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Abstract

Ιν τηις παπερ, ωε δεσιγν ανδ σιμυλατε σινγλε ενδεδ ὃλπιττς Οσςιλλατορ (῝Ο) ιν ιντεγερ ανδ φραςτιοναλ

ορδερ δομαινς. Τηε οσςιλλατορς αρε ρεαλιζεδ ιν 32 νμ νοδε ςονvεντιοναλ ΜΟΣΦΕΤ ανδ ςαρβον νανοτυβε

φιελδ εφφεςτ τρανσιστορς (῝ΝΤΦΕΤ) τεςηνολογιες. Τηερεφορε, φουρ ῝Ος ηαvε βεεν δεσιγνεδ, σιμυλατεδ

ανδ ριγορουσλψ ςομπαρεδ. Τηεσε ινςλυδε ιντεγερ ορδερ ςονvεντιοναλ ΜΟΣΦΕΤ βασεδ ῝Ο, φραςτιοναλ

ορδερ ΜΟΣΦΕΤ βασεδ ῝Ο, ῝ΝΤΦΕΤ βασεδ ιντεγερ ορδερ ῝Ο ανδ ῝ΝΤΦΕΤ βασεδ φραςτιοναλ ορδερ ῝Ο,

αλλ βασεδ ον 32 νμ τεςηνολογψ νοδες. Τηε φραςτιοναλ ορδερ αππροαςη ηας βεεν υσεδ ας ιτ ρεσυλτς ιν

βεττερ ςοντρολ οvερ τηε πηασε ανδ φρεχυενςψ οφ τηε οσςιλλατορ. Ηερειν φραςτιοναλ ορδερ ςαπαςιτορς

οφ vαριους ορδερς, υσεδ ιν ρεαλιζινγ τηε φραςτιοναλ ορδερ ῝Ος, αρε ρεαλιζεδ ανδ τηειρ φρεχυενςψ

ρεσπονσες αρε στυδιεδ. Τηις ις βεινγ δονε το ενσυρε ωηετηερ τηε δεσιγνεδ πσευδο-ςαπαςιτανςες

ηαvε φραςτιοναλ βεηαvιορ ορ νοτ ιν τηε δεσιρεδ φρεχυενςψ ανδ πηασε σπεςτρυμ. Ιτ ηας βεεν οβσερvεδ

τηατ τηε vαριατιον οφ φραςτιοναλ ορδερ (α) φρομ 0.4 το 0.81 ηας ρεσυλτεδ ιν α σλιγητ ρεδυςτιον οφ

οσςιλλατιον φρεχυενςψ φρομ 1.68ΓΗζ (α=0.4) το 1.351ΓΗζ (α=0.81) κεεπινγ τηε πσευδο-ςαπαςιτανςε

σαμε ατ 0.3νΦ ιν ΜΟΣ βασεδ τοπολογψ. Φυρτηερ, ῝ΝΤΦΕΤ βασεδ ιντεγερ ορδερ ας ωελλ ας φραςτιοναλ

ορδερ ῝Ος ηαvε βεεν δεσιγνεδ το αδδρεσς τηε ποωερ ςονσυμπτιον ανδ τηε ςομπλεξιτψ ισσυες οφ τηε

φραςτιοναλ ορδερ ῝Ος. Τηε ῝ΝΤΦΕΤ βασεδ φραςτιοναλ ορδερ ῝Ο ρεταινς τηε αδvανταγες οφ φραςτιοναλ

ορδερ δομαιν ας ωελλ ας ποωερ εφφιςιενςψ οφ ῝ΝΤΦΕΤς. Φυρτηερμορε, ιτ ηας βεεν οβσερvεδ τηατ

ιντεγρατινγ φραςτιοναλ ορδερ ςαπαςιτορ (ΦΟ῝) ωιτη τηε ῝ΝΤΦΕΤ ῝Ο ρεσυλτς ιν μυςη λαργερ ςονσταντ

πηασε ζονε (῝ΠΖ), αν ιμπορταντ περφορμανςε μεασυρινγ παραμετερ. Α ριγορους ςομπαρατιvε αναλψσις

οφ τηε φουρ ῝Ος δεσιγνεδ ιν τηις ωορκ ηας βεεν περφορμεδ.

