies. In order to boost the quality factor of active inductors, R must be
decreased. Reducing R; is done by using advanced circuit techniques, such as MRC
stage. The MRC stage is effective in lowering the output conductance and can be used
here to reduce R, as shown in Figure 8 [15]. In the proposed circuit M,,, M._,, and
M, _,, transistors are used for main elements of Gyrator-C, MRC stage and biasing,

respectively.

MRC stage is made up of PMOS transistors in order to:
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» Minimize the input transistor as small as possible in order to control second

stage biasing,
» Decrease the number of transistors in main path of AC signal.
Table 3.8 shows equivalent resistance at node (1), with and without MRG stage in

modified GAI (Figure 3.25).

Table 3.8 : Equivalent resistance with-without MRC stage.

Node (1) resistance
(Figure 3.25)
Without MRC LI,

Wlth MRC r0,1 //(ro,b—2ro,c—lgm,c—lro,c—Zgm,c—2r0,0—3gm,c—3) = r0,1

It can be seen from Table 3.8, by adding MRC stage, the resistance enhancement is
achieved. This stage can be employed at the input-output (1&2) nodes in order to

decrease the conductance which affects the performance of the Al.

The tunability of the Al is enhanced by variation of bias current (lias) and varactor
capacitance value (Cvaractor). Varactor in CMOS technology is implemented by diode
and MOS transistors. PMOS is usually employed to implement varactor. Working with
a p-MOS transistor structure, the bulk is connected to the highest voltage of the circuit
(Vda) and the capacitor is formed between the gate and the drain and source. As the n-
well connection of the device is always connected to the highest possible voltage, the
gate voltage shall be equal or lower to the bulk voltage and the transistor is working
always in the inversion zone (I-MOS) (Figure 3.24(a)). The characteristic of this
device is monotonic and non-linear, and the transition between the minimum possible
capacitance (Cmin) to the maximum one (Cmax) is very sharp. It is clearly visible the
sharp slope of the curve, which means that with a small variation of the bias voltage
the capacitance changes considerably. Here the transition from Cmin and Cmax happens
in 595 mV bias voltage variation [90, 91].
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Figure 3.24 : I-MOS varactor.

Figure 3.26 demonstrates small-signal model of the proposed structure (Figure 3.25)
in order to verify the input impedance characterization. In this figure, c;s; and g,
are gate-source capacitance and transconductance of the ith transistor, respectively.

The input admittance of the circuit of Figure 3.26 is calculated as follows:

Y., =—=5C +i+ L
n=Z (3.36)

— YVgsl
f + gm3

04 gm3 X SCgsz

gmlgngm4 rolgmlgm29m4

in

Vdd

| Mb-2

Figure 3.25 : Modified GAI.
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Figure 3.26 : Small-signal equivalent of proposed GAl.

By considering the SFG (Figure 3.21(b)) and block diagram (Figure 3.22(b)) of FAl,
the floating counterpart of proposed GAI is designed in Figure 3.25. Standard circuit

analysis techniques yield the important parameters of the grounded and floating Al as
follows:

1 c S +Cvarac or
RP = r04 ) Rs = ) p = Cgsl y Leq = P2 varacl 2 ! (337)
gngm4 r gngm4
gml ol gml
gm3 ng

The aspect ratio of transistors in proposed FAI circuit is given in Table 3.9.

Vdd

L L Mb-2€—  L—» Mo L L Mb-7€«— L—» Mb-3
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lias Me13 || <Mi|16 Mo-26|| I Me-23
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Mi1  M24 I—ms MTI—I—| Mi4 Ma21
- = = T =

Figure 3.27 : Circuit implementation of the proposed FAI.

It can be seen from Figure 3.27 and Table 3.9 that the designed FAI is completely
symmetrical from both ports, which it results in the same properties from both sides.

The MRC stage not only used in input node but also used in output node, which leads
to performance enhancement.
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Table 3.9 : Transistors aspect ratio of proposed circuit.

Transistor name WI/L (um/ pm)

M1, M2y 4.8/0.18

M2, M2 16.5/0.18
Mi-3, Ma3 5/0.18

Mi.a, M2.4 6.1/0.18

Mec-11 , Mc21 10.9/0.18

Mc-12 , Mc-22 , Mc-13 , Mc-23 5.2/0.18

Mec-14 , Mc-24 11.3/0.18

Me-15 , Mcos , Mc.16 , Mc26 5.9/0.18
Mp-n n=12367 10/0.2

Mp-n n=4,5 3.7/0.18

Mp-n n=89 3.9/0.18

3.5.3 Simulation Results

The proposed GTAI and FTAI are designed and simulated using the AMS 0.18um
CMOS process in Cadence. The width of the transistors, the values of I;,s; and

Cyaractor are chosen to optimize the quality factor and inductance value of the Al.

The simulated frequency response of the GAI is given in Figure 3.28. The proposed
circuit has a very high operating bandwidth where the inductive characteristic extends
from 100 MHz up to the self-resonance frequency at 6.2 GHz which makes it suitable

for RF applications. Also, Figure 3.28 compares GAI with and without MRC stage.

=== with-out MRC
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Frequency (GHz)

Figure 3.28 : Comparison Al circuits with and without MRC stage (magnitude and
phase).

For investigating the FAI performance, Figure 3.29 configuration is used for

simulation of ideal and CMOS FAI. The simulation result is shown in Figure 3.30.
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Quality factor is tuned through the controllable bias current source (lnias) Of Figures
3.25 and 3.27. Figure 3.31 shows the variation of inductance for different values of
controllable bias current source and varactor capacitance. As seen from this figure, the
inductance increase is controlled via bias current by the same load capacitance. On the
other hand, for constant bias current the effective inductance can be tuned by changing

the varactor capacitance value.
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Figure 3.29 : Circuit for FAI simulation.
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Figure 3.30 : Performance of proposed Al, (a) real and imaginary parts and QF, (b)
magnitude and phase.
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Figure 3.31 : Tunability of Al by changing bias current and varactor capacitance.

By adjusting the bias current and varactor capacitance, the QF and SRF can be
optimized for each inductance value. Table 3.10 shows optimized QF and SRF for

some inductance values.

Table 3.10 : Optimized Q and SRF value for different inductance values.

L Q SRF (GHz)
(nH) calculation  simulation  calculation simulation

6 1000 567@3.7GHz 10.4 6.2

50 700 456@3.5GHz 7.1 4.6
100 800 534@2.6GHz 6 3.3
200 900 498@1.9GHz 4.2 2.3
286 650 397@1.4GHz 2.4 1.6

In order to check the robustness of the proposed FAI circuit versus process variation,
the Monte Carlo simulation with 200 iterations is done for specified inductance value
by applying £5 % Gaussian distribution at £3c level in the variation of transistors
aspect ratio and threshold voltage. Regarding to Figure 3.32, 69% of the total samples
occurred with the relative error of less than £1.5 %, while in the worst case 21% of
samples lead to the error of more than £2 %. Figure 3.33 shows layout of the proposed
FAI, which is drawn by Cadence software using single poly and metal (M1) with the
total area of 26.1x35.8 um?. As seen from layout configuration, the FLA is completely
symetric, which results the same characterization from both ports of Al. Figure 3.34
depicts the schematic and post-layout simulation results. Table 3.11 compares the

performance of the proposed FAI with the previous ones.
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Figure 3.32 : The result of Monte Carlo analysis of GC circuit for £5 % mismatch in
transistors aspect ratio and threshold voltage (No. of iterations = 200).

