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IMPROVED RF CMOS ACTIVE INDUCTOR
WITH HIGH SELF RESONANT FREQUENCY

C. Andriesei, L. Gora
ETTI/Gh. Asachi” Technical University
lasi, Romania
candriesei@etc.tuiasi.ro

Abstract—Many architectures of transistor only simulatedapproximate

inductors (TOSI) have been proposed until now terditure.
Exhibiting tuning possibilities, low chip area amdfering
integration facility, they constitute promising hitectures to
replace passive inductors in RF circuits. An imgeh\CMOS
active inductor topology is proposed in this papéfith a
novel loss compensation scheme, frequency incngase 1.1
GHz (30%-66%) of the inductor self resonant freqyers
achieved in the frequency band 1.5-3.3 GHz withdaguality
factors and very low current consumption. Besidesnore
accurate passive model is proposed for CMOS TOS$Veac
inductors and tested for this particular topolo@gnsisting of
four parallel branches, it is still second ordeerevthough it
contains three conservative elements. The modslfficient
general and proves superior performances over [Hesical
RLC model mainly for higher frequencies. The sintiolas
were carried out in a 0.18 um CMOS process.

Keywords-active filter; circuit modeling; CMOS; gyrators;
negative capacitor

. INTRODUCTION
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the resonant frequency accurately, ngivi
significant errors for higher frequencies in the Gddmain.

This article is organized as follows. First, a maceurate
TOSI passive model is proposed and discussed partacular
CMOS TOSI architecture in  Section Il. Frequency
enhancement technique with negative capacitancappbed
to the same inductor and studied in Section I[Im@ation
results are reported in Section IV while conclusioare
presented in the last Section.

II.  PrROPOSEDRLC MODELFORTOSI

The simulated inductor [2] studied in our reseaish
presented in Fig. 1a together with the RLC modéj.(Eb),
generally adopted in literature for TOSI architeetu[3-8].
The gyration function is implemented by transistdvk
(inverting stage) and M(non—inverting transconductor) while
a current source, is used for biasing purpose. In other words,
only three transistors are necessary to emulateinghector
behavior, therefore making this active inductotahle for low
power and small chip area RF devices. Furthermtre,
inductor input impedance ;Z is computed (1-2) and
synthesized as obtained in Fig. 1c), the bulk éfieeing
neglected.

Various CMOS TOSI architectures have been proposed

during the last two decades, covering a wide ranfe
applications: RF bandpass filters [1-3], (RF/basdpa
amplifiers [4-5], current or voltage oscillators-f§ and even
frequency dividers [8].

TOSI architectures basically consist of a capasliiv
loaded gyrator made of several transistors, tylyicaho,
loaded by the parasitic capacitor of one transisitie main
advantages of these capacitorless entirely actinilated
inductors over on—chip passive inductors are ldigosi area
and frequency and quality factor tuning possibilitghile
current consumption, noise and nonlinearity are ith&in
drawbacks. Inductor losses can be reduced by wsiractors
[3], one negative resistance or even two [9].

The only equivalent model reported so far in litera for
TOSI is the lossy LC parallel resonant circuit. Ewbough
such model contains approximations, only gate tarcs
capacitors being taken into account by the authbis,good
enough in applications where the inductive behawioly is
exploited (LNAs). However, for voltage controlledaillators
(VCO) or bandpass filters where the self resonaagjufency is
of utmost importance, this classical RLC model does
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Figure 1. CMOS simulated inductor and equivalent passive mode
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As it can be noticed, the input impedance is atfancof
transistor trans—conductances (gml, gm2), parasapacitors
(Cgs1, Cgs2) and output resistances (rds=1/gds).

In order to obtain a more accurate equivalent passi
model, several steps must be followed, as presémteinafter.
First, it's important to notice that the TOSI ecalent passive
model is obtained through a non—canonical decortipnsof
the input admittance (or impedance). In additidie key in
finding a more realistic RLC model is to synthesiae input
admittance function without any approximation.