Ankita Bhatt1,2 and *Sajad A Loan2

1Electronics and Communication Engineering, Birla Institute of Technology and Science, Pilani India

2Electronics and Communication Engineering, Jamia Millia Islamia New Delhi, India Corresponding author
email: *sloan@jmi.ac.in

Abstract — In this paper, we design and simulate single ended Colpitts Oscillator (CO) in integer and
fractional order domains. The oscillators are realized in 32 nm node conventional MOSFET and carbon
nanotube field effect transistors (CNTFET) technologies. Therefore, four COs have been designed, simulated
and rigorously compared. These include integer order conventional MOSFET based CO, fractional order
MOSFET based CO, CNTFET based integer order CO and CNTFET based fractional order CO, all based
on 32 nm technology nodes. The fractional order approach has been used as it results in better control
over the phase and frequency of the oscillator. Herein fractional order capacitors of various orders, used in
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realizing the fractional order COs, are realized and their frequency responses are studied. This is being done
to ensure whether the designed pseudo-capacitances have fractional behavior or not in the desired frequency
and phase spectrum. It has been observed that the variation of fractional order (α) from 0.4 to 0.81 has
resulted in a slight reduction of oscillation frequency from 1.68GHz (α=0.4) to 1.351GHz (α=0.81) keeping
the pseudo-capacitance same at 0.3nF in MOS based topology. Further, CNTFET based integer order as
well as fractional order COs have been designed to address the power consumption and the complexity issues
of the fractional order COs. The CNTFET based fractional order CO retains the advantages of fractional
order domain as well as power efficiency of CNTFETs. Furthermore, it has been observed that integrating
fractional order capacitor (FOC) with the CNTFET CO results in much larger constant phase zone (CPZ),
an important performance measuring parameter. A rigorous comparative analysis of the four COs designed
in this work has been performed.

Index Terms : CNTFET, Fractional circuit, Oscillators, SPICE.

INTRODUCTION

Oscillator circuits produce continuous and periodic sinusoidal waveforms of a particular frequency and work
on the concept of positive feedback. The active elements like transistors, operational amplifiers, MOSFET
etc. are used to provide the loop gain, however, the passive networks (including the tank circuit) yields
positive feedback. Whenever the oscillator is excited by a dc source it responds by a steady state signal.
The designing of oscillators is classified into families based upon the kind and number of memory elements
in use [1-2]. The Colpitts oscillator (CO) family is one wherein the tank circuit has two capacitances and
one inductor coil. It is employed for high frequency applications and is a preferred topology since it is simple
and devoid of mutual inductance effects present between two inductors as in the case of Hartley oscillator
[3-4]. Oscillators are mostly realized by integer order elements; however, recently researchers have shown
a lot of interest in fractional order elements, like fractional order inductors and capacitors, due to various
advantages of fractional order elements (FOE). Fractional order circuits have been found to be more accurate
in reproducing the behavior of physical processes than the conventional integer order systems. Modeling
examples have been found in rheology, mechanics, chemistry, physics, bioengineering, robotics and many
scientific fields [5-8]. Fractance devices provide an additional degree of control over phase and frequency
response due to the presence of fractional order, α. Fractional order, α gives an extra freedom due to which
higher order systems can be represented using fewer coefficients. The fractional order capacitors (FOC)
and fractional order inductors (FOI) are very important elements for fractional circuitry and are known
to behave like constant phase elements (CPE). Over wide range of frequency the phase characteristics of
systems designed using fractional elements is known to be constant, thus generating constant phase zones
(CPZ). Mathematically, for an ideal resistor, capacitor and inductor, α is ‘0’, ‘1’ and ‘-1’ respectively. For
a fractional order element, α ranges from -1 to 1 and the magnitude of impedance varies with frequency
according to α. However, the realization of fractional elements using passive RC ladder circuitry results
in increased circuit complexity, more power consumption and noise compared to the conventional integer
order counterparts. Therefore, there is an immediate need to address the issues of complexity and power
consumption in fractional order circuitry to retain its advantages [9-11,14-18]. The use of conventional
complementary metal oxide semiconductor (CMOS) technology to realize FOC is a good choice, as it is well
known for low power consumption, large noise margin (NM), large packing density etc. However, CMOS
technology has its own limitations, particularly when scaled below 22 nm technology node. The MOS devices
face severe short channel effects, gate oxide tunneling, increase in leakage, increase in sensitivity to process
variations in integrated circuit manufacturing and increased fabrication cost [12-13]. Therefore, the need of
the hour is to have new devices which can replace the existing silicon MOSFET, with clear-cut advantages
and enabling efficiently new low cost applications. Carbon nanotube field effect transistor (CNTFET) is
considered as a future device with extra ordinary properties due to the presence of CNTs in its channel. A
CNTFET has large mobility, large transconductance (gm) due to the ballistic transport property in CNTs,
low intrinsic capacitance, near ideal subthreshold slope (SS) and its CV/I performance is 13× higher than

2
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the bulk MOSFET [19-31].