Figure 3.33 : Layout of the proposed FAL.
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Figure 3.34 : Maginitude and Phase of Al (schematic and post-layout simulation).
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Table 3.11 : Comparison with other FAISs.

Ref CMOS Vd L Q Inductive Area  DC Power
process V) (nH) Frequency (um?)  Consumpti
Range (GHz) on (mW)
[71] TSMC- 18 - 40-  0.375-2 - 3
0.18 um 200
[142] AMS- 3 294- - 1 - 8.6
0.8um 394
[79 0.35um 33 685u - 0.25-0.75  170x 2
H- 10°
12.4m
H
[55] TSMC- 18 33 68 4 810 3.6
0.18 um
[57] TSMC- 12 1.9 38.8 3.5 2600 6.4
0.13 um
This AMS-0.18 1.8 6-284 10- 0.1-6.2 934.4 2
work um 567

A new high Q, tunable floating active inductor was designed based on modified TGAI
in this section. The proposed Al was designed on Gyrator-C topology and used a few
number of transistors in the main path of signal, which made it suitable for RF
applications. A CMOS varactor in the Al circuit was used to adjust the inductance
value from few nH to 284 nH in the specific frequency range. Q factor can be tuned
by changing bias current from 10 to 567. The DC power consumption of the proposed
Al was 2 mW from 1.8 V dc power supply. Simulation results were provided for a
0.18 um CMOS-AMS process. The results show that the circuit can be used in RF
applications for frequency band 0.1-6.2 ranging in the 100 MHz~6.2 GHz frequency
band. Total area consumption of the structure is 934.4 um2. Comparison shows that

our circuit has minimum power consumption, maximum BW and QF.

3.6 Chapter Summery

An examination of the principles, topology, characterization and implementation of
GC Als in CMOS technology has been presented. It is shown that both grounded and
floating Als can be synthesized and implemented by using GC networks. To provide
a quantitative measure of the performance of active inductors, a number of figure-of-
merits have been introduced. In a low loss GAI, MRG stages are employed to lower
conductance of input and output nodes. The RC feedback and cascoding techniques

are used to design a high performance Al with ability to adjust its SRF, QF and
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inductance value independently. FFP and p-type differential input transistors are
utilized to design low noise Al and based on low loss GAI, a FALI is designed.
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4, CMOS GYRATOR-C ARCHITECTURES APPLICATIONS

In order to show workability of the designed circuits based on in previous chapter, they
are used in three applications. All designed Als are based on GC architecture which it
converts a capacitance to large impedance. On the other hand, micro sensors convert

mechanical signal to capacitance variation in fF range.

4.1 A 3-Axis Accelerometer With an Accurate CMOS GC Based Interface

Circuit

The capacitive based micro sensors convert mechanical signals to small capacitance
variation. The capacitance variation in micro sensor is in the range of femto-Farads
which makes it difficult to sense. On the other hand, the Gyrator-C topologies can
convert a low capacitance variation to high impedance changing which makes it a good
choice for being interface circuits for capacitive sensors. Then a new 3-axis
accelerometer with ability to cancel cross section sensitivity is designed. The sensor’s
electrodes are located in such a way that enables the structure to detect acceleration in
all axis independently. Consequently, a new GC configuration for sensing very small
capacitance changes in a capacitive sensor is presented. In the proposed configuration,
the operating frequency range and Scaling Factor can be adjusted without affecting
each other by tuning the bias currents. In addition, the proposed configuration employs

RC feedback and cascading techniques to cancel the effect of the parasitic components.

4.1.1 A 3-Axis MEMS Capacitive Accelerometer Free of Cross Axis Sensitivity

An accelerometer is a sensor that measures the physical acceleration experienced by
an object due to inertial forces or due to mechanical excitation. Designing sensors with
MEMS technology have advantages of miniaturization, low cost, low power and good
dynamic characteristics. Accelerometers as a major member of MEMS sensors, have
been broadly used in different applications such as: vibration checking systems,

inertial guidance, mobile devices, biomedical and automotive applications [92-100].
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The accelerometers are classified due to their sensing method for example: tunneling,
piezoelectric, pizoresistive and capacitive [92, 93, 98]. The capacitive sensors are
preferred in microelectronics because of their compatibility to CMOS technology, less
thermal sensitivity, high accuracy, low power consumption and low noise [93, 94, 99,
100].

Capacitive position sensing is done by interdigitated comb electrodes. They have
become an integral part of many MEMS devices such as pressure sensors, gyroscopes
and accelerometers. However, lateral accelerometers have been developed using comb
electrodes and differentially detecting parallel electrodes to obtain linear output. The
use of vertical capacitance change between comb fingers is limited by parasitic
capacitance among fixed and movable electrodes and electrical isolation difficulties.
There are many reported accelerometers in literature but most of them are one or two
axis sensors [3, 5] and usually they suffered from cross axis sensitivity which decrease
device performance. For detecting acceleration in more than one direction, generally
designers use more than one proof mass i.e. for each direction a proof mass is
embedded [95, 97].

In this work to measure acceleration on 3-axis, it is proposed a unique configuration
of electrodes which enables the sensor to measure acceleration in multi axis by one
proof mass. The presented structure eliminates cross axis sensitivity in all directions
of capacitive micro-machined accelerometer. Upcoming section describes the device
operational principles and structural design. Next, simulation results are exhibited and
then suggested fabrication process is explained.

4.1.1.1 Operation Principles and Structural Design

According to [92] rectangular shape is good choice due to its moderate displacement
and capacitance variation compared to others. Consequently, it is choosen for
designing proposed sensor. The whole suggested design is shown in Figure 4.1(a). The
vertical and horizontal comb electrodes are designed to sense acceleration in X and Y
axis, respectively. However, the central Square shape electrode is embedded to detect
acceleration in Z axis direction. Capacitance variation in X and Y directions is due to
area changing between fixed and movable electrodes but in Z axis is due to distance
changing between them. This structure is free of cross axis sensitivity in all directions.

The movable electrode fingers are smaller than their fixed counterparts which enable
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the device to detect 3-axis accelerations without any interface on each other. To the
best of authors’ knowledge, this is first time a 3-axis accelerometer is designed free of

Cross axis sensitivity.

To show eliminating cross axis sensitivity by new configuration, the simple
capacitance relation (C=kA/D), is used. As the structure measures acceleration in 3-
axis, so the investigation should be done for all directions separately. Calculations for
applied acceleration in X and Y axis electrodes due to similarity is the same, thus
calculation is done for X axis. The capacitance variation is calculated in four

conditions:

1. Applied acceleration is in plane (X or Y),

2. Applied acceleration is in out plane (2),

3. Applied acceleration is in both out & in plane (Z&X or Z&Y),

4. Applied acceleration is in three directions(X&Y &Z)

Electrodes for Y(L\VIS Electrodes for X axis Bottom EleCtrOde Fixed
acceleration detection - acceleration detection _T. — _
C l‘ _HCyZ E
m
: |: :: i §_
!: I | | @
i B N RS
i I
i e
! !: ! PP
I i :I |
L — | '
' 11 C
—— 2
\ S s M
DemieZat WP \ Substrate d
(b)
Figure 4.1 : Proposed Structure, (a) 3D view, (b) Electrodes Arrangement (2D, top

view).