Taking into account (1) and synthesizing the inpu

admittance, after rearranging the terms in (1) lsat the
parasitic parallel resistor ,Rand capacitor Care obtained, a
first order expression in the form (as+b)/(cs+d)oi#ained.
This factor naturally appears during the fracti@ea@mposition
and the model accuracy is strictly dependent osyitshesis. A
common way, reported in several previous papersctwhi
focused on the model, is to approximate this terith w
b/(cs+d). However, as our simulations showed,
approximation affects the model accuracy, offeraagnuch
more simplified and not realistic RLC passive modedhinly
for RF design. The methodology we propose in ourkwo
consists in a further decomposition of the firgteasrexpression
as presented below (3):

as+b= as b _ 1 1 _ 1 1 @
cs+d cs+d cs+d cs+d cs+d c 1 c_.d
as b a ag b b
d

Since all fraction terms (a, b, ¢, d) are nonzaro dny
active inductor and the model obtained this wayp ise used at
higher frequencies in GHz domain, this decompasit®) is
valid and reveals two series branches (RC and Rhhected
in parallel.

this

Thus, it is well known that two different MOSFET duds are
currently developed [10]:

a) a capacitor model which considers
capacitors network for transistor;

b) charge based model, making using

capacitances and considering capacitors as
elements.

reciprocal

of trans-
noproeail

These models offer different results but as stated
several RF books, the second model gives bettedtsefor
GHz frequencies, up to 30% of the cut-off frequency
Excepting [3] where transcapacitances were taketo in
account, all references studying active inductersehused the
capacitor model only even if the inductors wereiglesd at
higher frequencies. Since our inductor model isettgyed for
GHz frequencies where significant errors are exkcthe
case b) is taken into consideration during ouraegdeand this
represents also the third step in finding a mouste TOSI
passive model. Consequently, in the previous foaml),
%total node capacitances — C(1), C(2), including,C2gd, Css,
are considered instead of node to node capacitaftegs,
Cgd, Cgb). This means that the gate to source tapaes are
replaced with nodal capacitances in (2) and (3)ctvhiave
adequate values. Moreover, since most TOSI cordtgns
have no floating parasitic capacitors, as the itmustudied in
this work, the use of the second model is advisable
The final model proposed for TOSI architectureshwit
input impedance of second order as described by) (-
presented in Fig. 2.
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Figure 2. Proposed RLC model for CMOS active inductors

For further improvement of the model accuracy, all

transistor parameters must be considered when dorgpthe
TOSI input impedance, including,gand current source output
resistance. This is the second step and currehtyimput
admittance can be expressed as it follows (4), evi@yis the
sum of Gz, Gnbz @Nd Gs2

Y(9)= Cpe + i : @
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A good matching between theory and practice whil
studying the RF behavior of MOSFET transistors ordy
achieved by using a suitable small signal MOSFERdistor
model. In addition, the key element which sets fthgquency
response is represented by the transistor parasipacitors.

e

Compared to the classical RLC model, our proposes o
contains a supplementary RC series branch (théhfarallel
one) which apparently raises the order of the dircuthree.
However, since the synthesized circuit is not canoe., there
is a pole/zero cancellation explained by the depeciés
between the inductive and capacitive branches peteags) the
model order remains two. Since this model can h#iegp to
any active inductor having the same input
impedance/admittance and all TOSIs implemented ith
transistors and having no floating parasitic capegi are
characterized by (1-2), the model is sufficientegah This
proposed model is validated by simulations, as shamw
Section 4. The utility of this proposed model residn the
theoretical accurate estimation of the simulatedudtor
parasitic elements and self resonant frequencyalliginthis
“improved” model proves that a transistor only skated



inductor is much more than a simple RLC resona#w,
considered until now.

Ill.  IMPROVEDACTIVE INDUCTOR

Like any CMOS TOSI, the active inductor studied \abo
has a very small quality factor. This is the reasdmny a
compensation scheme must be used in order to dectba
intrinsic losses at the frequency of interest. Ttast common
compensation method for VCOs and active inductorssists
in using negative resistances, implemented with tr@ss—
coupled transistors. In the most applications, tiegative
resistance is dc coupled therefore negatively ahgnghe
inductor biasing. In addition to a larger qualicfor, obtained
by connecting a negative resistance to an actigkicior,
always the self resonant frequency decreases Wigleuality
factor increases. However, as reported in [1dF fiossible to
increase the self resonant frequency while usingegative
resistance but only in conjunction with a suppletagn
positive gate resistance.