In this paper, we design and simulate four types of Colpitts oscillators based on multiple technologies and
compared their performances. These include integer order conventional MOSFET based CO, fractional order
MOSFET based CO, CNTFET based integer order CO and CNTFET based fractional order CO, all based
on 32 nm technology nodes. A rigorous comparative analysis of the key performance measuring parameters
has been done for all the circuits. The LC oscillators used in the COs are characterized by their tank
circuits. Herein, both the integer order capacitors and the fractional order based pseudo-capacitors have
been used for modelling the tank circuits. In conventional oscillators the oscillation frequency depends upon
the RC/LC time constant values, however, in the case of fractional order oscillators it further depends on
α, thus providing a greater control and more design freedom. A rigorous simulation study and comparative
analysis of the four designed COs have been done. It has been observed that the CNTFET fractional order
CO has shown significant improvement in performance measuring parameters, like power consumption, larger
constant phase zone, apart from the advantages of being fractional order. The fractional topology provides
precise control over phase and frequency of oscillatory output. To the best of our knowledge, this is the
first work where CNTFET based CO, both integer and fractional order, has been designed, simulated and
compared.

The paper is divided into VII sections. Section I gives introduction. Section II describes the details about
CNTFET. Section III explains the fractional order circuitry. Section IV gives insights on the designing of
the fractional order topology. Section V lists the proposed oscillator topologies and there analysis Section
VI gives the noise analysis of the CO’s. Section VII concludes the paper.

Carbon Nanotube Field Effect Transistors

CNTs are graphene nano thickness sheets rolled into tubes, considered as the fourth allotropic form of
carbon, along with the original three, coal, graphite and diamond. They have unique electrical, mechanical,
semiconducting properties and exist in two forms; single wall (SW) and wall in a wall structure, called as
multiwall (MW), as shown in Figure 1 [19-21]. Sumio Iijima of Japan discovered multiwall (MW) CNT in
1991, followed by single wall CNT in 1993 along with Donald Bethune (independently) [19]. CNTs show
both metallic and semiconducting properties (depending on their chirality or chirality vector), have length in
few micrometer and diameter ranging from <1 nm to 50 nm. They are the best thermal conductors (better
than diamond), have tensile strength 102 × more than that of steel, can have a current density of 103 × than
Cu (109A/cm2). CNT based field effect transistor (CNTFET) is an important application of CNTs and the
first CNTFET is fabricated by S. J. Trans et. al. [21], as shown in Figure 1. Because of the presence of CNT
based channel in a CNTFET, it has a capability to outshine conventional MOSFET in future. The CV/I
characteristics of a CNTFET is ˜13× higher than that of a conventional n-MOSFET [20-25].

3



P
os

te
d

on
29

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

33
10

51
.1

08
00

49
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 1: Schematics of SWCNT, MWCNT and a CNTFET

Figure 1 shows the schematics of SW-CNT, MW-CNT and a CNTFET. In this work, 32nm technology node
n-type CNTFETs with 1V operating voltage, have been used in the CNTFET based CO circuitry, using
HSPICE. Further, Verilog-A Stanford model for CNTFET and BSIMv4.6.1 Berkeley Predictive Technology
(BPT) for the conventional MOSFET have been used in the simulation study [20, 21-25]. The various
CNT parameters used in the simulations include dielectric constant of 16, CNT-diameter (DCNT) of 1.5 nm,
inter-CNT pitch (S)-20 nm, threshold voltage (VTH) of 0.49 and the chiral vectors (19,0).