Since for each of mentioned states the capacitive changing is detected by separated

electrodes, then the electronic circuit can easily detects acceleration orientation.

4.1.1.2 Applied Acceleration Is In One Direction

Figure 4.1(b) shows sample of electrodes embedded for acceleration detecting on 3-
axis. Since movable electrodes are smaller than their fixed counterparts, then Y and Z
electrodes do not sense applied acceleration in X axis. This results in eliminating cross

axis sensitivity completely. If it is considered that the acceleration applied just in X
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axis in positive direction, then total capacitance changing after acceleration applying
can be calculated as:

=k(A+Aa_A—Aa)=k2Aa 4.1)

AC=C L D D D

—C

X2,X

Where in (Cas,0), A defines the axis which capacitance is belong to, & shows number
of capacitance and o denotes the axis which acceleration is applied in. Since Cxzx Is
increased and Cxy,x is decreased, the analyzing part can easily detect the acceleration
orientation. For Y axis, it is like as X case. If the acceleration is applied in positive Z

direction, then the governing equations for the capacitance variation will be:

1 1 1 _ D+Ad D _Ad (42)

A, C, C, kA KA KA

4.1.1.3 Applied Acceleration Is In Two Directions

If the acceleration is exerted to two-axis (out & in plane), two circumstances occur,

XZ and YZ. For XZ case, capacitance calculations are as:

A+Aa A-Aa 2Aa
Ac, = - =k - =k 4.3(a
Cx Cx2,xz Cxl,xz ( D D ) D ( ())
1 _ 1 1 _D+Ad D_Ad (4.3(b))

A, Cy € KA KA KA
In Y direction electrodes, there is not capacitance changing. The YZ case is same as
XZ.
4.1.1.4 Applied Acceleration Is In Three Directions

If acceleration is applied in 3-axis i.e. XYZ, capacitance variation calculation in all

orientations are as:

c D+Ad ,A+Aa A-Aa 2Aa
Ac, =—2—(C -C =k - =k 4.4(a
X W( w2~ ) D (D+Ad D+Ad) D (4.4()
c D+Ad ,A+Aa A-Aa 2Aa
Ac, =—2—(c -C =k - =k 4.4(b
y - ( y2,xyz yl,xyz) D (D+Ad D+Ad) D ( ( ))
1 1 1 D+Ad D Ad
=== —— = (44(0))

AC,  C, vz cz_ kKA KA KA
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By comparing all states, it can be seen that capacitance variation for all of them in each

axis is same. In other words the sensor is capable to eliminate cross axis sensitivity in

all directions.

411

.5 Fabrication Process

As suggested structure is design by the aim of automotive application, the dimensions

should be accurate. Consequently surface micromachining is selected to fabrication

process. Surface micromachining fabrication process for suggested device can be

written as:

1.

2.

8.

9.

Thermal wet oxidation (200nm),

Al evaporation for bottom electrode (0.5um),

Al pattern (forming bottom electrodes),

Spin photoresist for air gap and lithography (2um),
Polysilicon deposition by LPCVD (proof mass, 5um),

Sio2 deposition by LPCVD (to form dielectric of proof mass),
Sio2 and polysilicon pattern (forming proof mass),

Al evaporation for top electrode (0.5um),

Al pattern (forming top electrode),

10. Releasing the structure (plasma ashing)

The final 2D structure is depicted in Figure 4.2. The Y orientation electrodes cannot

be seen in cross section view.

o =fs]===1:]=

Sio, Si

I

Figure 4.2 : Cross section view of final structure.
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4.1.1.6 Simulation Results

The simulation of the designed accelerometer is done by a MEMS-specific CAD tool
named IntelliSuite. Figures 4.3(a and b) depict displacement and capacitance variation
versus applied acceleration for 3-axis, respectively. The crucial characteristics of the

accelerometer are given in Table 4.1.

800

E .
s .
B3 £600 P
= = ,
:/ 1 g - 7
5 For Z Axis 3 g -
g2 - 84001 s
3 3 _ - > ForX &Y Axis
& .-~ "> ForX & Y Axis 2 e
alr 2200 -
© 7
2 -’ For Z Axis
0 L2 . L . L . , 0 < n -l . . )
(a) 0 10 20 30 40 50 60 (b) © 10 20 30 40 50 60
Acceleration (g) Acceleration (g)

Figure 4.3 : (a)Displacement versus applied acceleration in 3-Axis, (b)Capacitance
variation versus applied acceleration in 3-Axis

Table 4.1 : Accelerometer Characteristics

Acceleration measuring axis X, Y and Z
Mass 22.81 pgram
Range of measurable XandY +67¢
acceleration Z +18 ¢
Spring constant in XandY 633.52

Z 239.27
Sensitivity in XandY 12 fF/g
Total size 1.85 mm?

A new 3-axis acceleration’s structure, fabrication process and simulation results are
explained. The figure of merit of design was its entirely eliminating cross axis
sensitivity. Furthermore, it could be measured acceleration in 3-axis with only one
proof mass. On the other hand, in 3-axis, the applied acceleration has a linear
relationship with the result of part 11 which is easily calculated by processing electronic
circuits. The designed sensor is suitable for automotive application, therefore surface

micromachining is chosen for fabrication process.
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4.1.2 An Accurate CMOS Interface Capacitance Variation Sensing Circuit

The capacitive sensing method is a popular method compare to other sensing methods
in the sensors. Its popularity comes from low thermal sensitivity, high accuracy, low
power dissipation and it can be integrated with CMOS process for electronic sensing
part [101, 102]. CMOS has been the dominant Integrated Circuit (IC) design
technology for more than two decades, which offers great advantages including low
power consumption, ability to make analog and digital circuits on the same chip and
easy of technology scaling. The integration of sensing and analysing parts results in a

high accurate and more reliable device.

The capacitance variation in micro sensor is in the range of femto-Farads (fF) which
makes it difficult to sense [102, 103]. There are many reported works in order to design
interface circuits for capacitive sensors [104-107]. Most of them have used front-end
switched capacitor charge amplifier in the entrance gate of the interface circuit [104].
This method needs to add clocking part for analysing which makes the system more
complex. On the other hand adding extra components such as sampling capacitors,
active rectifiers and filters to the design, increases the parasitic components which in
turn degrade performance of the sensing circuit [105, 106]. Some interface capacitance
readout circuits need to employ floating variable capacitance which is not practical in
some applications such as sensor because of serious problem in implementation phase
[104, 105].