In this paper, a novel compensation scheme is gegpto
active inductors, particularly for the basic cdlban in Fig. 1,
considered in differential topology (Fig. 3).
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Figure 3. Active inductor with negative capacitance

Basically, it consists of a dc decoupled negatesistance,
as previously used and described in [12] but impdon such

way that it acts as a more general negative impmran

converter. Thus, a small supplementary positiveaciqr is
connected between the sources of the cross cotrplesistors,
easy to implement practically by means of layolierEfore, a
negative capacitor must be seen by the active todut its
inputs. The use of negative capacitors togetheh aittive
inductors, as we propose in this communicationjsaiges the
increase of inductor self resonant frequency withsitve
effects upon its frequency capability. No extra pemsation
scheme is required to increase the inductor quiitor since
the negative capacitor already includes a negadisistance, as

stated by (5), where gfs) represents the negative resistanc

input impedance.

ZnedS)= —2/gn — 1/sG (5)

Consequently, the active inductor will see at thput a
negative resistance of valug.R= — 2/g, in series with a
negative capacitance whose value is given by
supplementary shunt capacitor JC Therefore, a double
compensation is effectively implemented with a Eregheme,
an increase of the both self resonant frequency iahdctor
quality factor being expected. The positive resalte shown
in the following Section.

IV. SIMULATION RESULTS

For testing our proposed passive model (Fig. 2 ,atttive
inductor shown in Fig. la was biased at four déffer
frequencies in the GHz domain. All transistor paeters were
extracted and used to compute the both equivale@tiiRodels
(classical and the proposed one). Finally, the uesgy
response of these three circuits was comparedsifingations
showed a good matching between the results offeyedur

the

proposed model and the behavior of the real inducto

implemented with transistor and modeled. Theseltesue
further presented in Fig. 4.
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Figure 4. Frequency behavior comparison for the CMOS actidector,
RLC classical model proposed RLC model

Regarding the improved inductor architecture, it \Wwased
at three resonant frequencies (1.5 GHz, 2.34 GHY &8
GHz). Although a decrease of the self resonantugaqy is
expected due to the cross coupled transistors iperathe
negative capacitor compensates these parasitics
consequently higher frequencies are obtained. Tluus,
simulations showed a frequency increase of 1.1 @&zhe
resonant frequency of 2.34 GHz, while about 1 GHz
obtained for the first and third cases. Large dquddictors are
obtained for each frequency and particularly widrywsmall
current consumption (< 350 pA). The current condiongs at
least halved compared to the case of using negagsistances
only.

An interesting aspect is that, besides frequencyease,
this compensation method has relaxed constraintse sbne
capacitor is enough for all three simulations (ED While the

®urrent through the negative resistance is almosstant (~

134 pA). In other words, the method is insensitieethe
quality factor tuning at different frequencies. Biys
performances, this compensation scheme is suptridhat

and



proposed in [12]. In any case, higher current contion is
expected if high linearity, low noise and impedant&tching

are required for the final filter shown in Fig. 3.

The Simulation Results are illustrated in Figureg.5All

simulations were carried out in a 0.18 um CMOS essc
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Figure 5. Frequency increase of 1GHz atE.57 GHz with compensation
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Figure 7. Frequency increase of 1 GHz atB.30 GHz with compensation

CONCLUSIONS

A more accurate equivalent RLC passive model has be
proposed for CMOS transistor only simulated indigtd@he

new model

has four branches but is still seconderord

Simulations have showed good accuracy for this qsegp
method, almost perfect matching between the frecjasn
results of the proposed model and the active imduiseing
noticed. In addition, a novel compensation schemag applied
to the same active inductor consisting of a moreegsd
negative impedance converter. A supplementary &equ
increase of 1.1 GHz was obtained in the frequeatoge 1.5

GHz .

.. 3.3 GHz, with a maximum current consumpti6éB8%0

MA. High quality factors are obtained with this qmamsation
scheme but careful design must be applied to at@ctircuit
instability.
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