Fractional Calculus Background

The design of analog electronic circuits is based on implementing mathematical operations using the compo-
nents, like ideal resistor, inductor and capacitor as linear elements. These elements correspond to well-known
operations in calculus and therefore are used to realize differential equations of any integer order [9-11]. Real
electronic components depart from the ideal behavior and the extent of this departure is expressed in terms
of the Q (quality) factor which accounts for these issues. The ideal network components provide a fixed phase
shift to all frequencies which pass through them, but all real components show parasitic impedances which
cause the phase difference to change with the frequency of the signal passing through them. A fractional
impedance or fractance is an impedance whose Laplace transform has a fractional order of the form ZF FRAC
(s, α) = 1 F.sα. Fractional order elements provide a fixed phase shift over a wide range of frequencies and a
slope of -20α dB per decade on Bode plot. By manipulating the order of the fractional element, a component
which provides a custom phase shift over a wide frequency range can be created. This new found freedom to
control the magnitude and phase of a network independently has already proven useful in modelling systems
where cumbersome integer order models are required to reap the benefit provided by simpler fractional order
models. Several complex systems also lend themselves to fractional order analysis for better understanding
[11-14]. An LC circuit containing a fractional order circuit exhibits a low roll-off of phase response while the
magnitude rolls off at a much gentler rate. A fractional order LC circuit can therefore reject out of band
noise, leading to lower jitter noise than non-harmonic oscillators. This gives the impression of a much lower
Q factor in the phase response than what is apparent in the magnitude response. Fractional calculus (FC)
has been there since the time of well-known integral calculus (IC). However, fractional calculus progressed
slowly due to the lack of tools, definitions and complexity [1-5]. Fractional Order differential equations were
first postulated by Leibniz as a curiosity which might lead to greater insight later [32-34]. Examples of
fractional order impedances occur in biological samples whenever a fractal structure exists and power law
diffusion occurs. Fractional order capacitors have been artificially made by using super-capacitors, active
impedance generators; fractal design patches deposited on silicon and carbon nanotube epoxy devices [9],
[17], [11], [18].

Realizing Fractional Capacitor for the Proposed Oscillator De-
signing

The work on realizing the fractional order capacitors is going on since decades [7-9], however, still they are
not available on a commercial scale. Various approximation techniques are being considered to depict the
fractional characteristics in a circuit. For a fractional capacitor, the impedance can be represented as:

Z (jw) =
1

C(jw)
α

Z (s = jw) =
1

Csα

4
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This expression has a constant phase which equals to (–απ/2) and is dependent upon α, the fractional
order. Therefore a close optimization network is required to be designed that closely mimics this behavior.
Fractional order capacitors are approximated by using a geometrically progressive RC ladder structure.
These structures are used to implement tank circuits with low phase shift and are used to create fractional
order oscillators. The LC circuits built using these capacitors are tested using AC sweeps in order to create
Bode plots and verify fractional order reactance [32]. The only drawback is that the huge network comprising
of R and C of different values tends to increase the economic cost and space occupied by these ladder circuits.

Figure 2 : (a) Single stage RC tree. (b) Equivalent RC tree for fractional order capacitor of any order [8,
16].

Figure 2(a) represents a single stage RC ladder structure for designing a pseudo-capacitance of a particular
fractional order(α) and figure 2(b) shows an equivalent RC tree formed by cascading many such individual
single stage RC networks as in figure 2(a) for better approximations of frequency and phase over a particular
frequency range.

RC Ladder component values generation.

Fractional order capacitors are generated for various orders; both fractance and their frequency response
curves are studied herewith. This is done to ensure whether the designed pseudo-capacitances have fractional
behavior or not in a desired frequency and phase spectrum. Figure 3 depicts a RC ladder of n equivalent
stages. The values of resistors and capacitors of the progressive ladder structure vary based on the fractional
order, α, for which the fractance has been designed (keeping the pseudo-capacitance value same). Keeping
the fractance value same, magnitude curves have been plotted for different fractional orders, α ranging from
0.2 to 0.9, as can be seen in Figure 4. The simulated R and C values for the ladder network have also been
taken for various fractional orders ranging from, α=0.2 to α=0.9. Table 1 depicts the ladder values for same
fractance, F=10n, at different order, α varying from 0.2 to 0.9. Although, the pseudo-capacitance is same,
that is F=10n, the design using different fractional order α offers different properties to the fractance device.
FOCs offer a unique phase and frequency control by changing α, keeping the magnitude fixed.

5
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Figure 3: RC Ladder component values generation.

Figure 4: Magnitude response of approximated fractional capacitor with different orders.

The phase response for the designed FOC of value F=10n has been shown in Figure 5. It shows that
with the change in order ‘α’, the phase response curve changes even though the magnitude of the designed
fractance remains the same. Large ripple value has been obtained for the fractional order α=0.3 over the
entire frequency spectrum. The R and C values generated for order, α=0.3 doesn’t generate a constant phase
zone over the designed range for magnitude 10n, as depicted in Figure 5. As can be seen a lot of ripples are
obtained in the frequency spectrum ranging from 100MHz to 100GHz. This is the reason that the simulated
FOC of order α=0.3 has not been used in the design and analysis of CO in this work.