Gyrator-C (GC) topologies can convert a low capacitance variation to high impedance
changing. Inevitable parts of these topologies are their parasitic components. There are
different modified version of GC topologies in the literature for minimizing the
parasitic effects [108, 109]. These methods have some disadvantages such as their need
to extra biasing parts which causes extra power consumption and more noise, and their

limitation of the input signal swing.

This section presents a new GC configuration for sensing very small capacitance
changes in a capacitive sensor. In the proposed configuration, the operating frequency
range and Scaling Factor (SF) can be adjusted without affecting each other by tuning
the bias currents. In addition, the proposed configuration employs RC feedback and
cascading techniques to cancel the effect of the parasitic components.
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4.1.2.1 Circuit Description

Figure 4.4 shows GC topology which is implemented by ideal operational
transconductance amplifier as a basic block. The input impedance of the circuit can be

written as:

1

@ &)

AC: capacitance

T variation in
MEMS sensor

2 -

[\ T

Figure 4.4 : Gyrator-C topology.
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Z = 45
" GG (45

m1~"m2

According to (4.5), SFis 1/G 1 G2 If We suppose G,,,1 = G2 = 1 mU then the SF
will be 10°. In other word, 1 fF capacitance variation is as a 1 nH changing in input
impedance. In Figure 4.4, nodes (1) and (2) are critical in term of determining circuit
performance. The RC feedback and cascading techniques are employed for parasitic
resistance cancellation in node (2) and parasitic capacitance controlling in node (1),
respectively.

4.1.2.2 Proposed Circuit

Figure 4.5 shows the proposed capacitance scaling structure. The Gmz in Figure 4.4 is
mainly determined by transistors Mz and G is created with Ma. In order to guarantee
the stability and adjust operating frequency range of the GC structure, cascade input
transistors (M and M) are employed.

In MOS transistors, gate-source capacitance and transconductance are directly
proportional to size of the transistor. Input gate-source capacitance component (cys4)
restricts operating frequency range of the equivalent input impedance of the proposed
circuit. On the other hand, transconductance values determine SF. For decreasing input
parasitic capacitance a small transistor is needed but for high transconductance a large
transistor is used. While the input parasitic capacitance is decreased, the

transconductance (G,,) can be increased by cascading input transistors (M1, M2 and
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Ms) to satisfy the stability condition of the structure [110, 111]. In this structure, G,,;
and parasitic input capacitance can be controlled as desired without effecting each
other. On the other hand, the G,,, is determined by M, (G, = gms) and since the
proposed circuit scales the total capacitance in the gate of M, (= Ac + c4s4) then its
gate-source capacitance determines the minimum capacitance which can be detected
with the structure. However, the size of M, has to be selected in such a way that it
guarantees the stability of the design (G,,; > G,2) [110, 112]. The stability of the

circuit is insured by adjusting the size of M,.

AC : capacitance
variation in
MEMS sensor

Figure 4.5 : Schematic of the proposed circuit.

Figure 4.6 demonstrates small-signal model of the proposed structure (Figure 4.5) in
order to verify the input impedance characterization. In this figure, c,g; and g,,; are
gate-source capacitance and transconductance of the i — th transistor, respectively. c4
and g,, are in the order of some tens of fF and mU, correspondingly. Consequently,
the term c 4w is very smaller than g,,, in the <G-Hz range of frequency. As a result, in
the extraction of any relation from the proposed circuit, the terms consist of ¢,;w can
be ignored beside to those consist of g,,. In this way, input admittance of the circuit

of Figure 4.6 is obtained as follow:

gm29m1
— Cyst0p (AC—C )
. :iz gmlgngm4 4 gml+gm5 gs4 4 f .
" Ziy (Gt U ) (Cyeq +AC)S Con T AC .
( Cgs19ms +Cgs4(AC—Cf))S

gml + ng CgsA + AC
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gm5 0s5 @

Figure 4.6 : Small-signal equivalent of proposed circuit.

The input admittance has other terms but they are very small in comparison with
written terms in (4.6), thus they can be neglected. As seen from equation (4.6), by
adding RC feedback, a negative term is appeared in the parasitic components (parallel
resistance and capacitance). If this term is selected properly, it can cancel or decrease
parasitic effects in the input impedance. Equation (4.6) shows that equivalent circuit
of Figure 4.5 is a parallel RLC network and the expressions of these elements can be

derived as:

L= (gml + ng)(Cgs4 + AC) ’

gmlgngm4
C= Cgslgms + gs4(AC C)
gml + ng gs4 + AC ’ (47)
R= gs4+AC
e Ot Ga(Ac—c))
ml m5

If the M1 and Ms are supposed identical (= g1 = gms) and c¢ is selected close to

(g;";c*g”) + Ac, then the R is cancelled (R = 0) and the C is decreased to some extent.
As a result, the input admittance expression can be written as:

2

Yin 1 ~ Om29ma (@_ gm20934 )S% Om29ma (48)
Z_  2(c,,+AcC)s 2 29,,(Cy, +AC) 2(c,, +AC)s

gs4 gs4
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2(c,., +AcC)s 2C
Zin ~ ( gs4 ) :( 2AC + gs4 )S (49)
gm2gm4 gm29m4 gm29m4

As it can be seen from (4.8 & 4.9) the input impedance is inductive in low frequency
but it is capacitive in high frequency range (>5 GHz). Equation (4.9) consists of two
terms: the first term provides the capacitance scaling while the second term can be

cancelled by a calibration step. According to equation (4.9), SF can be derived as:

2
SF ~ (4.10)
gngm4

The upper limit working of the proposed structure is determined by SRF because it

increases (behaves inductively) up to SRF which can be calculated as:

1 Om29ma
\/ \’ c.(c.,+AC
SRF — LC 27[ ~ gsl( gs4 ) 27[ (411)

The extracted equation of proposed structure proves that the scaling factor is
determined by transconductances of M, and M4. After obtaining the desired SF, the

SRF range can be adjusted by c4, . In this way, the circuit properties can be determined

as desired separately.

4.1.2.3 Simulation results

To verify the performance of the proposed structure in capacitance scaling for micro
sensors application, simulation results are carried out by HSPICE (TSMC level 49) in
180 nm CMOS technology. In the simulation, the range of AC variation is between
0 and 200 fF. The magnitude changing of Zin versus frequency with respect to AC
variation is depicted in Figure 4.7. It is seen from the figure that the SRF range of the
circuit becomes lower when the value of AC increases. Thus, a smaller value of AC
gives a higher frequency limit for linear scaling performance. As shown in Figure 4.8,
for AC of 200fF, the magnitude changing of Zin is purely affected by the imaginary
part up to 1.4GHz. Changing of Zin at 0.25, 0.5, 0.75 and 1 GHz is depicted in Figure
4.9 (schematic and post-layout simulations), which shows almost linear behaviour
versus AC variation. It is seen from Figure 4.7, 4.8, 4.9 and Table 4.2, up to ~0.7 GHz,
highly linear scaling performance (linearity>90%) is obtained from the proposed

circuit. Table 4.2 declares linearity for proposed circuit in different frequencies which
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is obtained based on Figure 4.9. Regarding Figure 4.9 and Table 4.2 there is trade-off
between frequency and linearity. In other words, although the input-impedance
magnitude is larger in high frequency but linearity is low. So according to the

application proper frequency value should be determined.
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Figure 4.7 : Zin Mag. versus frequency in different capacitance variation.
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Figure 4.8 : Mag., real and Imaginary Parts of Zin when AC=200fF.
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Figure 4.9 : Zin Magnitude versus capacitance changing in f=0.25, 0.5, 0.75 and 1
(GHz).

Table 4.2 : Linearity in different frequencies.

Frequency (GHz)
025 05 075 1
Linearity (%) 97 95 86 67

To ensure the robustness of the circuit against the process variation, the Monte Carlo
analysis with 100 iterations is performed by applying +5 % Gaussian distribution at
+30 level in the variation of transistors aspect ratio and threshold voltage. According
to Figure 4.10, 75 %of the total samples occurred with the relative error of less than
+1.5 %, while in the worst case 7% of samples lead to the error of more than £2.5 %.
Figure 4.11 shows layout of the proposed design which is drown by Cadence software

using single poly and one metal (M1) with the total area of 7.2x39.8 um?2.
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Figure 4.10 : The result of Monte Carlo analysis of GC circuit for £5 % mismatch in
transistors aspect ratio and threshold voltage when AC=100 fF and f=0.5 GHZ (No. of
iterations = 100).

Figure 4.11 : Layout of proposed circuit.

An accurate front-end interface CMOS circuit is suggested for capacitive micro sensor
applications. The proposed circuit converts small capacitance changing in sensor to
sensible high magnitude impedance. In order to obtain high-performance from
proposed circuit, the RC feedback and cascading structures are employed to diminish
parasitic components effects. In the configuration of the circuit, SF and SRF values
can be tuned separately. In order to simulate the circuit, HSPICE simulator was utilized
to verify the validity of the theoretical formulations. The simulated characteristics have
proved the efficiency of the circuit regarding linear scaling and tunability.
Furthermore, Monte Carlo analysis of the circuit has showed robustness of the circuit

performance against the process variation.

4.2 Filter Designing By Using Designed Active Inductors

Filters are widely used in analog signal processing [113, 114] to select the particular
frequency. Voltage-mode and current-mode circuits such as current conveyors [115]

and current feed back operational amplifiers [116] are getting much attention as
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compared to other active elements due to wider bandwidth, simple circuitry, low power

consumptions and dynamic ranges.

In the last decade, a huge number of active building blocks were introduced for
analogue signal processing. However, there is still the need to develop new active
elements that offer new and better advantages. This section, focused on designing of
other novel Analog Building Blocks (ABBs) such as Low-Pass Filters (LPFs) and
Band-Pass Filters (BPFs) structure designs.

In RF transceivers, filters are inevitable circuit blocks. Cost and power considerations
drive the field for highly integrable systems forcing filters to be implemented with
minimum number of passive elements where specifically inductors cause significant
problems. Typical RF filters either use off-chip passive elements or their on-chip
counterparts where the inductor presents major disadvantages such as large silicon
area, limited inductance value and quality factor. In most cases, the inductor is a key
factor in determining the total chip area where higher inductance values imply larger
area consumption. An alternative way of addressing this problem has been designing
active implementations of the inductor which offer much less area consumption
independent of the desired inductance value, high quality factors and tunability [117-
121]. Obviously, the noise performance and dynamic range will be degraded, however

they can be maintained at reasonably low levels for many applications.

Due to disadvantages of conventional inductors, active element-based inductor design
is very desirable to designers today. During the last few decades, various floating
inductors have been created using different high-performance active building blocks.
That is why replacement of conventional inductors by synthetic ones in passive LC
ladder filters belongs to well-known methods of high-order low-sensitivity filter

design.

This section presents RF active filters based on designed Als in previous chapters. The
employed Als are compact and have wide inductance band, high quality factor, low
power consumption, low noise, and provide tunability. Based on these inductors, for
demonstration purposes, third and six order Chebyshev filters with AMS 0.18 pm
CMOS process are choosed.
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4.2.1 Low-Pass Filter

Als are used widely for designing active filters. To show versatility of using Als in
filter applications, a third order Chebyshev LPF is selected. Topology of the selected
filter is illustrated in Figure 4.12. Its cutoff frequency and ripple factor are 900MHz
and 0.4 dB, repectively. The normalized transfer function of the proposed filter is as:

0.805
©) s®+1.34s? +1.65s + 0.805 (412)

The application of impedance scaling and frequency transformation rules for 50 Q
source resistance, 250 Q load resistance, and 900 MHz cutoff frequency, yields the
filter component values as L1=60.2 nH, L2=37 nH, C=925 fF. Figure 19 compares the
magnitude and phase responses of proposed filter when the pasiive inductores and their

active counterparts are employed.

Figure 4.12 : Lowpass filter topology.

The GAI topology which is used as the core of the FAISs, is dipicted in Figure 4.13.
The GAl topology is based on GC approach. The circuits analysis techniques yeild the

important parameters of the GAI as follows:

— g — GmleZ + GlGZ — a)CZ 4.13
@Te, \/ cc, %7, (4-13)
C G
L=—7"— R,=—— (4.14)
GmleZ GmleZ

Where Gml = gml’ Gm2 = M
gms

wz and wp are zero frequency and SRF of the proposed GAI in Figure 4.13 and Q. the
inductor QF, L the inductance value, Rs the parasitic series resistance of the inductor,
G1, G2, Cy1 and C: are the respective equivalent conductance and capacitances at nodes
land 2.
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Since the RF filter shown in Figure 4.12 requires floating inductors, it remains a task
to design an active circuit which would replace these components. One approach to
solve this problem is to extend the GC configuration used in the previous chapters so

that the circuit behaves like a floating inductor as shown in Figure 4.14. It can easily

Vdd

I\/ILb-l) l L ‘M',-z Mlm)l
) L) 1 1
Ibias Me-13 = =‘Mc-23
N Me-12 B Me-22
Mec-11 Mc-21 P
QF— e—i| M2
Mb-3 las Vbiﬁ[l Mb-5
= _ (1) =
M1 Ma [F——4| M3
- -

Figure 4.13 : Core GAI of FALI.

be shown that (4.13) and (4.14) maintain valid for this circuit also.

The floating inductors used in the RF filter have been designed based on the active
inductor circuit given in Figure 4.13. Apparently, the circuit has been replicated and
re-designed so that the positive and negative transconductance stages provide the
symmetry shown in Figure 4.14. Obviously, a passive filter has no biasing problem,

however the active implementation of an inductor requires biasing of the active

I, = Gml(\/z+ _Vz_)

Figure 4.14 : The GC equivalent of the FAI.
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components, the MOS transistors in this case. The FAI circuit used to replace L; and
Lo is given in Figure 4.15.