Table I: Fractional order RC ladder component values with same Fractance F=10n

a 0.2 0.2 0.3 0.3 0.5 0.5 0.7 0.7 0.9 0.9
Element R C R C R C R C R C
1 1648791.84 5.07E-14 490150.24 2.13E-13 38099.04 4.40E-12 3054.87 9.47E-11 272.32 2.14E-09
2 1294593.47 6.46E-14 364255.29 2.86E-13 24449.62 6.86E-12 1536.94 1.88E-10 75.76 7.68E-09
3 937097 1.77E-14 219432.22 8.77E-14 9503.63 2.67E-12 320.24 9.61E-11 4.13 5.56E-09
4 678321.66 4.87E-15 132188.89 2.69E-14 3694.09 1.04E-12 66.72 4.91E-11 0.23 4.02E-09
5 491006.02 1.34E-15 79632.34 8.24E-15 1435.9 4.03E-13 13.9 2.51E-11 0.01 2.91E-09
6 355416.8 3.67E-16 47971.58 2.53E-15 558.14 1.57E-13 2.9 1.28E-11 0 2.11E-09
7 257269.97 1.01E-16 28898.72 7.74E-16 216.95 6.09E-14 0.6 6.53E-12 1.83E-05 3.05E-09
8 186225.96 2.77E-17 17408.97 2.37E-16 84.33 2.37E-14 0.06 6.67E-12 6.87E-07
9 134800.46 7.60E-18 12465.67 1.45E-16 16.39 1.84E-14 0.02

6
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10 48787.94 4.17E-18 5243.7 13.48
11 2185.17

Figure 5: Phase response for different orders.

Figure 6: Magnitude curves of various fractance at the same order (α=0.5)

Figure 6 shows the magnitude response plotted for different fractional capacitors for the same fractional
order α=0.5. It has been observed that larger the magnitude of pseudo-capacitance, greater is the phase (in
degrees) obtained. For values less than 100n the phase response values are too low to be plotted, as shown
in Figure 7

7
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Figure 7: Phase curves for different FOC’s at identical α.

Proposed Oscillator Topologies

A Colpitts oscillator (CO) is made up of an amplifier and a feedback network, consisting of an inductor and
two capacitors. The feedback network is employed to direct a portion of the output signal back to the input
through one of the reactive elements. Usage of feedback network provides both the frequency selection and
signal reinforcement (positive feedback). For a CO, the oscillation frequency is dependent on its tank circuit
elements L and the capacitive divider circuit, as given below.

fosc = 1
2π

√
LCt

andCt = C1 C2
C1+C2

The MOS based o8oscillator can be analyzed by using its tap ratio that is given by:

n = 1 +
C2

C1

Integer order Colpitts Oscillator

Initially, in this work, we design and simulate a conventional MOSFET (32 nm technology node) based single
ended CO, as shown in Figure 8. In simulations a 32nm PTM model of MOSFET (L=32 nm and W=180
nm) has been used, along with RL=1k, C1=C2=0.3n and Ibias=5mA. The value of inductor has been varied
(keeping other parameters same) to check its effect on the oscillation frequency. The oscillation frequency is
1.2GHz for L=100p and 13.11 GHz for L=1p. Scaling down one of the elements of the tank circuit has a huge
impact on its circuit oscillation frequency. On performing the transient analysis with both L=100pH and
L=1pH, decaying oscillations can be observed with peak at approximately 0.999 Volts, as shown in Figure
9(a,b).
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Figure 8: Conventional MOSFET based CO (32nm node)

Figure 9: Transient analysis of integer order CO with (a) L=100p and (b) L=1p.

After the transient analysis, AC analysis has been performed. The AC analysis involves computing the AC
complex node voltages as a function of frequency using an independent voltage or current source as the
driving signal. For this a dc voltage source (Vdc=1V) is employed to provide excitation to the oscillator.
This gives the small signal analysis results with variation of magnitude as frequency varies.
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Figure 10: Bode plot for integer order CO with (a) L=100pH and (b) L=1pH.

Figure 10 shows the Bode plot, showing both the phase and magnitude, for the integer order CO with
different Ls, L=100pH and 1pH. At the intersection of magnitude and phase plots, the x-axis gives the
frequency of oscillation, as can be seen in Figure 10 (a,b). However, with conventional integer order CO
the oscillation frequency for the same set of parameters remains fixed. Both magnitude and phase curves
follow a conventional pattern at certain values of circuit parameters. This led to the replacement of integer
order theory with robust fractional order theory. Fractional order elements allow efficient control over phase,
magnitude and frequency of the designed circuit. Keeping the component values same and varying the
fractional order α generates different results. This allows more design freedom and captures the real analysis
paradigm since most of the things have a fractional chaotic behavior.