>, L Mb-2€—  L—» Mb-6 L L Mb-7€«— L —=» Mb-3
Mb-1 |} L I I <_|; ™ T L : :
lbias Mc-13 [F—— || Mc-16 Me-26(} | Mec-23
. P A5 P

= Me-12 |Me-15 —]|M1-2 |V|c-25|] Mec-22
J—{ Me-11 Me-14 — | Mc-24 Me-21 }—L

) 4 Mz-2|-e— LY
i —1| Mb-s Mb-9 |R——
Mb-4 I‘V—maSl - VbiasZ-I _EIT. _?L‘ti I_VblaSZ » Vb'351-| Mb-5
Mi1  M24 I—I—ms MTI—‘—I Mi-4 Ma2-1
L~ —

Figure 4.15 : FAI circuit used in filter designing.

Using the active inductor circuits mentioned above, the third-order Chebyshev lowpass
filter shown in Figure 4.12 with 900 MHz cutoff frequency and 0.4 dB ripple has been
simulated. Figure 4.16 compares the magnitude and phase responses of the filter where
on-chip passive inductors (red-solid) and their active counterparts (green-dashed) have
been used. The cutoff frequency of the active filter has been found almost 900 MHz,
whereas the amount of ripple is 0.39 dB.

AC Response m AC Response |E|

0 4 50.0

-50.04

Magnitude, dB

Phase (degs)
=
wn =}

o o
=} o

-200.0/
-20 7
-250.04

T T T T T T T T =-300.0- T T T T
25 5 75 10 125 15 175 2.0 o] .5 1.0 1.5 2.0
freq (GHz) fraq (GHz)

Figure 4.16 : Frequency response of LPF with passive (red-solid) and active (green-
dashed) inductors.
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4.2.2 Band-Pass Filter

In RF transceivers, frequency detection networks or filters are inevitable circuit blocks.
Cost and power considerations drive the field for highly integrable systems forcing
filters to be implemented with minimum number of passive elements where
specifically inductors cause significant problems. Typical RF filters either use off-chip
passive elements or their on-chip counterparts where the inductor presents major
disadvantages such as large silicon area, limited inductance value and quality factor.
It is very easy to create an impedance match using passive elements which consist of
lumped and distributed [122-124]. On the other hand, in many applications, there is a
demand to construct lossless two-ports for various kinds of problems such as filters,
power transfer networks or equalizers. But passive elements, especially inductors,
have large resistive loss which degrade there quality factor which can be decreased by

replacing them with active counterparts [125].

The analytic theory for RF application is used for simple problems [126-128], but it is
not accessible for practical ones. Therefor it is essential to use Computer Aided Design
(CAD) approach to design immittance equalizers with lumped, distributed or mixed
elements [123]. Commercial CAD tools are used for optimization of frequency
detection network performance, then characteristic impedance of the lumped elements
are calculated according to process parameters and specifications. Unfortunately,
performance optimization is highly nonlinear with respect to characteristic impedances
and needs proper initial values [129]. On the other hand selection of initial values is

very important in order to have convergence optimization.

The Simplified Real Frequency Technique (SRFT) is used to design filter. In [130], a
similar technique called Modeling-based Real Frequency Technique (M-RFT) was
proposed, while in this technique, circuit model of the load should be formed from the
given numerical load data. But in SRFT, it is not necessary to obtain the model of the
load. So the proposed method is simpler than M-RFT and gives the same performance

as well.

4.2.2.1 Mathematical Framework

Filter designing can be considered as lossless two port block between a generator and
complex load. It is expected that the block transfers maximum power from the source

to the load over operation frequency band. The power transfer capability of the lossless
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equalizer is precisely measured by means of the Transducer Power Gain (TPG) which
can be defined as the ratio of power transferred to the load to the available power which
is generated by source. By considering two port network in Figure 4.17, TPG can be
calculated in terms of the normalized real and imaginary parts of load impedance
(ZL.=R_+jXL) and the back end impedance (Z2=R2+jX>) or generator impedance (Zs=

Rc+jXg) and the front end impedance (Z1=R1+jX1) as follow:
P 4R,R, 4R R,

= 2 2= 2 2 (4.15)
Po (R+R) +(X,+ X)) (R+Rs) +(X,+Xg)

TPG(w)=

where PL and Pa are power delivered to the load and available power from the

generator, respectively.

Two-Port Lossless Network

= S '5‘::_'
i Sz S|

S2.22

Figure 4.17 : Two port network.

To design lossless two port network, the TPG should be maximized inside desired
frequency band with. Thus, the Z; and Z, (Figure 4.17) must be determined very

carefully. When they are determined properly, the network can be easily synthesized.

There are many approaches to modeling the aforementioned networks. Carlin used
Real Frequency Line segment Technique (RF-LST) to realize Z, [131, 132]. In this
approach, Z» is realized as a minimum reactance function and its real part R,(w) is
represented by line segments in such a way that R,(w) = Y7~ arx(w)Ry, passing
through m selected pairs designated by {Ry, wy; k = 1, ..., m}. In this formalism, the
break points (or break resistances) R, are considered to be the unknowns of the
network problem. Then, these points are calculated via the nonlinear optimization of
TPG. The Imaginary part X,(w) = Yxv1 bx(w)R) of Z> is also written by means of
the same break points R, . It must be noted that coefficients a; (w) are known quantities
and calculated in terms of the preselected break frequencies wy. The coefficients

b, (w) are generated by means of the Hilbert transformation relation given for
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minimum reactance functions. Let H{0} represent the Hilbert transformation operator.
Then, by (w) = H{a,(w)}. The disadvantages of RF-LST are the two independent
approximation steps. Although this approach guarantees the realization of impedance
but increases complexity of computational steps and nonlinearity of the TPG with

respect to the optimization parameters.

Another approach is Direct Computational technique (DCT) which is similar to RF-
LST [133]. Here, the real part of the unknown matching network impedance R, is
expressed as a real even rational function. Then, the unknown coefficients of this

function are chosen to optimize the gain performance.

In another method proposed by Fettweis, the parametric representation of the positive
real back-end driving point impedance Z; is utilized [134]. More specifically, the
positive real impedance Z> is written in a partial fraction expansion, and then, the poles
of Z, are determined by optimizing the gain performance of the system in the interested
frequency band. The parametric approach can be used for solving single matching

problems. The difficulty is to initialize the locations of the poles, which are critical.

In aforementioned methods, the lossless network is designed in terms of free
parameters by means of driving point impedance Z». In the real frequency scattering
approach, which is referred to as the SRFT, the canonic polynomial representation of

the scattering matrix is used to describe the lossless network [135-140].

In all discussed approaches the aim is to express Z2 of the network and then
synthesizing it to extract network’s elements values. After, the TPG is optimized by
(1). Also the front-end and back-end impedances (Z1 and Z2) can be determined by
using three parameters; the scattering parameters of the network, source reflection
coefficient and load reflection coefficient. In the next section, the canonic polynomial

representation of the scattering parameters is calculated.

4.2.2.2 Extracting the characterization of two port network

According to Figure 4.17, scattering parameters of passive two-port network can be

figured out from energy point of view as:

su(p)=XP) g (p)=£1CP)

a(p) a(p)
S(p) = (4.16)
Su(p) =P g (py=—#NCP)
9(p) 9(p)
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Where p = ¢ + jw is the classical complex frequency variable, g is a strictly Hurwitz
polynomial, f is a real monic polynomial, and p is a unimodular constant (u = +1).
If the two-port network is reciprocal, then the polynomial f is either even or odd and
u = f(—=p)/f(p). The polynomials {f, g, h} are related by the Feldtkeller equation
[135].

9(pP)9(=p) =h(p)h(=p)+ f(p) f (=p) (4.17)

Therefore, if the f(p) and h(p) are specified by designer, then the whole scattering
parameters and the network itself can be defined completely. In all applications,
designers have an idea about the zero locations of their network. Hence, the f(p)
which is constructed on the transmission zeroes is defined by the designers. So, the

following form can be used for f (p):
f(p)=p™] [(p*+a}) (4.18)
i=0

Where m; and m, are nonnegative integers and a;’s are arbitrary real coefficients.
This form corresponds to ladder-type minimum phase structures, whose transmission

zeroes are on the imaginary axis of the complex p-plane.

The input reflection coefficient (S1) of the network when its output port is terminated

in Z; can be written in terms of the scattering parameters of the matching network as:

S, =5, + 5125215, (4.19)
1-S,,S,
where S;, is the load reflection coefficient expressed as:
S, = z -1 (4.20)
Z +1

Consequently, the output reflection coefficient (S2) of the network when its input port
is terminated in Z; can be written in terms of the scattering parameters of the network

as.

(4.21)

Where S is the source reflection coefficient and expressed as:
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Se = (4.22)

Then the front-end and back-end driving point impedances of the network can be

calculated by the following equations, respectively:

_1+§

Z,= 4.23

1= 10s, (4.23)

z,-1+5 (4.24)
1-s,

Finally, obtained Z; or Z» function is synthesized by Darlington theory and yields the
desired equalizer topology with initial element values. Eventually, performance of the
matched system is optimized using the CAD tools. If an equation is written for the load
impedance in terms of the network parameters (impedance or admittance) and the input
impedance of the network, then this equation can be used in the process design. It can
be seen that the proposed method is very simple, and there is no need to obtain a proper
model of the given load data. By using the proposed technique, networks with lumped
elements can be designed.
4.2.2.3 Computational Steps
Firstly, the inputs and outputs of algorithm should be defined.
Inputs:

e 7, and Z;: Load and source impedances

e w;:sampling frequencies, w; = 2mf, and operation frequencies

® R, f,: normalization factors

e n: number of UEs in equalizer

e hy, hy, ..., h,: Initial real coefficients of A(p) polynomial. (n is the degree of
the polynomial which is equal to the number of lumped elements in power
transfer network)

e f(p): A polynomial structured on transmission zeros of frequency detection

network (its practical form is in (4.18))

e J,: the stopping criteria of the sum of the square errors
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Outputs:

Analytic form of the input reflection coefficient of the lossless frequency

1)
g’

coefficients of the polynomials h(p) and g(p), which in turn optimizes the gain

detection network, S;;(p) = It is noted that this algorithm determines the

performance of the system.

TPG of network: |S,,|? (forward reflection coefficient) denotes the transducer

power gain of the network.

Lumped elements values and topology of network: This step is resulted from

S11 synthesis.

In order to construct the gain function of Chebyshev type the algorithm steps can be

expressed as follows:

*
*

- & ¥+ #

Step 1: Normalization of frequencies and impedances with respectto f,,, R,

Step 2: Generation of the strictly Hurwitz polynomial g(p) (from (4.17)) and

scattering parameters (from (4.16)).

Step 3: calculation of the source and load reflection coefficients Sg and S
(from (4.22 and 4.20))

Step 4: calculation of the Z; and Z; (from (4.23 and 4.24))
Step 5: obtaining TPG (from (4.15))
Step 6: calculation of error via e(w) = 1 — TPG(w); then § = ¥ |e(w)|?

Step 7: if § is acceptable (§ < §.), then synthesize S, (p). Otherwise, change
the initialized coefficients of the polynomial h(p) and starting from step 2.

4.2.2.4 Designing 6-order BPF

In this section, explained algorithm is employed for designing of a 6-order filter. The
pass band of the BPF is 1 GHz between 1.5-2.5 GHz and its ripple factor is 0.6. The

Z and Zg are 50Q. The structural scattering parameters structural polynomials are as:

h(p) =

4.36 p°® +0.00534 p® +13.94 p* —0.000734 p? +13.94p? — 0.007 p + 4.36

f(p)=p’ 425
g(p)=4.36p° +4.4p° +16.16p* +9.8p°> +16.16 p> +4.4p +4.36
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After synthesizing the obtained scattering parameter or the corresponding impedance
function, the BPF seen in Figure 4.18 is obtained. Figures 4.19 and 4.20 show the
TPG performance of the designed BPF, which are simulated by MATLAB and
Cadence respectively. In Figure 4.20, passive inductors are replaced with their active

counterparts and the result is looked almost similar.

CAP
PORT IND IND
- ID=C ID=L4 ID=L&
Z=50 Ohm C=0.862 pF L=45.888 nH =8 163 nH
e o = 00— [ [ =]
ID=C3 PORT
C=0.153 pF p=2
B Z=50 Chm
IND
ID=L2 -
L=0.929 nH CAP
ID=c5
C=0.709BF

=

Figure 4.18 : Designed lumped element BPF.
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Figure 4.19 : TPG performance of designed BPF.
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Figure 4.20 : AC response proposed BPF with passive (red-solid) and active (blue-
dashed) inductors - Magnitude and Phase.

The grounded and floating active inductors, which are replaced with their passive
counterparts in BPF are shown in Figure 4.21. Detailed explanation of the employed

Al was in previous section.

(a) Grounded (b) Floating

Figure 4.21 : Utilized grounded and floating Als in 6-order BPF, a) Grounded, b)
Floating.

4.3 Chapter Summery

This chapter focused on GC network applications. Firstly, it is used as an accurate
interface circuit for detecting capacitance variation in MEMS sensor. Then, in order to
show workability of designed GC based Als in Chapter 3, they are employed in LPF
and BPF circuits. The simulation results prove their performance in filter
implementation.
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5. CONCLUSION

5.1 Summary of the Work

CMOS technology has turned to dominant technology for implementing electronic
circuits, nowadays. The structures which are designed with CMOS technology are very
compact and low cost and low power. On the other hand, spiral CMOS inductors,
which are the major components of RFICs, cannot provide high and tunable
inductance, high QF and occupy large silicone area. Therefore, Als have become a
good alternative for them. They are used widely in many applications such as LNAs,

power-dividers, phase-shifters and matching networks.

There are many approaches in implementation of Als in CMOS technology. Among
them current conveyers and GC networks are very popular for designing Als in low
and high frequency applications, respectively. The popularity of GC approach arises
from its ability to adjust gyrator’s transconductance and load capacitance easily by
bias currents and MOS varactors. So, this approach is used in this thesis to implement

new and high performance Al circuits.

The main concerns about Als are their loss and noise. At the our first Al circuits, the
MRC stages were used to reduce the loss of the proposed circuit. As a result QF of the
designed Al was maximized. Constructing the MRC stages with PMOS transistors
made the input transistor as small as possible. Consequently, the SRF of the structure
was increased due to reduced input parasitic capacitance. Furthermore, the number of
active elements were reduced in main path of the ac signal, which makes the circuit
suitable for RF applications. However, these stages did not cause to noise performance

degrading.