Fractional order MOSFET based Colpitts Oscillator

Fractional circuit can be designed by replacing one or more capacitors with fractance devices of known value
and a certain fractional order, α.
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Figure 11: Conventional MOSFET based Fractional order CO.

Figure 12 shows the schematic of the proposed MOSFET based fractional order CO employing one FOC.
The tap ratio remains fixed to 2 (C1=C2). Herein, C1 of integer value 0.3n has been replaced by a pseudo-
capacitance of the same value with different fractional orders, α. At different fractional orders, the AC
response curves of FOC (0.3nF s1-α, α=fractional order) have been obtained. This is done to ensure that the
simulated FOCs of value 0.3nF are depicting fractional behavior in a given frequency domain. Progressive RC
ladder structures have been used for the designing of fractional capacitors. The component values achieved
by simulation via MATLAB for few orders (F=0.3n) have been listed in Table II.

Table II: Values of RC ladder components for various orders.

α =0.4 α =0.4 α =0.52 α =0.52 α =0.73 α =0.73

R C R C R C
E5 E-13 E5 E-13 E4 E-11
8.7135 0.170 3.031 0.5811 1.2927 0.245
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α =0.4 α =0.4 α =0.52 α =0.52 α =0.73 α =0.73

5.8358 0.253 1.912 0.9225 0.616 0.514
2.5604 0.092 0.706 0.3678 0.113 0.274
1.1233 0.033 0.260 0.1466 0.0208 0.146
0.4929 0.012 0.096 0.0585 0.0038 0.078
0.2162 0.0045 0.035 0.0233 0.007 0.041
0.0949 0.0017 0.013 0.0093 0.001 0.044
0.0208 0.0012 0.002 0.0074 0.000
0.0222 0.0018

Figure 12: AC responses of pseudo-capacitance 0.3n for different α.

The designing of FOCs is validated by the presence of their constant phase zones (CPZ). It has been observed
that the fractance devices show constant or near constant behavior in terms of phase shift for the entire
frequency band [32]. Figure 12 shows the constant phase zones of pseudo-capacitance 0.3n for orders 0.45,
0.52, 0,67 and 0.74. The plots show that other than a small ripple zone, the phase remains constant over
most part of the frequency spectrum. The CO with C1=C2=0.3n in the integer domain gave oscillation
frequency of 1.2GHz (simulated) with 100pH inductor. However, the same value of pseudo-capacitance, i.e.
0.3n with fractional order 0.4 results in a transient of oscillation frequency 1.7GHz. Further, by varying α
with the same numerical value of capacitance generates plots of different frequency, thereby offering an extra
degree of freedom in fractional calculus.

Figure 13: Transient analysis for the fractional order MOS based CO with (a) α=0.4 and (b) for other values
of α.

.

On varying the fractional order α, from 0.4 to 0.81, there is a change in the transient characteristics as depicted
in Figure 13. Furthermore, the Fast Fourier Transform (FFT) analysis for different fractional orders has

12
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been performed to get the frequency content information, as shown in Figure 14. The FFT converts a signal
into its individual spectral components and thus provides the signals frequency information.

Figure 14: The FFT plots for different fractional orders.

On analyzing the FFT plots, it has been observed that the oscillation frequency tends to decrease slightly on
increasing the fractional order, being 1.68 GHz at α=0.4 and 1.351 GHz at α=0.81. Since the capacitor being
fractional of order α in the CO design, it results in a 2+α circuitry. The designed fractional order CO has
an order in the range 2<α<3. If both the capacitors are replaced by FOCs of different orders it enables us
to have a greater degree of freedom. The replacement by a higher order FOC increases the system accuracy,
thus higher order systems in fractional domain are being considered.

Figure 15: Different orders fractional capacitances.

In Figure 15, the two capacitors have been replaced by FOCs of different order. This results in C1=0.3n
s-0.19 and C2=C3= 0.3 s-0.38 :

n = 1 +
C2 + C3

C1

n = 1 +
0.6

0.3

n = 3

A higher tap ratio implies a greater feedback fraction in the oscillator design. For the CO with different
order FOCs, an analysis of transient characteristics is performed by varying the inductor values, as shown
in Figure 16.
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Figure 16: Variation of transient response of fractional order MOS based CO with component resizing (Two
fractance devices).

On resizing the value of inductor from 1pH to 100pH, it can be seen from the transient analysis that the
frequency tends to decrease for larger value of inductor L. The peak voltage value also tends to reduce on
using two fractance devices of different orders compared to one FOC as in Figure 9. If tap ratio (n=2) is used
for C1=C2=0.3n for order, α=0.67 the MOS oscillator oscillates at 1.5GHz as in bode plot representation of
Figure 17. This implies that just by varying the order, number of fractance in the circuit, the characteristic
properties can be changed.

Figure 17: Bode plot for both C1 and C2 fractional with order α=0.67

Fractance devices behave as CPE (Constant Phase Elements).Their phase remains constant over a wide
frequency range. They have a wide range of applications for example in electrochemistry, thermal engineering,
acoustics, electromagnetism, modeling, time- and frequency-domain system identification and control theory,
robotics, and fractal theory [34].
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Figure 18: CPZ for (a) α=0.4 (b) α=0.45 (c) α=0.62 and (d) α=0.4

When these FOCs are placed in the oscillator circuitry, constant phase zones are obtained in the phase
response analysis too. The constant phase behavior of the conventional MOS based CO, have been obtained
for three different orders, as shown in Figure 18. It can be seen that as the order increases there is an increase
in the constant phase spectrum. The designed FOCs using passive RC ladder approximation technique
generates CPZ in a wide frequency range when placed in a CO circuitry. This is another advantage of
fractional order over integer based circuits. Further, the power analysis has been done and it has been
observed that there is higher power consumption in fractional order circuitry compared to the normal integer
counterparts. For identical circuit parameters, 19.5% increase in power is obtained for fractional order CO
circuit (11.82mW, α=0.62) compared to the conventional CO (9.997 mW, α=0.62). Thus, though desired
control and better phase approximations are achieved, however, these ladder circuits being huge cascade
connection of resistors and capacitors tend to increase the power consumption as well as the noise in the
circuit too. Noise analysis has been done in later in the paper.

CNTFET based integer order Colpitts Oscillator

To remove the drawbacks of conventional MOSFET based fractional order circuit we move towards a more
optimum low power design approach using CNTFETs. The CNTFET based circuits are known to offer
lesser static power dissipation due to lower IOFF and significantly lesser dynamic power due to lower gate
capacitance CGG.
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Figure 19. (a) CNTFET based CO (b) symbol used for CNTFET

Figure 19 shows a 32nm CNTFET based integer order CO. Keeping all other parameters same and just
varying the inductor values, the oscillation frequency increases from 1.3GHz and 13.11 GHz for L=100p and
L=1p respectively. This can be validated from the bode plots for both the inductor values individually, as
shown in Figure 20. Compared to its MOS integer topology, an increase in oscillation frequency is observed
in it. The oscillation frequencies achieved for the proposed integer order CNTFET based CO for L=100pH
and L=1pH, with C1=C2=0.3n are 1.3GHz and 13.11 GHz respectively.

Figure 20: Bode plot of CNTFET based CO for (a) L=100 pH and (b) L=1pH.

The transient analysis for the integer order CNTFET COs have been obtained for both L=100pH and L=1pH
inductor as shown in figure 21 and 22 below:
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Figure 21: (a) Transient Analysis (b) zoomed for L=100p.

Figure 22: (a) Transient Analysis (b) zoomed for L=1pH

Table III: CNT based CO power compared to MOS based CO and fractional MOS based CO.

L=100pH 5mA tail current

MOS CO FRAC CO (α=0.62) CNT CO
9.997mW 11.82mW 27.653uW
L=100pH 500nA tail current L=100pH 500nA tail current L=100pH 500nA tail current
- - 6uW

A comparative analysis of power consumption has also been performed. It can be seen from Table III that
the power dissipated is the least for CNTFET based CO. When tail current is varied from 5mA to 500nA
for the case of CNTFET based oscillator, there is a significant reduction in power consumption. Analysis of
individual fractional and CNTFET topologies have been performed and compared with conventional MOS
topology. It has been observed that a significant decrease power consumption is achieved in the CNTFET
based CO in comparison to the conventional MOS based CO. This is attributed to the unique characteristics
of CNTs as discussed above.

CNTFET based fractional order Colpitts Oscillator

To tap the advantages of both CNTFET and fractional order domain, a CNTFET based fractional order CO
is designed and analyzed. Figure 23(a) shows the circuit diagram of the proposed fractional order CO, with
α=0.62. Figure 23(b) shows the transient analysis of the proposed CNTFET based fractional order CO.
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Figure 23: (a) CNTFET based fractional order CO with α=0.62 (b) its transient analysis

Table VI: Effect of variation in average power with change in bias current.