There is a tradeoff between the QF and SRF of the Als. A large input transistor is
needed for high-Q and high inductance value Al but a small input transistor is required
for high SRF Al. This idea became the main motivation to design the second Al with
ability to adjust its characterization independently. As it discussed before, input

transistor is very important regarding to Al characterizations. Cascoding input
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transistor gives the ability to adjust the first gyrator’s transconductance and input
parasitic capacitance independently. Furthermore, the inductance value can be
adjusted by other transistor’s transconductance. The RC feedback is utilized to cancel
the parasitic series-resistance of Al, which results in QF enhancement. Since, bias
condition of cascoding transistors is provided by a diode-connected transistor, the
proposed structure is robust in terms of performance over variation in process, voltage
and temperature. Reviewing the literatures proves that it is first time the properties of

Al can be independently adjusted without affecting each other.

The Noise of designed Als has limited the use of them in RF applications such as
LNAs. The main noise source of an Al is its input transistor. In order to have low noise
Al, the input transistor should be designed large enough. But it leads to low SRF which
limits the inductive frequency band. A new low-noise and low-loss Al was presented
as third Al circuit, which is suitable for RF low noise applications. Utilizing all
transistors in CS configuration on the Al circuit leads to low conductance nodes which
causes to high-Q Al. P-type MOS transistors and Feed-Forward Path (FFP) are

employed to decrease noise of the Al, respectively.

As a fourth Al circuit, floating version of low-loss GAI was designed in symmetric
configuration. Similar to the grounded type its properties can be tuned very easily by
changing its gyrators’ transconductance and load capacitance value. Four MRC stages
were employed to reduce its input/output nodes conductance. Table 5.1 compares pros
and cons of all designed Als in this thesis. Table 5.2 compares the designed Al circuits
with reported ones in the literature.
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Table 5.1 : Comparison pros and cons of designed Als.

<

g % Employed techniques Salient feature Disadvantage
S g

a <

2 GC MRC stage in input Low-loss Input voltage
c—; MRC stage in output High SRF (result of MRC  swing

o .

| stage location)

N

™

@ GC RC feedback Adjusting the properties of Noise

g Input transistor Cascoding Al independently

>

'-<3(‘ Decreasing the parasitic

™ components

™

» GC P-MOS Differential pair ~ Low noise Low-SRF
(2]

o transistors High-Q

2 FFP

-

<

(90

o> GC MRC stagesin Symmetric configuration Low-1BW
c

I input/output nodes Large area
",_; Symmetric configuration

o™

Based on Table 5.1, for each application a suitable designed Al can be selected. For

instance for LNA, low noise one is appropriate than the others. Among all newly

designed GAI, the adjustable properties are the best in term of Al characterization.

Because its parasitic components are diminished as much as possible and its properties

can be adjusted separately from each other regarding employed techniques.
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Table 5.2 : Comparison of designed Als with reported Als.

g S .S = = g Ng g %; E
8 « © & S 2 I LL g g S 2 2 I |
&8s I 238 & & & % gz 2k
3.2 0.18/1.8 13 0.3-11.2 112 1k 1 534.6 74 n.a.
3.3 0.18/1.8 216 0.3-11.3 113 21k 1 286.56 72 n.a
[64] 0.18/1.8 33 n.a. 33 36 na na. na
[68] 0.13/1.6 145 05-102 102 3k 136 3750 na. na
[41] 0.13/1.2 144 0.3-732 732 39% 1 n.a. na 35
Low-Noise Als
3.4 0.18/1.8 35 0.6-9.2 9.2 125k 13 475.44 68 15
[42] 0.09/1.2 165 0.6-3.8 38 120 12 na. na 12
[45] 0.18/1.8 43 0.645-6.3 6.3 1k 0.65 n.a. na 54
[141] 0.09/1 26 1.7-5.5 55 895 0.515 605 na. 36
Floating Als
3.5 0.18/1.8 284 0.1-6.2 6.2 567 2 934.4 69 n.a.
[57] 0.13/1.2 1.9 3.5 35 388 6.4 2600 na  na
[55] 0.18/1.8 33 4 4 68 3.6 810 na. na

[79] 0.35/3.3 12400 0.25-0.75 0.75 na 2  170x10° na. na

Table 5.2 can be devided to three groups as: 1) GAls (white), 2) low-noise GAI (gray),
3) Floating Al (darker gray). Among all presented GAls in Table 5.2, our designed Al
which is described in detail in section 3.3, has high performance in term of Al
charactrization. Futhermore, its properties such as SRF, QF and inductance value can

be adjusted independently. It has largest SRF and lowest area consumption.

Among second group’s GAls, which are suitable for low noise application, our
designed has best SRFand QF and its noise performance is the best among the circuits
which use 0.18 um technology. In other words, it can utilized in wider frequency
bandwidth applications. Above mentioned advantages are also valid for our designed
FAI according to the third group of FAIs in Table 5.2. Although the number of
transistores are increased, its power consumption is the one of the lowest. Its simmetric

configuration leads to low area consumtion compared to the other FAIS.
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Two applications are presented in the thesis to show the usability of our new Als. One
of them is the capacitive micro sensors which convert mechanical signals to small
capacitance variation. The capacitance variation in micro sensor is in the range of
femto-Farads which makes it difficult to sense. On the other hand, the Gyrator-C
topologies can convert a low capacitance variation to high impedance change which
makes it a good choice as interface circuits for capacitive sensors. In this thesis, a new
3-axis accelerometer with ability to cancel cross section sensitivity was designed. It is
first time in the litrerature that an accelerometer can measure all axis accelerations by
using one proof mass. The sensor’s electrodes were located in such a way that enables
the structure to detect acceleration in all axis independently. This is another new
contribution in designing sensors. Consequently, a new and accurate GC configuration
for sensing very small capacitance changes in a capacitive sensor was presented. In
the proposed configuration, the operating frequency range and SF can be adjusted
without affecting each other by tuning the bias currents. In addition, the proposed
configuration employs RC feedback and cascoding technigues to cancel the effect of

the parasitic components.

Finally, in order to show versatility of designed Als, they are used in designed third
and sixth order broadband microwave filters. The first one is a third order Chebyshev
low pass filter. The second one, which is designed by using simplified real frequency
technique is a sixth order Chebyshev band pass filter. The simulated frequency

response of filters prove the workability of the designed Als.

5.2 Scope of Future Works

Some points are suggested as future works, which can be probably improve the

performance of the designed circuits implementation and applications of Als.
e Design Al with high linearity
e Design Al with high dynamic range
e Other topologies to design Al suitable for RF applications

e GC network as a frequency dependent negative impedance

Gmi Gmi
NI = 11 s°C,C,=— 11 »’C,C,,
j

[1e, [1e,
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e Design of floating version of designed GAls
e Design Al with mutual inductance characterization
e Using designed Als in implementation of:

o transformers

o LNAs

o All kinds of filters

o Power dividers

o Matching networks

o Phase shifters

o VCOs

o Trans-impedance amplifiers
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