CNT CO CNT FRAC CO (α=0.62)

L=100pH Itail=5mA L=100pH Itail=5mA
27.653uW 158.66uW
L=100pH Itail=500nA L=100pH Itail=500nA
6uW 48.75uW

When a fractional capacitor is used in a CNTFET based fractional order CO, there is a significant increase
in power consumption. This is so because FOCs have been realized by using RC ladders. With the change in
tail biasing current for both integer order CNTFET based CO and fractional order CNTFET based CO, the
average power dissipated reduces as current reduces from 5mA to 500nA, as shown in Table IV. Although
there is an increase in power consumed with the insertion of fractional capacitor, however, the FOCs tend
to increase the constant phase zone in the phase response curve as depicted in Figure 24.

Figure 24: CPZ for the proposed CNTFET-fractional order CO with α=0.4

A comparatively larger CPZ is obtained on integrating fractional circuitry to CNTFET based CO spanning
from 100Hz- 100GHz when analyzed using the same order (α=0.4) for fractional CO and CNTFET fractional
CO as can be seen on comparing figures 24 and 20(a). The FOC of order α=0.4 gives a CPZ of 10MHz-
10GHz in the fractional MOS based CO. Integrating CNTFET with FOCs results in a wider constant phase
spectrum.

Noise Analysis of the Designed COs

In this section, the noise analyses of the four COs designed and simulated in this work have been done. Noise
is defined as the random fluctuations that affect currents and voltages and it actually sets the lower limit
of any signal without its quality being deteriorated. For the conventional MOS based CO, noise analysis
takes into account the Thermal noise, Shot noise and Flicker noise. Thermal noise, also called as Nyquist
or Johnson noise, is associated with the random thermal motion of charge carriers. Shot noise is caused by
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the random fluctuations of the electric current due to electronic charge and the Flicker noise, also called
1/f noise or pink noise, is present in both the active and passive devices and becomes predominant at lower
frequencies. In the Stanford CNTFET model no noise source definition exits. However, in various works
noise models have been provided as an extension to the Stanford CNTFET model; providing high flexibility
to choose the circuit simulators. In this work, an equivalent small signal analysis model and the parameter
extraction principle have been employed for the noise analysis of the CNTFET based COs. The intrinsic
and extrinsic parameters have been extracted using s-parameter analysis and then subsequently converted
to Y and Z parameters. In CNTFETs, the noise modeling can be done in both the saturation and triode
regions [26,30]. The various noise sources included in the analysis include thermal noise, shot channel noise
and the flicker noise. Figure 25 shows the equivalent circuit of a CNTFET with added noise sources used in
analysis. The total noise is the root mean square value of the individual noise contributions.

Figure 25: Intrinsic part of the equivalent circuit with added noise sources [26, 3].

To determine noise, the noise spectral density has been computed. Since the power spectral density (PSD) is
the square of noise spectral density, therefore, the curves, shown in Figure 26 are an indicative of the power
spectrum of output noise too.
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Figure 26: Noise PSD curves for the designed COs (order, α=0.62).

From the noise power spectral density curves it can be observed that the peak noise is the least for CNTFET
based CO. Fractional MOS based CO is having the highest peak noise value. The peak values of the noise
PSD (in pV/Hzˆ0.5) for different COs are 1.42, 2, 1 and 1.3 for the integer order MOS, fractional order
MOS, integer order CNTFET and fractional order CNTFET based COs respectively. The reduced noise in
the CNTFET based COs is attributed to significantly reduced resistance in CNTs due to intrinsic ballistic
transport in CNTs.

CONCLUSION

In this work we initially design a Si-MOS based CO in both integer and fractional topologies. Pseudo-
capacitances with various fractional orders have been designed and used in the tank circuit of CO. The
variation of oscillator properties with fractional order has been discussed in detail. CO made using FOC’s
consumed comparatively more power and noise. Thus, an optimal design of CO has been made using CNT-
FET. The CNTFET based CO consumes much less power compared to both conventional and fractional
silicon based oscillators. To tap the advantages of CNTFET and fractional circuitry a CNTFET based frac-
tional order CO is designed and simulated. The CNTFET fractional CO along with low power consumption
exerted a greater control over phase and oscillation frequency by changing the fractional order, α. It has
been shown through SPICE and MATLAB simulations that the fractional oscillator based on CNTFET
outperforms MOS based fractional oscillator in achieving a wider CPZ for the same fractional order.
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